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ABSTRACT

Aurora, light emissions generated by collisions between energetic electrons and atmo-
spheric particles, is often seen in the polar region. Although much is known about the
aurora, there are still many questions unanswered. For example, it is not well known what
is the source of the energetic particles or by what processesthe particles are energized.
Understanding the behavior of the aurora is an important scientific problem because it
provides information about the processes occurring duringthe solar wind-magnetosphere
interaction. The auroral zone is significantly affected by magnetic storms and substorms.
Occasionally, magnetic storms exhibit a long recovery phase which can last for several
days. During such events, the auroral electrojet can display high-intensity, long duration
activity. These events are known as HILDCAA events (High Intensity Long Duration
Continuous AE Activity). The power input to the magnetosphere/ionosphere carried by
precipitating electrons is an important parameter which can be estimated by the Ultravi-
olet Imager (UVI) on board the Polar satellite. This instrument monitors the spatial mor-
phology and temporal evolution of the aurora in the far ultraviolet range in both sunlight
and darkness. Applying the necessary instrument corrections and the dayglow removal,
it is possible to evaluate the energy coming into the auroralzone. Our goal is to obtain
quantitative information about the energy source for magnetic storms with long (LRP)
and short (SRP) recovery phases by estimating the amount of precipitation energy input.
Precipitation energy has been found highly variable for LRP. A significant energy input
during long storm recovery phases implies additional energy source to maintain the mag-
netic activity in the auroral electrojet which is believed to be related to the fluctuating
solar wind magnetic field and velocity. On the other hand, IMF(interplanetary magnetic
field) remained southward for a while in SRP events. All the results suggest LRP could be
a consequence of a solar wind driven system and SRP would be associated to an energy
unloading process.
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ENERGIA DE PRECIPITAÇÃO AURORAL DE ELÉTRONS DURANTE
TEMPESTADES MAGNÉTICAS COM CARACTERÍSTICAS PECULIARES DE

LONGA FASE DE RECUPERAÇÃO

RESUMO

Aurora, emissões geradas por colisões entre elétrons energéticos e partículas atmosféri-
cas, é frequentemente observada na região polar. Embora muito se sabe sobre a aurora,
ainda existem inúmeras questões sem respostas. Por exemplo, não se conhece qual a fonte
das partículas energéticas ou por quais processos tais partículas são energizadas. A com-
preensão do comportamento da aurora é um problema científicoimportante porque provê
informação sobre os processos que ocorrem durante a interação vento solar-magnetosfera.
A zona auroral é significantemente afetada por tempestades magnéticas e subtempestades.
Ocasionalmente, tempestades magnéticas exibem fase de recuperação longa que pode
perdurar por vários dias. Durante tais eventos, os eletrojatos aurorais podem apresentar
atividade de longa duração e alta intensidade. Esses eventos são conhecidos como even-
tos HILDCAA (High Intensity Long Duration Continuous AE Activity). A potência inje-
tada na magnetosfera/ionosfera, carregada por precipitação de elétrons, é um importante
parâmetro que pode ser estimado pelo instrumentoUltraviolet Imager(UVI) a bordo do
satélite Polar. Esse instrumento monitora a morfologia espacial e a evolução temporal da
aurora na faixa do ultravioleta distante em ambas condiçõesde luz e escuridão. Aplicando
as correções necessárias ao instrumento e a remoção dedayglow, é possível calcular a en-
ergia que chega à zona auroral. Nosso objetivo é obter informação quantitativa sobre a
fonte de energia de tempestades magnéticas com longa (LRP) ecurta (SRP) fase de re-
cuperação, estimando a quantidade de energia de precipitação depositada. A energia de
precipitação foi encontrada altamente variável para eventos LRP. Uma significante en-
trada de energia durante longas fases de recuperação de tempestades magnéticas implica
em fonte de energia adicional para manter a atividade magnética no eletrojato auroral, o
qual acredita-se estar relacionado com flutuações de velocidade e do campo magnético
do vento solar. Por outro lado, o campo magnético interplanetário IMF permaneceu na
direção sul por algum tempo em eventos SRP. Todos os resultados sugerem que os even-
tos LRP poderiam ser uma consequência de um sistema conduzido pelo vento solar e os
eventos SRP seriam associados a processos de descarregamento de energia.
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1 INTRODUCTION

Solar wind is continuously released by the Sun. However, theSun is a very active region

responsible by phenomena as coronal mass ejections, solar flares and fast-speed streams

(BURLAGA, 1995). For this reason, solar wind is highly influenced by solar activity, which

is known to be controled by a cycle of 11 years (KIVELSON; RUSSEL, 1995).

The planetary magnetic field is confined by the solar wind to a magnetospheric cavity,

named magnetosphere (KIVELSON; RUSSEL, 1995). Solar wind pressure, mostly dynamic,

establishes an equilibrium boundary with the earth pressure, primarily magnetic, known

as magnetopause. Current systems and plasma featured regions are formed inside magne-

tosphere (PARKS, 2004).

Particles and magnetic field, known as interplanetary magnetic field (IMF), present in

the solar wind, are believed to strongly influence the earth magnetosphere dynamics.

Hence, phenomena occurring inside the magnetosphere are frequently atributed to the so-

lar wind-magnetosphere coupling. As a consequence, geomagnetic activities, permeated

by magnetic storms, substorms, and a more recent finding named HILDCAAs, deposit

large amounts of energy into the magnetosphere. Geomagnetic activity is dicussed in sec-

tion 1.1.

Auroral activity enhancements are also associated with energy deposition into the polar re-

gion. A main source of such energy input are the precipitating particles in the auroral zone

which are responsible for the aurora triggering. UVI (Ultraviolet Imager) on board Polar

spacecraft is capable of estimating the electrons deposition energy by the aurora emission

measurements. A huge obstacle for that has been the solar contribution, known as day-

glow, to the total emission. Solar radiation can be absorbedby the atmosphere resulting

in excitation, dissociation and ionization, and can also bescattered by the molecules. Au-

roral activity and dayglow literature accomplishments arepresented in sections1.2 and

1.3.

1.1 Geomagnetic Activity

Geomagnetic disturbances are a consequence of the enhancedenergy from the solar wind-

magnetosphere coupling mechanism. Those activities affect directly magnetospheric cur-

rent systems. Geomagnetic indices have been developed to measure the magnetic activity

level through magnetic field perturbations produced by current intensity enhancements.

Therefore, phenomena as magnetic storms, substorms and HILDCAAs, can be identified
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and continuously monitored by the geomagnetic indices.

Geomagnetic storms are identified by the Dst index (SUGIURA, 1964) which is an instanta-

neous global average of the earth magnetic field horizontal component H (RUSSEL, 1991).

Usually, a magnetic storm starts with an abrupt H component increase at the earth surface.

This step may last for hours as it can be observed in Figure1.1. The initial phase is then

followed by a fast decrease corresponding to the main phase.Next, Dst index presents

a fast recovery feature as a first stage, followed by a long andgradual recovery process.

Typical magnetic storms last from one to five days. Initial phase can reach 25 hour dura-

tion, main phase can last about one day and recovery phase canextend for days (RUSSEL,

1991; GONZALEZ et al., 1994).

Figure 1.1 - Dst index profile during magnetic storm.
SOURCE: (KIVELSON; RUSSEL, 1995).

Initial phase features are produced by the magnetopause current enhancement (KIVELSON;

RUSSEL, 1995). When solar wind dynamic pressure increases, the magnetopause is com-

pressed and it moves toward Earth. Then, current intensity grows producing a northward

directed magnetic field wich is added to the earth magnetic field and leads to the peak

(positive values) observed in the Dst profile.

Particles injected into the magnetosphere are responsibleby the ring current intensity

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

at the Earth’s surface. Consequently, a decrease in the earth magnetic field horizontal

component is noticed at the Dst profile. During recovery phase, dissipation processes in

the ring current takes place and magnetic field intensity at the earth surface returns to

pre-storm conditions.

The Dst index is also employed to measure the magnetic activity level. Magnetic storm
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intensities are classified according to the Dst index as: weak for -30 nT to -50 nT interval,

moderate for -50 nT to -100 nT, intense for values between -100 nT to -250nT, and finally,

superstorms when Dst falls below -250 nT (GONZALEZ et al., 1994).

Besides magnetic storms, a shorter timescale phenomenon isidentified in the magne-

tospheric dynamics, so-called substorm. This transient process initiates in the nightside

and injects a significant amount of energy in the auroral ionosphere and magnetosphere

(MCPHERRON, 1979; AKASOFU, 1964). As first step, named growth phase, energy is ex-

tracted from solar wind and stored in the magnetotail. Next,a fast energy release process

takes place, which may be associated with aurora occurrenceand auroral electrojet inten-

sifications. This substorm expansion is estimated to last about one hour. Recovery phase

brings back pre-substorm values during roughly 90 minutes.

The relationship between magnetic storms and substorms is akey issue within solar wind-

magnetosphere-ionosphere coupling (SHARMA et al., 2003b; KAMIDE et al., 1998). Past

theories pointed out that ring current enhancement relatedto magnetic storms would be

a consequence of many substorms (SHARMA et al., 2003a). In this process, each substorm

would inject particles from the plasmasheet which would be then trapped in azimuthal

drift paths forming a symmetrical ring current. The currentexplanation is that the ring

current system development results directly from a sustained enhancement of the convec-

tion electric field.

Observations suggest that ring current is not symmetrical during storm onset due to a

partial ring current closing in part through the ionosphereand in part into the magneto-

sphere (SHARMA et al., 2003a). The enhanced cross-magnetospheric electric field produces

Alfvén layers inward motion which pushes the ring current closer to the Earth and ener-

gizes the plasma as well. When the enhanced field decreases, particles fall into closed

drift paths and the ring current becomes symmetric. The fastring current decay during

magnetic storm recovery phase can be related to plasma convection out of the system

through open paths.

Occasionally, the ring current takes more time than usuallyto return to pre-storm con-

ditions. This long magnetic storm recovery phase seen simultaneously with intense and

continuous auroral activity is known as HILDCAA, from High Intensity Long Duration

Continuous AE Activity (TSURUTANI; GONZALEZ, 1987). The auroral activity can be mea-

sured by the AE index, which monitors the horizontal component of the disturbed mag-

netic field in the auroral zone (ROSTOKER, 1972; DAVIS; SUGIURA, 1966). In fact, AE is a
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composition of AL and AU indices, which are, in turn, a representation of the maximum

magnetic perturbation generated by the westward and the eastward electrojet. HILDCAA

events are then defined by some following criteria (TSURUTANI; 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 two days;

(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 geomagnetic storm.

The intention of setting such strict criteria was to certifythe presence of high intensity and

long duration activity and also separate mechanisms generating HILDCAAs and magnetic

storms (TSURUTANI; GONZALEZ, 1987). If a event does not fit within one or more crite-

ria, there is still possibility that the physical processesare similar to those found during

HILDCAAs (TSURUTANI et al., 2004).

Gonzalez et al.(1994) discuss the difference among magnetic storms, substorms and

HILDCAAs, in terms of AE and Dst indices, and IMF z-component, as it is displayed

in Figure1.2. A modest southward IMF lasting about one hour is a sufficientcondition

leading to a substorm. Occurrence conditions for HILDCAAs also show a modest IMF

magnitude. Intense magnetic storms take place under large amplitude Bz IMF and sus-

tained duration.Tsurutani e Gonzalez(1987) conjectured the requirement for a geomag-

netic storm occur was that IMF southward component should beless than -10 nT for at

least three hours.

All known processes for ring current decay, as charge exchange, Coulomb collisions,

convection, wave-particle interactions, have time scalesof hours to fraction of days. In

fact, such mechanisms can not explain magnetic storm recovery phases that last as long

as days or weeks. Then,Tsurutani e Gonzalez(1987) pointed out a source to high intense

auroral activity as an intermittent magnetic reconnectionbetween southward component

of interplanetary Alfvén wave fluctuations and magnetopause magnetic fields (TSURUTANI

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 was in good correlation

with AE presenting a lag of 43 minutes.
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Figure 1.2 - Scheme of AE and Dst indices and southward IMF component for three classes of
magnetic activity, substorms, HILDCAA and magnetic storms.
SOURCE: (GONZALEZ et al., 1994).

Large amplitude Alfvén waves are observed during corotating interaction regions (CIRs)

(TSURUTANI et al., 1995; TSURUTANI et al., 2006). One third of the CIR events observed

near Earth are geoeffective followed by moderate/intense magnetic activity (Dst<-50nT)

(ALVES et al., 2006). Such structure is generated by fast speed streams interacting with the

slower solar wind streams ahead of them. High-speed streamsare emanated from coronal

holes in the Sun which, in turn, are well developed during thedeclining phase of the solar

cycle.

Soraas et al.(2004) discuss that Dst index is in good correspondence with ring current

particle injections during a magnetic storm. Hence, a long recovery in the Dst would be

a consequence of particle injection. Also, AE index exhibits a good correlation with ring

current particle injections. Apparently, HILDCAA events are associated with injection of

protons into the outer portion of the ring current. Then, a slow decay in the Dst index is

not related to other magnetospheric current systems or to a slower decay rate of the ions

in the ring current. When the injection occurs during a stormrecovery phase there is a

delay in the Dst recovery and when it occurs out of a storm, Dstcan maintain negative
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values for long intervals.

Tsurutani et al.(1995) proposed that consecutive injections caused by substormswere

related to the prolonged Dst recovering during HILDCAAs. Later,Tsurutani et al.(2004)

worked on the relation between AE and -AL indices and substorm onsets using auro-

ral images from POLAR Ultraviolet Imager (UVI). They found no correlation between

substorms and AE/AL intensifications although substorm expansion phases can occur si-

multaneously to HILDCAAs. Then, they suggested that repetitive particle injections are

caused by enhanced inward convection due to dawn-to-dusk electric fields during south-

ward intervals of the Alfvén wave trains.

AE and AL indices also measure changes in convection, which is not a generator mecha-

nism of a substorm, and therefore, may not be a good substorm indicator (KIM et al., 2008).

Besides of that, the use of global quantities may not be a reasonable mean to describe lo-

cal processes. In fact, auroral indices, as AE/AL, and ring current indices, as Dst, are not

the ideal tools on the spatial investigation of substorm particle injections (SHARMA et al.,

2003b). Kim et al.(2008) investigated the contribution of substorms to the particle injec-

tions using LANL (Los Alamos National Laboratory) electronflux data and global auroral

images from WIC (Wideband Imaging Camera) on board IMAGE. Results showed large

majority of repetitive particle injection during HILDCAA events are associated with sub-

storm onsets.

Lee et al.(2006) pointed out that substorms are related to successive northward turnings

of Alfvén waves during HILDCAA phenomena. This indicates that repetitive featured

substorms related to high-speed streams are triggered by the IMF. Apparently, substorms

are responsible by plasma sheet particles motion toward theinner magnetosphere, and

consequently, consecutive particle injections associated with substorm onsets may con-

tribute to long Dst recovery. On the other hand, enhanced earthward convection during

repetitive southward intervals of the Alfvénic IMF is also alikely mechanism. Therefore,

consecutive substorms and enhanced convection driven by large amplitude Alfvén waves

within fast-speed streams may play an important role in HILDCAA events (KIM et al.,

2008).
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1.2 Auroral activity

The optical spectrum of an aurora extends from ultraviolet to infrared with large quan-

titities of line and band features (KIVELSON; RUSSEL, 1995). Auroral light is emitted by

excitation process derived from atmospheric and precipitating particle collisions. Such

mechanism can be divided in two steps. First, precipitatingenergetic auroral particles

convert kinetic energy to chemically excitated states of atmospheric species through colli-

sion process. Thus, the chemically excited states relax andrelease photons of wavelengths

determined by the energy transition.

When precipitating auroral particles are electrons, the resulting emissions are named elec-

tron aurora. Precipitating protons create secondary electrons, which, in turn, also collide

with atmospheric constituents and excite them to energeticstates in the same way as pri-

mary electrons. Such emission is also an electron aurora. There is no way to distinguish

the species of precipitating particles without additionalinformation (FREY, 2007).

Figure 1.3 - Height (km) versus number of measurements in a statistical distribution of 12,330
height measurements of the northern lights.
SOURCE: (STORMER, 1955).

The auroral light contains atomic lines and molecular-bandspectra of the main upper

atmosphere constituents and also from minor species, and for this reason, it is considered

the "fingerprint" of the atmospheric composition (KIVELSON; RUSSEL, 1995). Hence, the
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auroral height distribution depends on the precipitating particles energy and pitch-angle

distribution as well as on the atmospheric constituents. The distribution of 12,330 auroral

source points of northern lights is displayed in Figure1.3. As observed, auroral arcs and

bands lie mostly within the height interval of 95-150 km.

As auroral emission results from the excitation mechanism caused by electron impact,

this emission is found to be proportional to the energy deposition into the atmosphere.

Thus, the energy input into the polar region can be estimatedfrom 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 energycalculated from images

obtained by Polar Ultraviolet Imager (UVI). Hemispheric power is estimated from particle

precipitating energy flux along the satellite track extrapolated for the entire auroral oval

through statistical precipitation patterns. Energy flux can also be extracted from UVI im-

ages with a better resolution than hemispheric power. Even though the images are within

ultraviolet range there is still some solar contribution (dayglow) besides aurora in the UVI

data. Dayglow is the topic of the next section. The data is organized according to solar

zenith angle (SZA) values, and the average is obtained for each bin. Pixels into the auro-

ral zone are excluded. Then, the brightness average for eachbin is subtracted from pixels

with the same SZA. Hemispheric power exhibits a satisfactory agreement with UVI en-

ergy flux. However, this quantity can miss entire substorms or under/overestimate it due

to limited sampling.

Besides auroral emission, electron precipitation affectsthe ionospheric energy deposition

directly by ionization andbremsstrahlungX-rays production, and indirectly by Joule heat-

ing through ionospheric Pederson conductance increase.Ostgaard et al.(2001) used Polar

Ionospheric X-ray Experiment (PIXIE) and UVI images to derive total energy dissipation

by electron precipitation. The comparison of such quantityto geomagnetic indices dur-

ing substorms shows a nonlinear relation between energy dissipation 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 modulates thewestward electrojet intensity by

affecting the Hall conductance. On the other hand, AU index exhibits a poor correlation

with the energy flux. This result suggests that there is an electric field dominance in the

dusk sector which affects only slightly the eastward electrojet conductance.

Evidences show that electron precipitation and X-ray micropulsations occur almost simul-
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taneously troughout the auroral zone during a substorm.Parks et al.(1968) showed that

electron injections and micropulsations have different temporal signatures for each local

time through X-ray baloon measurements in high-latitude regions. Each specific form of

these both phenomena is probably associated with a phase of the substorm development

(CORONITI et al., 1968). Thus, substorm is present not only in auroral disturbances but also

in electron precipitating and micropulsation activity (MCPHERRON et al., 1968). In fact,

this indicates that magnetospheric dynamical processes determine the local time features

of the substorm.

Polar cap area variability also has connection with magnetospheric dynamics.Brittnacher

et al.(1999) worked on the area of the polar cap, as a function of local time and substorm

phase for different IMF values during three substorm events, using POLAR UVI. They

found that polar cap size expands during the substorm growthphase due to a decrease

of particle precipitation. Also, polar cap increase is seenindependent of the southward

IMF component intensity. In summary, polar cap boundary is strongly influenced by oval

thinning, decrease in polar cap structures, the poleward expansion of the substorm at

midnight and the fading of luminosity below the instrument sensitivity treshold.

Some auroral intensifications present different characteristics than those known for sub-

storms. Short-lived auroral intensification which does notexpand in the auroral region

is called pseudobreakup.Fillingim et al. (2000), Fillingim et al. (2001) andParks et al.

(2002) worked on these events through ion and electron distribution functions and mag-

netic field measurements in the magnetotail from Wind satellite when its ionospheric

footprint observed by Polar was associated with auroral brightenings. They found that

plasma sheet dynamics present the same features during pseudobreakups and substorms.

This behavior indicates that an auroral disturbance feature is determined in another region,

possibly in or above the ionosphere (auroral acceleration region).

Chua et al.(2004) worked on IMF and seasonal variations during substorms using hemi-

spheric power computed from Polar UVI. They showed that southward IMF component

implies in longer substorm expansion phases and greater peak hemispheric power than

northward IMF component. The timescale of substorm recovery does not depend signif-

icantly on IMF z-component variation although it is influenced by seasonal changes. In

fact, substorm timescales are found to be more sensitive to IMF Bz orientation during

summer. Seasonal variation leads to the implication that auroral intensifications may de-

velop differently in northern and southern hemispheres. Hence, results suggest that iono-

sphere plays an important role in the auroral dynamics.

9



Aurora is actually observed as asymmetric when comparing northern and southern

hemispheres.Ostgaard et al.(2007) found that cusp auroras are controlled by IMFy-

component and dipole tilt angle. Substorm onset locations are also seen as asymmetric

in both hemispheres and governed mainly by IMF clock angle.Fillingim et al. (2005)

suggested that a strong IMF y-component modifies the ionospheric convection and field

aligned current patterns leading to an auroral asymmetry.

Parks et al.(2000) studied the aurora behavior when the solar wind nearly disappeared,

that is, solar wind density reached unusually small values (0.2/cc). The aurora was seen at

higher magnetic latitudes which indicates that electron precipitating source moved north-

ward as the geomagnetic activity decreased. They found thatsolar wind density alone is

not a primary parameter controlling the auroral activity.

During geomagnetically disturbed conditions the energy transfer into the ionosphere is

mostly carried by electromagnetic waves and particle precipitation. Alfvén waves may

then play an important role in the energy transfer mechanismto the auroral region.Wygant

et al.(2000) showed that perpendicular electric fields in the plasma sheet boundary layer

(PSBL) at 4−6RE were associated with Alvén waves for two cases measured by Polar

satellite. Such waves carried large and sufficient Poyntingflux toward the ionosphere to

power magnetically conjugate auroral emissions. Figure1.4 is a cartoon of a magnetic

flux tube exhibiting the incident Alfvénic Poynting flux being converted to energyzed

particles and joule heating in the ionosphere.

Keiling et al.(2002) investigated 40 plasma sheet crossings by Polar and also concluded

that Afvénic Poynting flux in the midtail region is associated with and capable of pow-

ering localized regions of magnetically conjugated aurora. Large Alfvénic Poynting flux

often occurs in the plasma sheet boundary layer during the expansion phase of substorms

(KEILING et al., 2000). Thus, auroral phenomena have been connected to energy transfer

processes by large Alfvén waves in the PSBL.

10



Figure 1.4 - Cartoon of incident Poynting flux converted to aurora and joule heating of the iono-
sphere.
SOURCE: (WYGANT et al., 2000).

1.3 Dayglow

Sun is the dominant energy source for terrestrial atmosphere. Solar radiation can be ab-

sorbed by the atmosphere resulting in excitation, dissociation and ionization. Usually,

fluorescence is a consequence of those processes and it is commonly known as airglow.

When the atmosphere is sunlit, the dayside airglow is known as dayglow.

Excitation of electronic transitions between ground and excited states of an atom or

molecule results in resonance fluorescence. Hence, the emission rate is proportional to

the species concentration. Resonance emission lines of theatomic and molecular compo-

nents of the thermosphere (N2, O2, O,O+ and minor species) are mostly in the ultraviolet

region of the airglow spectrum (MEIER, 1991).

Figure1.5displays Earth ultraviolet dayglow spectrum divided in EUV, FUV, MUV and

NUV, which means extreme, far, middle and near ultraviolet,respectively. Regions of ab-

sorption by oxygen species are indicated by thick horizontal lines. Emission band inter-

vals are presented forN2 and NO while for atomic and ionic species the stronger emission

lines are exhibited. Those lines and bands contain signatures of major and minor atmo-

spheric species concentration and information about the excitation mechanism strengths.
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Figure 1.5 - Earth dayglow spectrum adjusted to nadir view from 200 km at midmorning.
SOURCE: (MEIER, 1991).

Only a small fraction of the solar radiation below 3000 Å reaches the ground. Atomic

oxygen lines are seen at 1304, 1356 and 1641 Å and the strongest nitrogen lines are lo-

cated at 1134, 1168, 1177, 1200 and 1493 Å. The excitation of these nitrogen lines are a

consequence of electron impact on N andN2 and photodissociation ofN2.

N2 Lyman Birge Hopfield (LBH)-band lies in the FUV and presents behavior of

photoelectron-excited dayglow emissions. Figure1.6 showsN2 LBH-band vertical col-

umn emission rate in the nadir view versus solar zenith anglefor OGO-4 satellite. Emis-

sion rates are of order of 4 to 8 kR for the entire LBH-band system. Variation in the sunlit

atmosphere roughly follows the cosine of the solar zenith angle.

Under darkness condition, the airglow is known as nightglow. This fluorescence is pro-

duced by atom-atom and ionic recombination. Figure1.7represents ultraviolet nightglow

in an emission rate versus wavelength plot. As it can be observed, there are apparently no

emissions in between the features. In the past,N2 LBH-band emissions were supposed to

be nightglow, but afterwards, that was inferred to the spacecraft-atmosphere interaction

(MEIER, 1991).

Craven et al.(1994) worked on FUV dayglow after an interval of intense geomagnetic

activity and noticed a localized 55% decrease in the dayglowbrightness in the morning
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Figure 1.6 -N2 LBH-band emission rate in the nadir view by solar zenith angle for OGO-4 satel-
lite. Prinz and Meier, 1971.
SOURCE: (MEIER, 1991).

Figure 1.7 - Composite UV nightglow spectrum for 600 km altitude in a nadir viewing and equa-
torial plane.
SOURCE: (MEIER, 1991).

sector at 130.4 nm. They atributed such reduction to the auroral heating which causes a

decrease in column density of O relative toN2.
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Meier et al.(2002) studied ionospheric and dayglow response to the radiativephase of the

Bastille day flare, occurred on July 14, 2000. Figure1.8shows the atmospheric response

at the peak of the flare obtained by AURIC (Atmospheric Ultraviolet Radiance Integrated

Code) model. Dot lines refer to pre-flare values while the solid lines are related to the

peak of the flare. Left panel presents total photoionizationand heating rate versus altitude.

Right panel shows excitation rates ofN2 LBH and OI 98.9 with the altitude as well. The

photoionization rate behaves qualitatively similar to excitation rates on the right panel,

since these dayglow emissions are produced by impact excitation. There is a noticeable

difference on the pre-flare and the peak values. EUV (extremeultraviolet) is estimated to

increase 50% during the flare, which is comparable to solar cycle minimum to maximum

variation. The X-radiation increase is given by a factor of 200.

Figure 1.8 - Atmospheric response at the peak of the Bastilleday flare obtained by AURIC model.
Left panel presents total photoionization and heating rates versus altitude. Right panel
shows excitation rates ofN2 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 flare.
SOURCE: (MEIER et al., 2002).
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1.4 Objectives

It is known that some magnetic storms present peculiar long recovery phase features. On

the other hand, all known processes for ring current decay, as charge exchange, Coulomb

collisions, convection, wave-particle interactions, have time scales of hours to fraction of

days. In fact, such mechanisms can not explain magnetic storm recovery phases that last

as long as days or weeks.

A relatively recent magnetospheric phenomenon named HILDCAA (High intensity

long duration continuous AE activity) is believed to be responsible for longtime mag-

netic storm recovery phases (TSURUTANI; GONZALEZ, 1987). During this intense and

long auroral activity process, large amounts of energy are deposited into the magneto-

sphere/ionosphere.

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

cipitating particles during magnetic storms with long (LRP) and short (SRP) recovery

phases. This procedure provides quantitative informationabout the energy injection and

also about the differences between short and long (HILDCAA)recovery phases in mag-

netic storms. Energy input is estimated through ultraviolet images obtained by UVI in-

strument on board Polar spacecraft. Applying spacecraft position corrections and dayglow

removal on the UVI images, it is possible to evaluate more accurately quantitative energy.

Also, it is important to understand the energy transfer mechanisms present during mag-

netic storms. The way as precipitating particles relate to magnetospheric currents and to

solar wind parameters can yield clues about the magnetospheric dynamics. This could be

a step for reaching coupling processes knowledge and permiting space weather predic-

tions in future. Energy carried by the solar wind could be monitored ahead of the Earth’s

magnetosphere and then continuously would inform the magnetosphere state.

Specifically, our objectives are described in details as follows.

a) Our main objective is to obtain quantitative informationon the auroral electron

precipitating energy for magnetic storms through LBH long Polar UVI images.

In order to achieve that, an accurate dayglow model has to be developed.

b) To stablish the differences between SRP and LRP magnetic storms in terms of

electron precipitation energy.

c) To investigate the relation between precipitation energy input and auro-
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ral/equatorial magnetospheric current systems during SRPand LRP events.

d) To calculate power input from different methods and compare to that obtained

from UVI images. One method derive precipitation energy from geomagnetic

indices through linear and nonlinear empirical relations.The other method is

obtained from particle influx observations by NOAA-POES spacecraft particle

detector.

e) To compute the magnetosphere-solar wind coupling energyparameter derived

from empirical relation and compare to UVI auroral precipitation energy. Here

we investigate the role of the solar wind conditions in the electron precipitation

during SRP and LRP magnetic storms.

f) To investigate the spatial evolution of the aurora duringthe selected phenomena.

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

This thesis is organized as follows. The methodology of thiswork is presented in Chapter

2, where the instruments are described in Section2.1, the necessary data treatment is ex-

plained in Section2.2, our auroral energy estimate derived from UVI images is detailed

in Section2.3, the hemispheric power obtained by NOAA POES is found in Section 2.4,

and, finally, the selection of magnetic storms is displayed in Section2.5. The characteris-

tics of the events, which are divided in two groups, SRP and LRP featured, are described

in Chapter3. Our results are separated in three parts. First, we presentauroral energy

input for SRP and LRP events in Chapter4, which describes UVI energy estimate and its

relation with geomagnetic indices, the energy input calculated from empirical equations

based on geomagnetic indices and hemispheric power obtained by NOAA POES. Next,

spatial features of the aurora are shown in Chapter5. Last, we investigate the influence of

the solar wind in the auroral energy input in Chapter6, by calculating solar wind energy

input and analyzing solar wind parameters. Finally, Chapter 7 brings our conclusions.
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2 METHODOLOGY

2.1 Instrumentation

Aurora is the emission light resulting from particle collisions and it is generated through-

out the spectrum, from the X-ray to the infrared. Much of the past works about aurora

used to be imaged in visible light (TORR et al., 1995). For this reason, usually, studies

were restricted to nightside and twilight auroras due to thebright scattered sunlight on

the dayside of the Earth. Even using ultraviolet images, data had to be limited to condi-

tions of large solar zenith angles. The same problem of scattered long wavelength sunlight

remains in the far ultraviolet range (FUV), and filtering in the FUV was not really well

developed at that time. Moreover, the past known instruments did not have a despun1

platform capability. Because of that, earlier images had tobe obtained taking into account

the spacecraft spin, orbital motion and mirror scaning.

The qualitative study in auroral image data have developed rapidly over the past three

decades. However, the field of quantitative imaging is relatively new. The Ultraviolet Im-

ager (UVI) was developed to provide quantitative study of the auroral region. Such instru-

ment is on board Polar spacecraft belonging to Global Geospace Science (GGS) which,

in turn, is a part of the International Solar-Terrestrial Physics (ISTP) program (NASA, a) .

The auroral images used in this work are obtained from the UVIinstrument. The Polar

spacecraft and the UVI are described in the following sections.

2.1.1 Polar spacecraft

Polar spacecraft was launched on February 24, 1996 (NASA, b). Its orbit spends 18 hours

and it is highly elliptical, with perigee at 1.8RE and apogee at 9RE. The satellite was

initially in the inclination of 86◦ and it precessed slowly at a maximum rate of 10◦ per

year to higher latitudes, passed over the north pole and continued southward to lower

latitudes.

Problems identified in the deployment of one of the Polar’s electric field booms resulted

in a spacecraft despun platform wobble of a period about 6 seconds, which affects the

imagers located in that place. The wobble effect is smearingthe image of about 10 pixels

in the wobble direction since the image integration time is roughly 37 seconds. Such

effect is not always seen in auroral images but it can be easily identified when the imager

1A despun platform does not rotate with the spacecraft.
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is looking at the stars, the fixed bright sources. The auroralemissions are not constant

during the image integration as the stars, and for this reason, the image is not smeared

(GERMANY et al., 1998).

2.1.2 Ultraviolet Imager (UVI)

UVI is a small sophisticated camera with a two-dimensional intensified-CCD detector

(TORR et al., 1995) (NASA, c). The imager is mounted on a pointable despun platform which

permits continuously auroral imaging as the spacecraft rotates. This system operates in

the far ultraviolet, over a wavelength range from 1300 to 1900 Å. Also, the instrument

presents a wide field of view and a filter wheel to select one of the five available far

ultraviolet spectral regions for imaging.

The spatial resolution and the extent of coverage vary significantly during the 18 hour

orbit. The highly eccentric Polar orbit spend about 9 hours at distances greater than 6RE

from the Earth, when it is possible to image the entire oval over a timescale much longer

than the characteristic time related to auroral phenomena.The field of view required for

those conditions is about 8◦. The two-dimensional image is a 224 by 200 pixels array

across the two perpendicular diameters of the circular fieldof view, which yields a per

pixel spatial resolution of 0.036◦ in one direction and 0.04◦ in other direction. The choice

of field of view is a trade-off between spatial resolution andglobal coverage.

The imager is capable of measuring features under both sunlit and nightside conditions

simultaneously. In order to make it possible, the instrument is constituted by filters which

measure only the features of interest. First, the visible scattered sunlight has to be reduced

by a factor of 109 through instrument filtering. Although the FUV component ofthe scat-

tered sunlight (wavelength < 3000 Å) is very weak when compared to longer wavelengths,

it is still significant within FUV weak emissions range and should also be avoided. All

of that requires that the filters contain stray and out-of-band light rejection besides of

narrowband FUV interference filters.

Five filters are used to isolate emissions from atomic oxygen(OI) multiplet lines at 1304

Å and at 1356 Å,N2 Lyman Birge Hopfield (LBH) separated in long (LBHl 1400-1600

Å) and short (LBHs 1600-1800 Å) wavelength ranges, and long wavelength scattered

sunlight. Figure2.1 shows the bandpasses of the five filters used in the UVI instrument

over the high latitude vacuum ultraviolet spectrum of the dayside features in a soft aurora

condition.
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Figure 2.1 - High latitude vacuum ultraviolet spectrum of the dayside features in a soft aurora
condition and the bandpasses of the five filters used in the UVIinstrument.
SOURCE: (TORR et al., 1995).

The most prominent ultraviolet auroral emissions are the OImultiplets at 1304 Å and

1356 Å and theN2 Lyman Birge Hopfield (LBH) bands, with the exception of HI Lyα
(Hydrogen Lyman-α emission line) at 1216 Å (GERMANY et al., 1990) (GERMANY et al.,

1994). The OI 1304 Å emission is attenuated due to its high efficiency for multiple scat-

tering, and for this reason, its use for auroral imaging is limited, in spite of its possible use

as an indicator of oxygen concentration. The multiple scattering for OI 1356 Å andN2

LBH emissions can be ignored, because the multiple scattering efficiency is small in these

cases. The OI 1356 Å emission is highly absorbed byO2, in the Schumann Runge con-

tinuum, which makes the emission intensity vary with the penetration depth (increasing

energy) of the incident electrons sinceO2 density changes with the altitude.

TheN2 LBH emission is a result of the excitation mechanism by electron impact because

this emission is a dipole electric forbidden transition. Therefore, the LBH emission in-

tensity is directly proportional to the auroral energy flux injected by particle precipitation

into the atmosphere, neglecting the photoelectrons produced on the dayside (TORR et al.,

1995) (GERMANY et al., 1990) (GERMANY et al., 1998). However, the LBHs emission is

attenuated in the atmosphere because shorter LBH wavelengths still lie in the range of the

O2 absorption. Then, the LBHs emission varies with particle precipitation depth penetra-

tion, and in other words, with the energy of the injected particles. Those production and

loss processes dependent on particle mean energies allow the use of such emission as a

diagnostic of mean energy. On the other hand, as these loss processes are not present in

the LBHl wavelength range, the LBHl emission is more indicated to measure the energy

flux.
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The LBHl emission would be then exclusively dependent on energy flux and totally inde-

pendent of average energy as modeled byGermany et al.(1990) (GERMANY et al., 1994) .

In this model, the LBH is modeled as an ideal case of two LBH bands, one at the wave-

lengths where there is absorption and the other one where attenuation is ignored. But,

in practice, the LBH bandpass ranges are constituted by manybands with consequently

different loss factors.

Figure2.2shows modeled vertical column brightness versus mean energy, for a Gaussian

energy distribution with an influx energy of 1mW/m2, considering the UVI instrumental

bandpass (GERMANY et al., 1998). In this more realistic case, the LBHl emission intensity

changes by roughly 10% between 1 and 10 keV, and therefore, itleads to the fact that

LBHl emission presents a weak dependence on average energy.Also, the same model

shows a small dependence on other variables as diurnal, seasonal, magnetic activity and

neutral atmospheric composition changes. Thus, as all the effects mentioned are negligi-

ble, they can be ignored for the energy calculation.

Figure 2.2 - Modeled vertical column brightness versus meanenergy for LBHl and LBHs wave-
length range.
SOURCE: (GERMANY et al., 1998).

Correct photometric calibration of the UVI instrument, performed in laboratory and also

from the spacecraft in orbit, permits that the UVI response to be directly related to the
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emission brightness. Before the UVI instrument counts can be converted to photon emis-

sion flux (photons× cm−2 × s−1), some special care about calibration is needed. The

photons background should be removed because when the UVI isclosed up there are

still counts of photons. The pixel intensities shoud be homogenated since some pixels

are found brighter even if exposed to the same emission intensity. Each filter and each

integration interval should be calibrated taking into account the gain of the instrument for

each case.

The LBHl emission measured as photon flux (photons× cm−2× s−1) can then be con-

verted into nadir surface brightness (Rayleighs) by a factor of 30.17 (1photons×cm−2×

s−1 = 30.17Rayleighs). In turn, the surface brightness can be converted into injected

energy flux (ergs×cm−2×s−1), considering the almost linear proportion between these

two quantities as it can be observed in Figure2.3 (GERMANY et al., 1998). The variation

of LBHl emission with mean energy can be neglected, as discussed previously. There-

fore, the relation between LBHl emission and energy flux is 1photons× cm−2× s−1 =

30.17/110.0ergs×cm−2×s−1.

Figure 2.3 - Modeled vertical column brightness versus energy flux 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 the energy deposition by particle

precipitation through auroral emissions in the UVI images.In order to achieve that, some

steps had to be performed: raw UVI images need to be calibrated and corrected, and solar

contamination must be removed from the data. In other words,images must have both

instrumental and solar backgrounds removed before analysis.

LBHl emissions in UVI images are directly proportional to electron precipitating energy

and, for this reason, are indicated for quantitative studies. Spacecraft line of sight (LOS)

correction is applied to all LBHl images. Such correction changes the image for a nadir

view perspective, removing the apparent brightness enhancement effect caused by the

spacecraft view angle. The LOS correction method is presented below.

LOS corrected UVI images include auroral emissions and alsoundesirable solar contri-

bution. Therefore, aurora energy estimate is obtained by removing the solar contribution

from the measured energy. We developed a method to estimate the dayglow energy, and

then, calculate the auroral energy. As our interest in this work is a quantitative analysis,

we had to be careful about the accuracy of our method. Our dayglow estimate method

will be described later.

2.2.1 LOS correction

The spacecraft view angle changes during the orbit time, andas a consequence, the ap-

parent emission brightness as well. The line of sight (LOS) emission intensity increases

with the instrument look angle due to the enlargement of the optical length path through

a given column-integrated emission layer (GERMANY et al., 1998). The spacecraft look

angleθ is defined as the angle between the line at the emission point which goes down

to the center of the Earth (local zenith) and the line connecting the emission point to the

satellite.

Figure 2.4 shows LOS brightness intensity versus spacecraft look angle for LBHl and

LBHs band emissions with a mean energy of 10 keV. Each modeledpoint is associated

with a single pixel in the UVI field of view. The cosine line seen in Figure2.4 is the

LOS intensity enhancement caused only by geometric factors. For the LBHl emission,

the brightness increase behavior is close to cosine, although it presents a slight difference

caused by a non-geometric component. The enhancedO2 absorption along the slant path

becomes a competition factor with the augmented emission, which results in an emission
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intensity value less than expected by the LOS geometry (GERMANY et al., 1998). Such

loss processes are addressed to the shorter wavelengths of the LBHl band. The absorbed

wavelengths are a negligible part of the total LBHl band, andthus, it is a small effect for

the LBHl filter. On the other hand, the LBHs band emission is extremelly affected by the

slant path and can not be corrected by the LOS geometry.

Figure 2.4 - Modeled LOS brightness intensity versus spacecraft look angle for LBHl and LBHs
band emissions with a mean energy of 10 keV. Each modeled point represents an
observation corresponding to a single pixel of the UVI field of view. The cosine line
is the LOS intensity enhancement caused by only geometric factors.
SOURCE: (GERMANY et al., 1998).

UVI LBHl images can be corrected by the LOS geometry factor then. This correction

changes the image for a nadir view perspective (null look angle), replacing the spacecraft

position to the end of a vertical line (local zenith) passingthrough the emission point. An

empirical fit of the cosine line and the LBHl LOS enhancement is given by (GERMANY et

al., 1998):

LOS=
e0.06(1− 1

cosθ )

cosθ
. (2.1)

In this work, LOS correction, determined by Equation2.1, is applied to all UVI images,

since we use the LBHl filter.
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2.2.2 Dayglow estimate method

UVI images contain auroral emissions and solar bright contribution as well. The solar

contamination, known as dayglow, is generated by photoelectrons produced by solar EUV

(Extreme UltraViolet) radiation and scattered solar UV (UltraViolet) photons. The UVI

instrument on board Polar satellite was built carefully in order to reduce drastically the

dayglow on the data. Despite of that, there is still some solar contribution which should

be removed, if the auroral energy estimate is desirable.

First, it is necessary to estimate the dayglow energy in order to be able to remove it from

the UVI images. An important assumption here is that pixels with the same solar zenith

angle (sza) present the same dayglow intensities (solar zenith angle is defined between the

pixel-Sun line and the local zenith). For this reason, the dayglow estimate is approximated

as only a function of sza.

The data used in the dayglow estimate as well as in the events occurrence are restricted

for the year of 1998. Along the year, the sunlit region changes due to the Earth’s axis tilt

variation. In this case, the region imaged by UVI was the north pole. Dayglow is then

estimated by binning image pixels by solar zenith angle. Somehow, auroral emissions had

to be excluded from this calculation. In this work, the UVI images were chosen care-

fully so there was no auroral contribution on the data. This was quite a challenge because

auroral region presents some magnetic activity most of the time. For this reason, auro-

ral contribution is considered negligible when UVI images present really low magnetic

activity.

A set of 1,308 UVI images was used for gathering pixels according to sza. The power

average was calculated for each sza bin allowing the dayglowenergy be estimated in

function of sza. UVI energy, obtained in photon flux units, were converted to units of

power to obtain energy average. The power quantity has no dependence on area, as energy

flux, and can be easily summed. Power average was then dividedby the pixel area in order

to get dayglow in units of energy flux. Figure2.5shows the dayglow energy flux average

obtained in this work.

Even though our data is constituted by a reasonable number ofUVI images, there is a lack

of dayglow estimate for smaller and larger sza values, as we would expect. These extreme

sza angle pixels are located in lower latitudes which means that the instrument rarely

images these regions. In such sza ranges, the errors, related to the energy flux average, are
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Figure 2.5 - Dayglow energy flux average calculated from 1,308 UVI images in function of solar
zenith angle.

large due to the reduced number of pixels in the bins.

Figure 2.6 - Number of pixels contained in the bins in function of solar zenith angle.

Figure 2.6 displays the number of pixels in each sza bin. In order to minimize errors

caused by a small number of pixels in some bins, only groups with number of pixels
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greater than 75% of the most “populated” bin are considered here.

Figure 2.7 - Black color line represents dayglow average energy flux calculated for bins where the
number of pixels is greater than 75% of the most “populated” bin. Gray color line
corresponds to a dayglow estimate extrapolating the previous estimate with the help
of an empirical function fromGermany et al.(1990).

With all previous data treatment so far, the dayglow energy flux estimate (black color) is

limited to a small range within sza extent (1 to 180 degrees),as we can observe in Figure

2.7. Since dayglow will be removed from UVI images afterwards, the estimate needs to

cover all the sza range.

An empirical function is then used to extrapolate the dayglow energy estimate to all sza

values. The empirical equation is given by (GERMANY et al., 1990):

dayglow= amp×cos2(phi×sza), (2.2)

whereamp is the amplitude,phi andszaare the angles: the amplitude is an adjustment

due to the solar activity variation; theszaangle is calculated for the pixel located on the

surface of the Earth; the anglephi is an adjustment to sza due to the fact that the pixel

source is in the atmosphere, above the surface of the Earth.

The parametersamp and phi, present in Equation2.2, are determined for the best fit

with the dayglow energy flux estimated from data, indicated by black color line in Figure
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2.7. All of that was calculated with the help of a routine developed in this step, using a

statistical method known as Chi Square, which simply calculates the minimum difference

for each point. The final dayglow energy flux estimate is shownin Figure2.7, as a gray

color line, in function of sza.

Therefore, a dayglow energy flux estimate was obtained by a method developed in the

course of this work. During all the steps here, a special carewas focused on creating an

accurate method in order to obtain reliable outcome.

2.3 UVI auroral energy estimate

As already mentioned previously, our intention is to estimate quantitatively particle pre-

cipitation energy through auroral emissions from UVI images. All the discussed data

treatment becomes necessary since the aim is the auroral energy calculation. LOS cor-

rection as well as the dayglow energy estimate have then beenperformed over the UVI

images. In doing this, solar contribution can be subtractedfrom LBH long UVI images.

Figure2.8shows UVI LBHl images with (panel a) and without (panel b) dayglow contri-

bution. After all, auroral energy can finally be evaluated.

The next step was to determine the best way of obtaining auroral energy. The calculation

over each pixel is not so useful since its size is highly variable during the satellite orbit.

Then, two manners of estimating auroral energy have been performed in this work. First,

energy flux was calculated as an average for bins of 10◦ magnetic latitude and 3 hours

Local Time (LT) size. Second, it was computed for the entire auroral region, from 50◦ to

90◦ magnetic latitude. Each UVI image had to be checked before the estimate in order to

avoid "bad" data, which means that the image should not have lines or spots not produced

by emissions.

The energy estimate from 10◦ latitude and 3 hours Local Time (LT) bins yields informa-

tion about what is happening locally during an auroral event. In this step, an algorithm

was developed to calculate energy flux for each bin in UVI images and to restrict the data

only for bins with all the area within the UVI field of view. While spatial resolution is

sacrified by not working at the per pixel level, the uncertainties in the parameters inferred

from the UVI images are reduced when averaging over the spatial bins.

For global analyses, energy is computed for the entire auroral region. UVI field of view

changes significantly during the Polar’s orbit, and consequently, the imaged area also

varies notably. Then, energy flux in the whole field of view shows a strong dependence
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(a) LOS correction applied

(b) LOS correction applied and dayglow removed

Figure 2.8 - LBHl UVI image of April 23, 1998 at 23:59:13 UT.

on the computational area. In order to minimize such influence, area is limited to 60%

of the total auroral region considered here as 50◦ to 90◦ latitude range. This theoretical

area is not reached by the UVI field of view which makes the chosen percentage number

a reasonable value.

The previous global and local auroral energy calculation methods are then complemen-

tary. Auroral energy estimated for bins has no area dependence but it yields only local

information. On the other hand, the total auroral region energy provides global scanning

of the auroral activity although some area influence still remains. Both procedures are

necessary and complementary in order to obtain more preciseand accurate results.
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2.4 NOAA POES Hemispheric power

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

aurora phenomena (EMERY et al., 2006). Particle precipitation is monitored during a single

transit over the polar region, and afterwards, power input is estimated over all the polar

region.

Instruments are flown on board the NOAA Polar-orbiting Operational Environmental

Satellite (POES) which refers to a series of polar orbiting meteorological satellites first

launched in November of 1978, formerly named TIROS. The spacecrafts are character-

ized by low-altitude (850 km) and polar (98 degrees inclination) orbit (NOAA, 2007).

The Total Energy Detector (TED) monitors energy fluxes from electrons and positive ions

over the energy range between 50 and 20,000 eV. The detector watches over the energetic

charged-particle environment near Earth by counting thoseparticles which pass through

the analyzers.

Hemispheric power is estimated as the total power depositedin the entire polar region

through measurements obtained during a unique satellite path of about 25 minutes. Ob-

servations performed since 1978 from around 300,000 spacecraft tracks over the polar

region are used to correct the estimate by taking into account how the satellite passes over

a statistical auroral oval. Figure2.9 displays power flux (ergs/cm2/s) in the statistical

auroral oval extrapolated from measurements during a single pass in September 30, 2010,

as an example. Black line identifies the spacecraft track andthe estimated power for this

pattern is 2.3 GW.

The precipitation power estimated by this method is directly derived from observations

and becomes a comparison tool in relation to the UVI evaluation method. Although UVI

has a much better resolution, it is still worth to examine both method results.
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Figure 2.9 - Hemispheric power estimated in a statistical auroral oval in the northern hemisphere
obtained by NOAA-POES. Red arrow points toward the noon meridian.

2.5 Events selection

Magnetic storms were selected for the year of 1998. From a total of six events, three

of them have long recovery phase duration, more than two days, and are named LRP.

The three left events correspond to magnetic storms containing short interval of recovery

phase, less than two days, and are so-called SRP. This time limit (two days) was obtained

from HILDCAA definition (TSURUTANI; GONZALEZ, 1987).

The selected events shown below are described in details in Chapter3:

a) Event 1 - SRP - January 6 to 8, 1998;

b) Event 2 - SRP - June 14 to 15, 1998;

c) Event 3 - SRP - June 25 to 27, 1998;

d) Event 4 - LRP- April 23 to 30, 1998;

e) Event 5 - 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 recovery phase duration within

magnetic storms. Longtime recovering during storms are associated with HILDCAA phe-

nomena occurrence (TSURUTANI; GONZALEZ, 1987). The six selected events are then pri-

marily organized in two groups. One gathers magnetic stormswhich are characterized by

short recovery phases and named SRP events. The other one assembles events presenting

long recovery phase feature, wich are labeled by LRP events.The characteristics of the

events divided in SRP and LRP are displayed in table3.1.

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 -77 nT 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 dayglow isestimated only for the same

year. Events 4 and 5 are also classified as HILDCAAs byGuarnieri(2006), since they

satisfy all the criteria imposed byTsurutani e Gonzalez(1987).

Figures3.1 to 3.6 display the low (Dst, SYM-H and ASY-H) and high latitude (AE,AL

and AU) geomagnetic indices for each event. Dst is an hourly measurement of the mag-

netic field horizontal component variation at low latitudesand is an indicator of the ring

current intensity (SUGIURA, 1964). SYM-H represents the magnitude of the uniform field

parallel to the dipole axis generated by the symmetric ring current. ASY-H is obtained

by subtracting the symmetric component from each disturbance field (IYEMORI, 1990).

AE index is also computed from variations in the magnetic field horizontal component

measured by stations located in the Northern auroral zone (KAMIDE; ROSTOKER, 2004).

Actually, AE index is defined by the difference between AU andAL indices which, in

turn, are associated to the westward and eastward auroral electrojets (ROSTOKER, 1972;

DAVIS; SUGIURA, 1966). These geomagnetic indices are available on WDC (World Data
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Center) for Geomagnetism, at Kyoto University (KYOTO, 2010).

Event 1 occurs within the time interval of January, 6 to 8, 1998. Figure3.1displays AE,

AL and AU indices in the first column, and Dst, SYM-H and ASY-H in the second column.

Three lines seen in Figure indicate the main and recovery phase duration. According to

Dst index, the main phase of a magnetic storm starts with the maximum Dst value, at

6.63 doy (days of year in UT) (6, 15:07:12 UT), and ends at the minimum Dst time value,

which is 7.21 doy (7, 05:02:24 UT), resulting in a duration interval of 0.58 day. Recovery

phase covers the interval between minimum and maximum Dst values, extending from

7.21 to 8.46 doy (8, 11:02:24 UT). This phase lasts 1.25 days.Such event is labeled as

SRP type due to its recovery phase duration time.

Figure 3.1 - Geomagnetic indices for the event occurred on January 6-8, 1998, SRP (Event 1).
AE, AL and AU indices are displayed in the first column. Dst, SYM-H and ASY-H
are located in the second column.

Dst reaches the minimum at -77 nT which indicates the beginning of the recovery phase.

According toGonzalez et al.(1994) definition, this magnetic storm is considered mod-

erate. Dst profile presents a smooth behavior, although fluctuations can be observed in
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SYM-H and ASY-H indices. As such indices present finer resolution than Dst, that indi-

cates the presence of fluctuations of the order SYM-H and ASY-H data resolution. AE

index shows an initial peak at about 1,150 nT which lasts about 3.5 hours. Then, the pro-

file follows to high values until Dst minimum and starts to decrease continuously up to

7.75 doy (7, 18:00:00 UT). AE index is already within calm conditions while Dst is still

recovering to pre-storm values.

Figure 3.2 - Geomagnetic indices for the event occurred on June 14-16, 1998, SRP (Event 2). AE,
AL and AU indices are displayed in the first column. Dst, SYM-Hand ASY-H are
located in the second column.

Event 2 is also classified as SRP (Figure3.2). Magnetic storm time interval corresponds

to June 14-16, 1998. Main phase starts at 165.17 (165, 04:04:48 UT) and ends at 165.46

doy (165, 11:02:24 UT), which gives a duration interval of 0.29 days. Recovery phase

covers a time period of 1.08 days, extending from 165.46 to 166.54 doy (166, 12:57:36

UT).

This magnetic storm is classified as moderate since minimum Dst value is -55 nT. AE

peaks at 1000 nT at the beginning of main phase. AE values start decreasing towards
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main-recovery phase transition where it turns to grow. At about 165.6 doy (165, 14:24:00),

it diminishes rapidly to lower values, less than 200 nT. AE augments again after 166.2 doy,

simultaneously with some decays in the Dst index.

Figure 3.3 - Geomagnetic indices for the event occurred on June 25-27, 1998, SRP (Event 3). AE,
AL and AU indices are displayed in the first column. Dst, SYM-Hand ASY-H are
located in the second column.

Event 3 is a SRP phenomenon occurring within June 25-27,1998(Figure3.3). Magnetic

storm main phase lasts 0.46 day, from 176.75 (176, 18:00:00 UT) to 177.21 doy (177,

05:02:24 UT). Recovery phase time interval takes 1.5 days, extending from 177.21 to

178.71 doy (178, 17:02:24 UT).

Dst reaches the minimum at -101 nT which falls in a transitionboundary between moder-

ate and intense magnetic storms. AE peaks at about 1,400 nT with some delay comparing

to the main phase start but following the abrupt Dst behavior.

Differently from previous cases, Event 4 is labeled as LRP and occurs within April 23-

30, 1998 (Figure3.4). Main phase time interval is 0.5 day and extends from 113.83to
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Figure 3.4 - Geomagnetic indices for the event occurred on April 23-30, 1998, LRP (Event 4).
AE, AL and AU indices are displayed in the first column. Dst, SYM-H and ASY-H
are located in the second column.

114.33 doy (113, 19:55:12 to 114, 07:55:12 UT) while recovery phase 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 magnetic storm to moderate

status. Both AE and Dst present a much more fluctuating profilein LRP than in SRP

events. AE peaks around 1,400 nT which is coincident with an abrupt decay in the Dst

index. During all the recovery phase, AE index exhibits highintensity 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 LRP(Figure3.5). Main phase

lasts 1 day, covering the range of 203.67 (203, 16:04:48 UT) to 204.67 doy (204, 16:04:48

UT). Recovery phase comprehends 204.67 to 209.67 doy (209, 16:04:48 UT) time interval

which gives a 5 day duration.

According to geomagnetic indices in Figure3.5, Dst peaks at -48 nT and the magnetic

storm is classified as weak. AE index is observed as intense exhibiting a peak at 1,400 nT
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Figure 3.5 - Geomagnetic indices for the event occurred on July 22-29, 1998, LRP (Event 5). AE,
AL and AU indices are displayed in the first column. Dst, SYM-Hand ASY-H are
located in the second column.

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

Finally, Event 6, also a LRP storm type, extends from August 26 to September 3rd, 1998

(Figure3.6). Main phase lasts 1.04 days, within the interval of 238.38 (238, 09:07:12 UT)

to 239.42 doy (239, 10:04:48 UT), while recovery phase takes7.17 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 magnetic storm is within intense defi-

nition. AE peaks at about 1,800 nT and present the same fluctuating behavior as previous

LRP events.

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

2 and 4 are presented in Figures3.7 and3.8 as examples of SRP and LRP phenomena,

respectively. UVI images permit to follow the spatial evolution of the auroral activity, in

this case, during magnetic storms.
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Figure 3.6 - Geomagnetic indices for the event occurred on August 26 to September 3rd, 1998,
LRP (Event 6). AE, AL and AU indices are displayed in the first column. Dst, SYM
and ASY are located in the second column.
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(a) Main phase (b) Main phase

(c) Recovery phase (d) Recovery phase

(e) Recovery phase (f) Recovery phase

(g) Recovery phase (h) Recovery phase

Figure 3.7 - UVI images during magnetic storm. June 14-15, 1998, SRP (Event 2).
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(b) Main phase

  
 

 

(c) Recovery phase
  

 

 

(d) Recovery phase

  
 

 

(e) Recovery phase
  

 

 

(f) Recovery phase

  
 

 

(g) Recovery phase
  

 

 

(h) Recovery phase

Figure 3.8 - UVI images during magnetic storm. April 23-30, 1998, LRP (Event 4).
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4 RESULTS: AURORAL ENERGY INPUT

Auroral energy input in the polar region can be derived from UVI images by applying

correction methods. Besides all the satellite position andcalibration improvements, day-

glow estimate method is an important and essential tool to obtain auroral energy. Such

procedure allows us to estimate the dayglow energy and remove it from the UVI im-

ages resulting in an auroral energy evaluation. Hence, auroral energy can be computed

for phenomena of interest in order to obtain clues about unknown physical processes and

mechanisms.

Electron precipitating energy is obtained from UVI images during the selected magnetic

storms. Global and local energy estimates are used to evaluate the energy input intensity

and the differences between SRP and LRP events. These results are shown in Section

4.1. An important task is to investigate how polar precipitation affects the equatorial and

auroral current systems. Section4.2brings this discussion.

Besides UVI energy estimate method, there are other mannersof evaluating auroral pre-

cipitation energy. Hemispheric power is estimated from observations of particles influx

by NOAA POES extrapolated for the entire auroral region by statistical models. Auroral

energy deposition can also be calculated from geomagnetic indices such as AL and AE,

which reasonably reflect changes in the precipitation patterns. Linear and nonlinear em-

pirical relations are used to obtain electron precipitation energy. All these methods are

discussed and compared in Section4.3.

4.1 UVI Auroral Energy input estimate

Auroral observations can provide important information onthe dynamics of solar wind-

magnetospheric-ionospheric interactions. This is possible due to the fact that aurora

brightness can be related to the energy input into the atmosphere.

Auroral emission intensity within LBH range is directly proportional to the energy flux

injected by particle precipitation into the atmosphere. The LBH emission is attenuated

in the atmosphere since shorter LBH (LBHs) wavelengths still lie in the range of theO2

absorption. Hence, LBH long (LBHl) emissions are more indicated to compute energy

input in the auroral region. Even taking care about the idealwavelength emission, there

is still solar contribution (dayglow) present in the UVI images. For this reason, a day-

glow estimate method was developed in this work. This tool made possible the dayglow

energy removal from each UVI image of the Northern hemisphere. Therefore, auroral
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energy could be calculated in UVI images through LBH long emissions with no solar

contribution.

Figures4.1 and4.2 display energy flux for SRP and LRP events, respectively. Vertical

lines seen in Figures indicate main and recovery phase duration. Energy flux is calculated

over the area within the UVI field of view corresponding to each time (Universal Time -

UT). As already mentioned, the Polar spacecraft takes about18 hours to complete a 9.0

by 1.8RE orbit. In this case, auroral oval is covered globally only for distances greater

than about 6RE, which means roughly nine hours, assuming that the equatorward auroral

oval boundary is near 60◦ ML (magnetic latitude). In order to minimize area variation

influence on the energy estimate, data corresponding to auroral area values greater than

60% of the total auroral region is not considered. Total areais assumed 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 LRP events are more energetic

than SRP. Energy flux peaks at around 2ergs/cm2/s in Figure4.1and about 3ergs/cm2/s

in Figure4.2. Moreover, LRP energy flux is found to be highly variable whencompared to

SRP phenomena. Particle precipitation energy seems to peakaround Dst minimum during

all the cases where available data allow an analysis.

Even though auroral region area accounted for the energy fluxestimate may not change

significantly, some trace of the area variability can be within the energy evaluation. For

this reason, energy flux was computed for each invariable area of 10◦ ML and 3h LT

(Local time) extending from 50◦ to 90◦ ML. The energy estimated in the sectors was

based in the restricted data used previously for the total energy calculation which auroral

area values should be greater than 60% of the total theoretical auroral region. Figures4.3

to 4.5and Figures4.6to 4.8show energy flux computed for each sector (10◦ ML and 3h

LT area) during June 14-16, 1998 (Event 2), a SRP event, and April 23-30, 1998 (Event

4), a LRP phenomenon, respectively. There is a large lack of data for 50◦ to 60◦ ML range

and it is not displayed here. Sector energy flux for the other events are shown in Appendix

A.

The energy flux variability can still be observed in Figures4.3 to 4.5 and Figures4.6 to

4.8, even though the area used in the calculation is constant. LRP events exhibit higher

variable energy flux when compared to SRP events, which confirms our previous findings.
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(a) January 6-8, 1998, SRP (Event 1).

(b) June 14-16, 1998, SRP (Event 2).

(c) June 25-27, 1998, SRP (Event 3).

Figure 4.1 - Energy flux computed over each UVI image for all the polar region from 50◦ to 90◦

during SRP events. Vertical lines indicate main and recovery phase duration.
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(a) April 23-30, 1998, LRP (Event 2).

(b) July 22-29, 1998, LRP (Event 5).

(c) August 26-September 3rd, 1998, LRP (Event 6).

Figure 4.2 - Energy flux computed over each UVI image for all the polar region from 50◦ to 90◦

during LRP events. Vertical lines indicate main and recovery phase duration.
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Figure 4.3 - Energy flux computed from 80 to 90◦ magnetic latitude for each 3h LT. June 14-16,
1998, SRP (Event 2).

Figure 4.4 - Energy flux computed from 70 to 80◦ magnetic latitude for each 3h LT. June 14-16,
1998, SRP (Event 2).
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Figure 4.5 - Energy flux computed from 60 to 70◦ magnetic latitude for each 3h LT. June 14-16,
1998, SRP (Event 2).

Figure 4.6 - Energy flux computed from 80 to 90◦ magnetic latitude for each 3h LT. April 23-30,
1998, LRP (Event 4).
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Figure 4.7 - Energy flux computed from 70 to 80◦ magnetic latitude for each 3h LT. April 23-30,
1998, LRP (Event 4).

Figure 4.8 - Energy flux computed from 60 to 70◦ magnetic latitude for each 3h LT. April 23-30,
1998, LRP (Event 4).
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The midnight region is an active region in the auroral zone. Figures4.9 and4.10show

the energy flux computed for all the polar region (black) and for a region around mid-

night (red) for SRP and LRP phenomena, respectively. The midnight area was considered

to extend from 21 to 3 LT and from 50◦ to 90◦ ML. Usually, the midnight energy flux

presents similar behavior to that computed for the total auroral area. Again, energy flux

presents more variability for LRP than SRP events. The midnight area is kept constant on

the energy flux computation which garantees that the energy flux variability is not due to

the area influence.
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(a) Event 1

(b) Event 2

(c) Event 3

Figure 4.9 - Black x’s indicate the energy flux computed over all the polar region. Red triangles
represent energy flux computed over the region close do midnight (from 21 to 3 LT
and from 50◦ to 90◦ ML). SRP events.
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(a) Event 4

(b) Event 5

(c) Event 6

Figure 4.10 - Black x’s indicate the energy flux computed overall the polar region. Red triangles
represent energy flux computed over the region close do midnight (from 21 to 3 LT
and from 50◦ to 90◦ ML). LRP events.
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Besides studying the energy flux behavior with time, it is also worth looking at the inten-

sities during the phases of a magnetic storm. Figures4.11and4.12display energy flux

versus LT sector number for each 10◦ ML during main and recovery phase for a SRP

(Event 2) and LRP (Event 4) magnetic storm, respectively. The data used here also cor-

responds to auroral area values greater than 60% of the totaltheoretical auroral region.

Results for the other events are presented in the AppendixB. Sector number refers to 3h

LT intervals starting at midnight (0 LT). Then, sectors 1, 2,7 and 8 are located in the

nightside while 3 to 6 sector numbers refer to the dayside. Although we present here only

the results for Events 2 and 4, all the events are described below.

Event 1 (SRP) presents higher values at sectors 7 and 8, peaking at about 3ergs/cm2/s,

for 80◦ to 90◦ ML range for all LT during recovery phase. There is no data formain phase

in this event. High activity takes place in the 70◦ to 80◦ ML range from 15 to 24 LT during

recovery time, with energy flux peaking at 10.0 ergs/cm2/s. High nightside activity for

60◦ to 70◦ ML, reaching 16ergs/cm2/sclose to midnight, can be observed.

Event 2 (SRP) also exhibits low values peaking at 2.5 ergs/cm2/s, for 80◦ to 90◦ ML

during main phase (Figure4.11). It is noticeable a localized high activity reaching

6.0 ergs/cm2/s, from 15 to 24 LT in the 70◦ to 80◦ region, during recovery phase. In

the 60◦ to 70◦ ML interval, energy flux is high in the nightside, reaching 10ergs/cm2/s

for main phase and 9.3 ergs/cm2/s during recovery time.

Event 3 (SRP) shows low values (less than 2.3ergs/cm2/s) for 80◦ to 90◦ ML during main

phase. High activity is seen near dusk during recovery stagein this latitude range, peaking

at 5.0 ergs/cm2/s. High energy flux intensities are found within recovery timefrom 15

to 24 LT for 70◦ to 80◦ (peaks at 9ergs/cm2/s). Energy flux reaches 9ergs/cm2/s in the

60◦ to 70◦ ML range during recovery period.

Event 4 (LRP) presents energy flux values less than 2.5 ergs/cm2/s for the whole storm

in the 80◦ to 90◦ ML range. In relation to 70◦ untill 80◦ ML region, higher auroral ac-

tivity is concentrated from 0 to 9 LT during main stage (peaking at 6.5 ergs/cm2/s). In

the recovery time, high values are found in the nightside (reaching 8ergs/cm2/s), and

the energy flux behavior shows a symmetric feature in the plot. The 60◦ to 70◦ region

during recovery phase also present such symmetry (higher energy flux values peaking at

11.5 ergs/cm2/s in the nightside and lower in the dayside). This characteristic indicates

that the auroral energy flux intensities are distributed over all the polar region, despite of

the dayside magnitudes are smaller.
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Event 5 (LRP) shows energy flux peaking at about 3ergs/cm2/s and 5ergs/cm2/s in

the 80◦ to 90◦ ML interval during main and recovery phases, respectively.Within 70◦ to

80◦ ML region, energy flux reaches 7.5 ergs/cm2/s and 11ergs/cm2/s in the main and

recovery stages. Higher activity is also observed in the nightside in this latitude range.

Event 6 (LRP) present energy flux peaking around 5ergs/cm2/s within 80◦ to 90◦ ML

region during the magnetic storm. Energy flux is observed more intense in the night-

side, peaking at 12.5 ergs/cm2/s during main phase and at 11ergs/cm2/s) in the re-

covery process, in the range of 70◦ to 80◦ ML. Energy flux peaks at 11ergs/cm2/s and

12ergs/cm2/s during main and recovery times from 60◦ to 70◦ ML. The activity is ob-

served mostly in the nightside.

For all the events, it is possible to observe that sector numbers 6 to 8 (15 to 24 LT) near

dusk present larger energy flux values mostly in the 70◦ to 80◦ ML range. This is an

indicator that the duskside is a very active region for magnetic storms in general. LRP

seems to be a more energetic process though such difference does not look considerable.

Otherwise, a large quantity of energy can be deposited during a LRP magnetic storm since

it is a longtime phenomenon.
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(a) Main phase

(b) Recovery phase

Figure 4.11 - Energy flux versus LT sector number for each 10◦ ML. Sector number refers to 3h
LT intervals starting at midnight (0 LT). Main and recovery phases are displayed in
panels (a) and (b). SRP (Event 2)
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(a) Main phase

(b) Recovery phase

Figure 4.12 - Energy flux versus LT sector number for each 10◦ ML. Sector number refers to 3h
LT intervals starting at midnight (0 LT). Main and recovery phases are displayed in
panels (a) and (b). LRP (Event 4)
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4.2 Relation between UVI auroral power and geomagnetic indices

Fluctuations in the magnetic field are addressed to externalsouces of the Earth (JACOBS,

1987). The evolution and intensity of such magnetic variations can be monitored by geo-

magnetic indices. This important tool yields information on the geomagnetic activity level

as well as about the magnetospheric processes and mechanisms.

Geomagnetic indices can be compared to other physical parameters in order to obtain

clues about the solar wind-magnetosphere interaction. Particle precipitation in the auroral

region during magnetic storms have a questionable source. Thus, the auroral power input

can be compared to geomagnetic indices, which, in turn, are related to global measure-

ments of the processes occurring in the magnetosphere.

Correlation coefficient is a direct measurement of how two data set (X,Y) vary jointly and

is defined by:

r =
covariance o f X and Y

(standard deviation o f X)(standard deviation o f Y)
. (4.1)

In this work, correlation between precipitating power input and geomagnetic indices was

calculated during main and recovery phases for the six studied events. Electron precipi-

tation influence has been investigated on the low and high latitude current systems. Table

4.1and4.2bring the correlation coefficients between power and geomagnetic indices for

main and recovery phases. The correlation could not be computed during main phase of

Event 1 due to the lack of data.

In order to complement the correlation estimate, precipitating power versus high and low

latitude geomagnetic indices during main and recovery phases are displayed in Figures

4.13to 4.18. Auroral indices as AE, AL and AE are shown in the first column while Dst,

SYM-H and ASY-H named equatorial indices are found in the second column.
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Table 4.1 -Correlation between auroral power input and geomagnetic indices 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 geomagnetic indices 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 Event 1 (SRP) are shown in Figure

4.13. There was not enough data for the main phase. Clearly, two groups are identified

in the plots, one at lower power and index values and the otherone for higher values.

The slight power (less than 10 GW) is found to be associated with low magnetic activity

around 8 doy UT. Precipitating power is well correlated withall the indices as observed

through the correlation coefficients obtained in table4.2 although that is not obvious

from the plots. Precipitating electrons seem to be linearlyassociated with the total ring

current and the auroral eletroject enhancements which suggests that the magnetic storm

is a consequence of global processes.

Event 2 (SRP) is displayed in Figure4.14. There is a low energy group of less than 10 GW

in the main phase, which does not behave as the majority data.During main phase, only

ASY-H index does not present good correlation to auroral power, which means that the

asymmetric ring current is not clearly associated with the auroral electron precipitation in

this event stage. The fact that AE, AU and AL indices are in good agreement with power
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Figure 4.13 - Auroral power input versus geomagnetic indices. AE, AL and AE are displayed in
the first column while Dst, SYM-H and ASY-H are found in the second column.
Recovery phase (Event 1-SRP).

suggest precipitating electrons strongly influence the auroral electrojets. In the recovery

phase, all indices present good correlation coefficient with exception of the AU index. The

relation of AE, AL and ASY-H indices and power can be easily seen in the plots. Thus,

precipitating electrons may be associated with the westward eletroject and somehow with

the ring current increase.

During the main phase of the Event 3 (SRP), there is no clear relation between precipi-

tating power and geomagnetic indices as observed in Figure4.15and confirmed by the

computed correlation coefficients. Apparently, it is noticed a high energy data group in

the recovery stage, greater than 40 GW, for AE, AL and SYM-H, which does not change

as much as the indices increase. Such data seems to be locatednear main-recovery phase

transition which suggests that the energy input is not associated with the indices close to

high activity peak (near Dst minimum) or maybe the magnetic field variation is caused by

another source but electron precipitation. Table4.2shows a bad correlation coefficient for

AU index. It is believed that the correlation coefficients for AE, AL and SYM-H would

be higher if that group data was neglected. Anyway, it is agreed that electron precipitation

may not affect eastward electrojet in this case.

Power input is observed as well related to the geomagnetic indices, except AU index,
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during the main phase of the Event 4 (LRP), as shown in Figure4.16and by the correlation

coefficients. Hence, electron energy input does not affect linearly the eastward electrojet.

In the recovery phase, besides the data looks spread in energy range along the indices, it

is possible to observe good relations for all geomagnetic indices. This indicates that the

particle precipitation in this case is a consequence of a global phenomenon which may

contribute to the long recovery phase duration.

During Event 5 (LRP), displayed in Figure4.17, only AE index is easily seen to be re-

lated linearly with power input though the correlation coefficients indicate that only AU

and ASY-H are clearly not related to the precipitating energy. This way, the westward

eletroject and symmetric ring curren enhancement may be associated with electron pre-

cipitation. For the recovery time, SYM-H index suggests that the symmetric ring current

increases at the same pace as particle precipitation energy. This fact is an indicator that

the long recovery phase can be associated with a ring currentenhancement or to the same

energy source.

Figure4.18brings magnetic storm Event 6. During main phase there is no clear relation

between energy input and the indices. In the recovery phase,AE and AL may have a good

agreement with precipitating power though it is not obvious. Correlation coefficient is

higher for SYM-H which suggests that the symmetric current increase may be related to

electron precipitating in the auroral region.

All the magnetic storms seem to be linearly related to the ring current enhancement during

recovery phase, some of them with only the symmetric part. Most of the recovery stages

are also associated with both electrojet increases and sometimes only to the westward

system, but never to the eastward component. Correlation coefficients are low for Event

6, but looking at Figure4.18, non-correlation between AE/AL and auroral power is not

clear.
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(a) Main phase

(b) Recovery phase

Figure 4.14 - Auroral power input versus geomagnetic indices. AE, AL and AE are displayed in
the first column while Dst, SYM-H and ASY-H are found in the second column.
(Event 2-SRP)
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(a) Main phase

(b) Recovery phase

Figure 4.15 - Auroral power input versus geomagnetic indices. AE, AL and AE are displayed in
the first column while Dst, SYM-H and ASY-H are found in the second column.
(Event 3-SRP)
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(a) Main phase

(b) Recovery phase

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

(b) Recovery phase

Figure 4.17 - Auroral power input versus geomagnetic indices. AE, AL and AE are displayed in
the first column while Dst, SYM-H and ASY-H are found in the second column.
(Event 5-LRP)
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(a) Main phase

(b) Recovery phase

Figure 4.18 - Auroral power input versus geomagnetic indices. AE, AL and AE are displayed in
the first column while Dst, SYM-H and ASY-H are found in the second column.
(Event 6-LRP)
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4.3 Empirical auroral power from geomagnetic indices and Hemispheric Power

In the past, there was no way to monitor directly precipitation energy in function of time.

Energy dissipation had to be derived empirically from ground-based measurements, par-

ticularly from geomagnetic indices.Akasofu(1981) expected that precipitating particle

powerUA would vary in harmony with AE index and proposed simple linear relationships

between both:

UA(erg s−1) = 108×AE(γ), (4.2)

whereγ is an unit of magnetic field and is equal to 1 nT.

Particle injection energy is believed to be related to the heigh-integrated Hall conductiv-

ity ((AHN et al., 1983) and references therein). Most of the particle precipitation contri-

bution comes from near ionization density profile peak, around 90 km to 130 km. It is

also conceived that electrons below 125 km are the main source of heigh-integrated Hall

conductivity. North-south component of magnetic disturbance field is associated with the

heigh-integrated Hall conductivity, and then, particle energy input can also be related to

it. Ahn et al. (1983) compared the calculated injected energy and auroral geomagnetic

indices and obtained empirical linear relations given by:

UA(W) = 0.6×108×AE(nT), (4.3)

UA(W) = 0.8×108×AL(nT). (4.4)

Ostgaard et al.(2002) claims we should not expect a linear relation between electron

energy deposition and geomagnetic indices. They obtained that this relation has to be

described by a nonlinear relation, under assumptions that the AE index is due to iono-

spheric Hall currents and the polar cap potential slightly saturates for large AE values.

They calculated precipitating particle energy from UVI andX-ray emissions for five iso-

lated substorms. The strong and weak correlation with AL andAU, respectively, suggest
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thatUA and Hall conductance increase are related to the westward electrojet but not to

the eastward system. They found that a nonlinear relation between the auroral indices,

selected only from well located stations, and the precipitating power fits better to the data

as follows:

UA(GW) = 4.6AE1/2(nT)−23, (4.5)

UA(GW) = 4.4AL1/2(nT)−7.6, (4.6)

where the constants -23 GW and -7.6 GW indicate that there arestill currents flowing

when there is no precipitation.

Nowadays, precipitation energy input can be estimated alsofrom instruments on board

satellites, and not only from geomagnetic indices. Besidesthe UVI energy estimate de-

veloped in this work, energy deposition is monitored by NOAAPOES 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 spacecraft transits over the poles. Power flux

observations obtained during a single pass of the satelliteover a polar region (which takes

about 25 minutes) are used to estimate the total power deposited in an entire polar region

by these auroral particles.

Energy deposition by auroral precipitation can then be estimated by ground and space-

based instruments. A comparison between those methods is important mainly with re-

spect to the comprehension of processes dominating the auroral eletrojects. Figures4.19

to 4.24 bring auroral precipitating power calculated from the geomagnetic indices AE

(blue crosses) and AL (black triangles), estimated by UVI images (red x’s), and the hemi-

spheric power (green squares) for all the events. Power input derived from linear empirical

relations given by Equations4.3and4.4are shown in panel (a). The estimated power from

nonlinear method described by Equations4.5and4.6 is displayed in panel (b).

During Event 1 (SRP), as presented in Figure4.19, nonlinear relation derived from AL

seems to fit better to UVI estimate (Figure4.19(a)). In this case, the linear evaluation

underestimates our UVI power input calculation (Figure4.19(b)). Hemispheric power

sometimes overestimates power from all other methods.

Deposition power for Event 2 (SRP) is displayed in Figure4.20. During main phase,

neither linear nor nonlinear power from geomagnetic indices have similar behavior to
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UVI input power. Nonlinear estimate seems to be closer to UVIpower values since linear

aproximation underestimates it.

During Event 3 (SRP), power from UVI looks shifted to that from empirical methods

as observed in Figure4.21. Deposition power is better estimated by linear relations in

the main phase while nonlinear fits reasonably in the recovery phase though none really

describes the UVI power input.

Precipitating electron power from UVI images behaves similarly to that obtained by linear

functions in Event 4 (LRP), as seen in Figure4.22. Nonlinear method seems to overes-

timate power quantity, even compared to Hemispheric power,which sometimes is above

real values. It is important to notice that the high variability on the electron injection en-

ergy observed previously in the UVI method in this case is also seen in the empirical form

outcome.

Linear method also fits better in the Event 5 (LRP) which is displayed in Figure4.23.

As previous case, nonlinear function seems to overestimatethe power input. Following

previous LRP behavior, Event 6 is better described by linearmethods, as seen in Figure

4.24. Again, nonlinear functions derive power values much higher than that from our UVI

method.

Looking only into the recovery phase of the events and choosing for linear or nonlinear

methods, precipitation power derived from UVI aproximatesmore to that obtained by

nonlinear functions during SRP phenomena. The opposite is observed in the LRP mag-

netic storms group, where UVI power fits better to linear method results.
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(a) Linear empirical method

(b) Nonlinear empirical method

Figure 4.19 - Auroral precipitating power (Watts) derived from different measurements. Black tri-
angles and blue crosses represent power derived from AL and AE index, respectively.
Red x’s refer to the power computed from UVI images. Green squares designate
Hemispheric Power. Event 1-SRP
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(a) Linear empirical method

(b) Nonlinear empirical method

Figure 4.20 - Auroral precipitating power (Watts) derived from different measurements. Black tri-
angles and blue crosses represent power derived from AL and AE index, respec-
tively. Red x’s refer power computed from UVI images. Green squares designate
Hemispheric Power. Event 2-SRP
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(a) Linear empirical method

(b) Nonlinear empirical method

Figure 4.21 - Auroral precipitating power (Watts) derived from different measurements. Black tri-
angles and blue crosses represent power derived from AL and AE index, respec-
tively. Red x’s refer power computed from UVI images. Green squares designate
Hemispheric Power. Event 3-SRP
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(a) Linear empirical method

(b) Nonlinear empirical method

Figure 4.22 - Auroral precipitating power (Watts) derived from different measurements. Black tri-
angles and blue crosses represent power derived from AL and AE index, respec-
tively. Red x’s refer power computed from UVI images. Green squares designate
Hemispheric Power. Event 4-LRP
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(a) Linear empirical method

(b) Nonlinear empirical method

Figure 4.23 - Auroral precipitating power (Watts) derived from different measurements. Black tri-
angles and blue crosses represent power derived from AL and AE index, respec-
tively. Red x’s refer power computed from UVI images. Green squares designate
Hemispheric Power. Event 5-LRP
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(a) Linear empirical method

(b) Nonlinear empirical method

Figure 4.24 - Auroral precipitating power (Watts) derived from different measurements. Black tri-
angles and blue crosses represent power derived from AL and AE index, respec-
tively. Red x’s refer power computed from UVI images. Green squares 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 diffuse, continuous, luminous

bands that surround both geomagnetic poles at ionospheric altitudes (FREY, 2007). An

oval-shaped band around the polar regions is atributed to the strong asymmetry in the lo-

cation of the aurora on the dayside and nightside (KIVELSON; RUSSEL, 1995). The upward

field-aligned current regions are found to be coincident with the ovals, where electrons

flow into the ionosphere. Hence, the location and shape of theaurora yield information

on the spatial evolution of electron precipitation.

UVI images provide spatial and temporal behavior of the aurora, and subsequently, of the

auroral precipitation. It was possible to calculate energyflux, in function of Local Time

(LT) and Universal Time (UT) for each 10◦ latitude and 3 hours UT sector, from UVI

images. Figures5.1 to 5.6 bring energy flux for 50◦ to 90◦ region, divided in panels for

each 10◦ latitude range, for all the six selected magnetic storms. Coordinate system used

is magnetic, since the auroral oval is displayed around magnetic dipole axes. First two

vertical lines refer to main phase while last two lines correspond to recovery phase inter-

val. Color bar refers to log scale energy flux. White color regions are related to absence

of data. Only regions where the area is completely covered bythe UVI field of view are

considered, and for this reason, there is almost no data for some latitude ranges.

Figure5.1corresponds to Event 1 (SRP). Energy flux during main phase isintense for the

nightside, extending from 60◦ to 90◦ latitude. Also, high energy flux values are noticed in

the first part of the recovery phase (around time value of 7.5 doy) from 18 to 24 LT and

for 60◦ to 90◦ latitude range. There is still some magnetic activity in therecovery phase

final portion although the intensity is weaker.

Energy flux during Event 2 (SRP) is displayed in Figure5.2. According to the available

data, energy flux is more intense close to midnight for 60◦ to 70◦, around 18 LT for 70◦

to 80◦ and about midday for 80◦ to 90◦, during the recovery phase. For this magnetic

storm, a sequence of UVI images with dayglow removed and LOS correction applied is

also presented in Figure3.7. During main period, the oval is very intense. Auroral activity

decreases in the recovery phase, when becomes intense againcorresponding to Dst and

AE peaks.

Figure5.3corresponds to Event 3 (SRP). The same characteristics as previous event are

noticed, that is, energy flux is more intense close to midnight for 60◦ to 70◦, around 18
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LT for 70◦ to 80◦ and about midday for 80◦ to 90◦, during the recovery phase.

Event 4 is shown in Figures5.4 and3.8. Magnetic activity is seen over all MLT. This is

also observed in UVI images even when the recovery phase is getting ended, which is not

noticed during SRP phenomena.

Aurora looks to be spread all over the oval during Events 5 (Figure5.4) and 6 (Figure5.6)

as well. The region near dusk seems to present higher energy flux values in the 70◦ to 80◦

interval.

In summary, our results suggest the electron precipitationseems to occur over all the oval

for LRP events. On the other hand, SRP magnetic storms do not present such character-

istics, but show strong magnetic activity near dusk. A deep investigation about this topic

has not been performed during this work besides the intense and uncountable UVI image

handlings.
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Figure 5.1 - Log scale energy flux (ergs/scm2/s) in function of Local Time (LT) and Universal
Time (UT) for each 10◦ latitude interval covering 50◦ to 90◦ region. January 6-8,
1998, SRP (Event 1).
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Figure 5.2 - Log scale energy flux in function of Local Time (LT) and Universal Time (UT) for
each 10◦ latitude interval covering 50◦ to 90◦ region. June 14-16, 1998, SRP (Event
2).

76



Figure 5.3 - Log scale energy flux in function of Local Time (LT) and Universal Time (UT) for
each 10◦ latitude interval covering 50◦ to 90◦ region. June 25-27, 1998, SRP (Event
3).
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Figure 5.4 - Log scale energy flux in function of Local Time (LT) and Universal Time (UT) for
each 10◦ latitude interval covering 50◦ to 90◦ region. April 23-30, 1998, LRP (Event
4).
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Figure 5.5 - Log scale energy flux in function of Local Time (LT) and Universal Time (UT) for
each 10◦ latitude interval covering 50◦ to 90◦ region. July 22-29, 1998, LRP (Event
5).
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Figure 5.6 - Log scale energy flux in function of Local Time (LT) and Universal Time (UT) for
each 10◦ latitude interval covering 50◦ to 90◦ region. August 26 to September 3rd,
1998, LRP, (Event 6).
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6 RESULTS: INFLUENCE OF THE SOLAR WIND

Solar wind strongly influences magnetospheric dynamics although the processes and

mechanisms still remain unknown. Empirical relations alsoyield information on the en-

ergy input from solar wind-magnetosphere coupling which isresponsible by the energy

dissipated in the ring current, joule heating and auroral precipitation. Energy estimate is

based on solar wind parameters considered important on the magnetosphere dynamics.

UVI electron precipitating and solar wind input energy are then compared in Section6.1,

in order to investigate the role of the solar wind on the auroral activity.

Solar wind conditions have been investigated during the events in Section6.2. The inten-

tion here is to verify if there is a relation between auroral precipitation behavior during

SRP and LRP events and the solar wind characteristics.

6.1 Solar wind power input

Energy deposition by electron precipitation derived from auroral emissions through UVI

images and from empirical functions based on geomagnetic indices has been shown in

this work so far. In doing this, energy transfer processes between particle injection and

the magnetospheric current systems could be investigated.

Besides studying the energy transfer mechanisms inside themagnetosphere, it is essen-

cial to look at the major process driving the different magnetospheric phenomena. The

coupling between solar wind and earth magnetic field is believed to be responsible for the

large amount of injected energy into the magnetosphere. This solar wind energy input is

then mostly converted into particle precipitation in the auroral region, Joule heating and

ring current enhancement ((AKASOFU, 1981; OSTGAARD et al., 2002)).

At present, there is no direct observational measurements of the energy transfer from the

solar wind to the magnetosphere. Even questions like exactly how and where such transfer

occurs remain unanswered. Thus, solar wind parameters havebeen largely used as an

attempt to obtain energy estimate available for the magnetospheric dynamics (GONZALEZ,

1990).

Akasofu(1981) introduced theε parameter which is the energy input quantity in the solar

wind responsible for the energy transfer to the magnetosphere (PERREAULT; AKASOFU,

1978). Such parameter depends on the solar wind speed v, the IMF intensity B, the clock

angleθ (angle defined between y and z IMF component in the GSM coordinate system)
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and the effective cross-sectional areal2
0, and is defined in SI units by:

ε(W) =
4π
µ0

vB2sin4(θ/2)l2
0. (6.1)

The ε parameter is basicaly derived from the Poynting’s theorem (KOSKINEN; TANSKA-

NEN, 2002). The factor4π
µ0

vB2 corresponds to 4π times the Poynting vector magnitude

calculated from upstream solar wind quantities and assuming that the magnetic field is

perpendicular to velocity. The electric fieldE is given by vB, from the assumption that

the conductivity approaches infinity, which is valid for space plasmas. The energy per unit

of area per unit of time is described by the Poynting vector asfollows:

S=
1
µ0

(E×B). (6.2)

The parameterl2
0 in Equation6.1 is atributed to the effective cross-sectional area of the

energy transfer (AKASOFU, 1981). Koskinen e Tanskanen(2002) claim that such factor

with physical dimension of length is used for numerically scalingε, in order to correspond

to the dissipated energy inside the magnetosphere and to satisfy the physical dimension

of power. Anyway,l0 is assumed to not strongly depend on solar wind quantities and is

estimated as 7RE, which corresponds to the magnetopause distance.

The strong dependence ofε on the clock-angle is addressed to the IMF north-south com-

ponent influence on the energy transfer obtained empirically. The factorsin4(θ/2) varies

from 1 to 0 as the angle changes from 180◦ to 0◦ which yields larger amount of energy

input to southward IMF values. In fact, it is believed that the magnetosphere is open under

south IMF component conditions and the energy transfer between solar wind and magne-

tosphere is more intense. The clock-angleθ is defined as (AKASOFU, 1981):

θ = tan−1(| By | / | Bz |) forBz > 0,

θ = 180− tan−1(| By | / | Bz |) forBz < 0. (6.3)
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Figures6.1to 6.5bring the solar wind input power computed from Equation6.1 in black

color and the electron precipitation power derived from UVIimages in red for the studied

magnetic storms. Solar wind data was obtained by ACE spacecraft. There is a lack of data

during Event 1.
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Figure 6.1 - Solar wind power input in black color and UVI electron precipitation power in red
(Event 2-SRP).

Figure 6.2 - Solar wind power input in black color and UVI electron precipitation power in red
(Event 3-SRP).
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Figure 6.3 - Solar wind power input in black color and UVI electron precipitation power in red
(Event 4-LRP).

Figure 6.4 - Solar wind power input in black color and UVI electron precipitation power in red
(Event 5-LRP).
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Figure 6.5 - Solar wind power input in black color and UVI electron precipitation power in red
(Event 6-LRP).

SRP events are displayed in Figures6.1and6.2. Apparently, there is no similar behavior

between the solar wind coupling parameter and the electron precipitation in the polar

region.

LRP featured magnetic storms are shown in Figures6.3to 6.5. The same standard fluctu-

ation is seen in the solar wind input and precipitating deposition power quantities. More-

over, solar wind input reaches a maximum during main phase and the energy spikes are

decreasing in intensity as the recovery phase comes to an end.

Akasofu(1981) claims that if the magnetosphere is assumed to initially store solar wind

energy and afterwards converts the stored energy into substorm or magnetic storm energy,

a simple relationship betweenε and the dissipated energy would certainly not be simple.

This system is so-called unloading system. On the other hand, if ε parameter correlates

well, for instance, with the precipitating power, the magnetosphere would not be an un-

loading but a driven system. According to this, SRP magneticstorms could be an effect

of an unloading system. However, this should be deeply investigated before come up as

a statement. During LRP events, electron precipitation energy seems to follow quite well

the energy inputε which can be an indicator of a driven system presence.

According toTsurutani e Gonzalez(1987), HILDCAA events, characterized essencially

by high and long-term auroral activity, are related to Alfvén waves, which present fluctu-
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ating magnetic field. Southward turnings of the IMF would trigger reconnection processes

in the magnetotail and would inject burst particles into themagnetosphere. Actually, so-

lar wind input as well as the UVI precipitation energy show a pretty bursty feature. This

also agrees withAkasofu(1981) work, since there would be no longtime energy store in

progress.

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

ergy deposition in the magnetosphere by a satellite locatedin front of the magnetosphere,

in the upstream solar wind. This way, the coupling energy amount during a magnetic

storm could be predicted before the event reaches the magnetosphere and, therefore, it

would become possible to monitor continuously the space wheather.
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6.2 What is going on in the solar wind?

Solar activity vary systematically over a period of 11 yearsand is measured by sunspot

number amount (BURLAGA, 1995; EDDY et al., 1976). Sunspots are seen as dark regions

due to the lower temperature compared to the surrounding photosphere. This is caused

by the convection inhibition associated with the intense magnetic field. Solar active re-

gions are related to coronal mass ejection (CME) which is theinjection of coronal mate-

rial into the solar wind and it is believed to emanate from theopening of magnetic-field

structures in the Sun. CMEs can be followed by solar flares, defined as a sudden bright-

ening of a small solar region seen in X-rays and emission lines. Coronal holes are open

magnetic field line structures which are the origin of high-speed streams. A corotating

interaction region (CIR) is formed by fast-slow solar wind intersection. Moreover, shocks

are observed as descontinuities in the space properties, such as density, temperature and

velocity, which changes abuptly. All those magnetic structures present in the interplane-

tary space added to solar activity variation affects the Earth’s magnetosphere (KIVELSON;

RUSSEL, 1995).

A study about electron deposition energy in the auroral region and its relation with the

magnetospheric current systems as well as with the solar wind-magnetosphere coupling

energy have been performed in this work. Continuing our search on the comprehension

of magnetic storms characterized by long timescale recovery phases, it is interesting to

investigate the solar wind parameters in the upstream side during the events.

Figures6.6 to 6.10 bring solar wind parameters for the selected magnetic storms time

interval. Magnetic field componentsBx, By andBz, and magnitudeB are displayed in the

first panel. Proton density and velocity components,vx, vy andvz are shown in the second

one. Coordinate system used is GSM. There is a lack of data forEvent 1 time interval

from ACE spacecraft.

Solar conditions for Event 2 (SRP) are shown in Figure6.6. At about 164.8 doy, a structure

with high density, reaching a maximum of 30cm−3, is detected. The magnetic storm starts

around 0.4 day (9.6 hours) after that. In this case,Bz presents south-turnings during main

phase, with a maximum value of -10 nT, andvx only is increased by 14%, to -400 km/s.

At the recovery phase, there is a slight density enhancementfrom 10 to 15cm−3 and

Bz comes to northward direction. At 166.2 doy, there is aBz southward turning which

coincides with auroral activity start seen in the AE index and falls in the Dst. AE seems

to reflect pretty well the Bz profile.
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During Event 3 (SRP), displayed in Figure6.7, Bz turns to south at 176.9 doy after sud-

denly increased positively at around 176.65 doy. Magnetic storm main phase initiates at

176.75 doy. During this stage, magnetic field magnitude peaks at 18 nT and z-component

at -15 nT. At 177.2 doy,Bz return to positive values which is coeherent with the recovery

phase start. Around 177.6 doy, AE increases, Dst goes down and Bz gets small negative

values. Density is seen as fluctuating and reaches 40cm−3, andvx is always below 500

km/s.

Event 4 (LRP) presents high variable magnetic and velocity components as observed in

Figure6.8. Before 114 doy, there is a high density spike peaking at 70cm−3, B reaches 20

nT and the fluctuating feature begins. The recovery phase seems to initiate simultaneously

with the density decrease and at the end of the higher amplitude fluctuatingBz. The peaks

in Dst and AE indices observed at about 116.5 doy coincide with a spike in density and a

longer interval of southward magnetic field. Sun-earth linespeed peakes at 450 km/s.

As previously, Event 5 (LRP) is characterized by fluctuatingbehavior in magnetic field

and velocity (Figure6.9). Around 203.5 doy, density goes up to 20cm−3, B reaches 16

nT andBz presents large amplitude disturbance (from -15 to 10 nT). Main phase starts at

203.67 doy. After 204 doy, x-component velocity increases to over 700 km/s. Recovery

phase begins at 204.67 doy when velocity and magnetic field are found fluctuating andvx

is high.

Finally, Figure6.10brings solar parameters for Event 6 (LRP). Again, this LRP event is

associated with disturbed magnetic field and velocity. A structure is observed after 238

doy when density peaks at 17cm−3, vx reaches 850 km/s,B goes up to 20 nT andBz

fluctuates within negative values for longtime interval, until 240 doy. Main and recovery

phase begins respectively at 238.4 and 239.4 doy. Magnetic field seems to go northward

simultaneously with recovery phase stage initiation. There is a fast recovery feature up

to 240 doy coincident withBz rapid increase. Next, a slow recovery is observed whenBz

fluctuates around zero. A major peak is noticed in Dst and AE indices, after 244 doy, at

the same time as density gets high andBz remains within negative values for a while.

The main differences between LRP and SRP are found in the disturbing magnetic field

and velocity profile.Bz south-turnings are observed to be associated to Dst and AE peaks,

which suggests particle injection into the magnetosphere.Magnetic storms with short

recovery time are seen to be related toBz maintenance at negative values for some hours,

around 8 hours. During main phase, LRP events are characterized by large amplitude
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fluctuatingBz around zero or even in negative values, as when it was sustained for more

than one day in event 6. Fluctuation features in magnetic field and velocity are observed

during longtime recovery phases.

According toEcher et al.(2005), the solar wind conditions for all the events refer to

characteristics of a shock, except the Event 5, which is identified as a CIR.

Our results are in agreement with those found byTsurutani e Gonzalez(1987), which says

that Alfvén waves are responsible by HILDCAA phenomena. In fact, magnetic storms

with long recovery phase are observed to be associated with magnetic field and velocity

perturbation which can be an indicator of Alfvén waves presence. However, future work

should be done in order to confirm our expectations.
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(a) Magnetic field componentsBx, By andBz, and magnitudeB.

(b) Proton density and velocity components,vx, vy andvz.

Figure 6.6 - Solar wind parameters measured by ACE. June 14-16, 1998, SRP (Event 2).
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(a) Magnetic field componentsBx, By andBz, and magnitudeB.

(b) Proton density and velocity components,vx, vy andvz.

Figure 6.7 - Solar wind parameters measured by ACE. June 25-27, 1998, SRP (Event 3).
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(a) Magnetic field componentsBx, By andBz, and magnitudeB.

(b) Proton density and velocity components,vx, vy andvz.

Figure 6.8 - Solar wind parameters measured by ACE. April 23-30, 1998, LRP (Event 4).
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(a) Magnetic field componentsBx, By andBz, and magnitudeB.

(b) Proton density and velocity components,vx, vy andvz.

Figure 6.9 - Solar wind parameters measured by ACE. July 22-29, 1998, LRP (Event 5).
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(a) Magnetic field componentsBx, By andBz, and magnitudeB.

(b) Proton density and velocity components,vx, vy andvz.

Figure 6.10 - Solar wind parameters measured by ACE. August 26 to September 03, 1998, LRP
(Event 6).
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7 CONCLUSIONS

Our daily activities are highly dependent on space-based technological systems and, for

this reason, it has become essential to continuously monitor the space weather. The def-

inition of Space Wheater has been settled as the conditions in the Sun and solar wind,

magnetosphere, ionosphere and thermosphere, which can influence performance and reli-

ability in ground or space-based technological equipmentsand also 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 wind-magnetosphere coupling and

inside the magnetosphere have then also become an importantissue. Particle precipitat-

ing energy investigation in the auroral region is a manner oftrying to comprehend both

transfer processes. In this work, precipitation energy influx could be calculated from auro-

ral emissions within LBH long wavelength range measured by UVI instrument on board

Polar spacecraft. One advantage of studying the aurora as a monitor of the near-Earth pro-

cesses is that the size of the auroral oval differs in scale from the magnetosphere region

by perhaps a factor of 106 (KIVELSON; RUSSEL, 1995).

The interaction between solar wind and magnetosphere is related to many magnetospheric

phenomena such as magnetic storms, substorms and a more recent type so-called HILD-

CAAs (High intensity long duration continuous AE activity). Some magnetic storm events

present peculiar long recovery phase features (more than two days) and have been asso-

ciated with HILDCAAs (TSURUTANI; GONZALEZ, 1987). In fact, all known processes for

ring current decay, as charge exchange, Coulomb collisions, convection, wave-particle in-

teractions, have time scales of hours to fraction of days (KOZYRA et al., 1997; KOZYRA et

al., 2002).

In this work, it has been perfomed an investigation on the differences between magnetic

storms with long (HILDCAA) and short recovery phases in terms of energy input. The six

selected events have been organized into two groups, magnetic storms with short recovery

phases (less than two days) named SRP events, and with long recovery phase features

(more than two days) labeled as LRP events.

Auroral energy deposition has been derived from UVI images by applying adjustment

methods such as spacecraft line of sight (LOS) correction and dayglow removal. The

dayglow estimate method developed in this work evaluates dayglow energy which permits
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to calculate auroral influx energy by removing known dayglowquantity from UVI images.

Electron precipitating energy flux computed for all the auroral region shows LRP events

are more energetic and highly variable than SRP. Energy was calculated only for area

values greater than 60% of the total auroral region considered as 50◦ to 90◦ ML. As

UVI field of view varies significantly during the Polar orbit there may be still some area

influence on the results. For this reason, energy flux was alsoestimated for sectors of a

constant 10◦ ML and 3h LT area. Such results support those obtained for thetotal auroral

region. The midnight region, considered here as 21 to 3 MLT, is observed as an active

region presenting more variability for LRP than SRP events as well.

UVI data also shows, through energy flux versus local time sectors for each 10◦ ML, that

near dusk region present large energy flux values mostly in the 70◦ to 80◦ ML range,

indicating that the duskside is a very active region for magnetic storms in general. LRP

seems to be a more energetic process although such difference does not look considerable.

Energy flux versus UT and MLT together with UVI auroral imagesshow strong magnetic

activity near dusk mainly for SRP magnetic storms. Electronprecipitation has been no-

ticed to occur over all the oval for LRP events. Eventually, adeep investigation should be

done in this case in order to permit more clear conclusions about the precipitation energy

spatial behavior during LRP events.

Searching for effects of the auroral precipitation on the magnetospheric current systems,

UVI energy flux has been compared to equatorial (Dst, SYM-H and ASY-H) and auro-

ral (AE, AL and AU) geomagnetic indices. All the magnetic storms seem to be linearly

related to the ring current enhancement during recovery phase, some of them with only

the symmetric part. Most of the recovery stages are also associated with both electrojet

increases and sometimes only to the westward system, but never to the eastward compo-

nent.

Besides UVI energy estimate method, other manners of evaluating auroral precipitation

energy have been used in this work. Hemispheric power is estimated from observations

of particles influx by NOAA-POES extrapolated for the entireauroral region by statis-

tical models. Linear (AHN et al., 1983) and nonlinear (OSTGAARD et al., 2002) empirical

relations based on AE and AL indices, which are observed to reflect pretty well changes

in the precipitating energy patterns, have also been used toobtain electron precipitation

energy. During LRP magnetic storms, UVI power fits better to linear method results. This

suggests that electron precipitation enhancement affectsdirectly the auroral eletrojects,
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especifically the westward system. On the other hand, SRP precipitation energy estimates

are closer to nonlinear method although sometimes that is not very clear. Nonlinear empir-

ical relations suppose AE saturates for high magnetic activities which might be happening

during SRP events.

Solar wind strongly influences magnetospheric dynamics although physical processes and

mechanisms still remain unknown. Empirical relations (AKASOFU, 1981) also yield infor-

mation on the energy input resulted from solar wind-magnetosphere coupling which is

mostly responsible by the energy dissipated in the ring current, joule heating and auroral

precipitation. This energy estimate is based on solar wind parameters considered impor-

tant on the magnetosphere dynamics. UVI electron precipitation and solar wind input

energy have been then compared in order to investigate the role of the solar wind on the

auroral activity. Apparently, there is no similar behaviorbetween the solar wind coupling

parameter and the electron precipitation in the polar region during SRP magnetic storms.

The same standard of fluctuations is seen for LRP events in thesolar wind input and pre-

cipitating deposition power quantities. Moreover, solar wind input reaches a maximum

during main phase and the energy spikes are decreasing in intensity as the recovery phase

comes to an end.

Akasofu(1981) claims that if the magnetosphere is assumed to initially store solar wind

energy and afterwards converts the stored energy into substorm or magnetic storm energy,

a relationship betweenε and the dissipated energy would certainly not be simple. This

system is so-called unloading system. On the other hand, ifε parameter correlates well,

for instance, with the precipitating power, the magnetosphere would not be an unloading

but a driven system. According to this, SRP magnetic storms could be an effect of an

unloading system. During LRP events, electron precipitation energy seems to follow quite

well the energy inputε which can be an indicator of a driven system presence.

According toTsurutani e Gonzalez(1987), HILDCAA events, characterized essentially

by high and long-term auroral activity, are related to Alfvén waves, which present fluctu-

ating magnetic field. Southward turnings of the IMF would trigger reconnection processes

in the magnetotail and would inject burst particles into themagnetosphere. Actually, so-

lar wind input as well as the UVI precipitation energy show a pretty bursty feature. This

also agrees withAkasofu(1981) work, since there would be no longtime energy store in

progress.

Finally, upstream solar wind conditions have been investigated during all the events to
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verify if there is a relationship between auroral precipitation behavior during SRP and

LRP events and the solar wind characteristics. The main difference between LRP and

SRP are found in the disturbing magnetic field and velocity profile. Bz south-turnings are

observed to be associated with Dst and AE peaks, which suggests particle injection into

the magnetosphere. Magnetic storms with short recovery time are seen to be related toBz

maintenance at negative values for some hours, around 8 hours. During main phase, LRP

magnetic storms are characterized by large amplitude fluctuatingBz around zero or even

in negative values, as when it was sustained for more than oneday in Event 6. Within

all cases, z-component magnetic fields reached negative values larger than 10 nT. The

LRP events seem to be associated with fluctuations in magnetic field and velocity profiles

although two of them are also related to high-speed streams.

Our results are in agreement with those found byTsurutani e Gonzalez(1987), which says

that Alfvén waves are responsible by HILDCAA phenomena. In fact, magnetic storms

with long recovery phase are observed to be associated with magnetic field and velocity

perturbation which is an indicator of Alfvén waves presence. Tsurutani et al.(1995) also

conjecture that HILDCAA would be associated with large amplitude IMF fluctuations

in corotating interactions regions (CIR), and consequently, this phenomenon would be

related to fast-speed streams. However, our results show that high speed does not seem

an essential parameter for LRP magnetic storms ocurrence but magnetic and velocity

fluctuations would play an important role in this topic.

Besides all the work performed here, there are many questions still unanswered. The

aurora during LRP events seems to be related to fluctuating magnetic field and veloc-

ity. However, the coupling mechanism between solar wind andmagnetosphere remains

unkown. Eventually, we could investigate the magnetospheric dynamics during LRP phe-

nomenon as well as its relation to Alfvén waves. Also, work could be done as an attempt

to find out the significance and causes of duskside enhancement.

The comprehension of the energy tranfer mechanisms relatedto the magnetosphere and

solar wind interaction as well as the processes within magnetospheric dynamics would

permit space weather predictions. The solar wind input energy could be a manner of

monitoring energy deposition in the magnetosphere by a satellite located in front of the

magnetosphere, in the upstream solar wind. This way, the coupling energy amount during

a magnetic storm could be predicted before the event reachesthe magnetosphere and,

therefore, it would become possible to monitor continuously the space weather. However,

current space physics knowledge is not enough to achieve such accomplishment. 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 sector area of 10◦

ML (Magnetic Latitude) and 3h LT (Local Time), versus UT (Universal Time) for events

1, 3, 5 and 6. Auroral region extends from 50◦ to 90◦ ML.

Figure A.1 - Energy flux computed from 80 to 90◦ magnetic latitude for each 3h LT. January 6-8,
1998, SRP (Event 1).
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Figure A.2 - Energy flux computed from 70 to 80◦ magnetic latitude for each 3h LT. January 6-8,
1998, SRP (Event 1).

Figure A.3 - Energy flux computed from 60 to 70◦ magnetic latitude for each 3h LT. January 6-8,
1998, SRP (Event 1).
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Figure A.4 - Energy flux computed from 80 to 90◦ magnetic latitude for each 3h LT. June 25-27,
1998, SRP (Event 3).

Figure A.5 - Energy flux computed from 70 to 80◦ magnetic latitude for each 3h LT. June 25-27,
1998, SRP (Event 3).
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Figure A.6 - Energy flux computed from 60 to 70◦ magnetic latitude for each 3h LT. June 25-27,
1998, SRP (Event 3).

Figure A.7 - Energy flux computed from 80 to 90◦ magnetic latitude for each 3h LT. July 22-29,
1998, LRP (Event 5).
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Figure A.8 - Energy flux computed from 70 to 80◦ magnetic latitude for each 3h LT. July 22-29,
1998, LRP (Event 5).

Figure A.9 - Energy flux computed from 60 to 70◦ magnetic latitude for each 3h LT. July 22-29,
1998, LRP (Event 5).
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Figure A.10 - Energy flux computed from 80 to 90◦ magnetic latitude for each 3h LT. August 26
to September 3rd, 1998, LRP (Event 6).

Figure A.11 - Energy flux computed from 70 to 80◦ magnetic 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 70◦ magnetic 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 each 10◦ ML during

main and recovery phase for a SRP and LRP magnetic storms. Sector number refer to

3h LT intervals starting at midnight (0 LT). Then, sectors 1,2, 7 and 8 are located in the

nightside while 3 to 6 sector numbers refer to the dayside.
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(a) Main phase

(b) Recovery phase

Figure B.1 - Energy flux versus LT sector number for each 10◦ ML. Sector number refer to 3h LT
intervals starting at midnight (0 LT). SRP (event 1)
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(a) Main phase

(b) Recovery phase

Figure B.2 - Energy flux versus LT sector number for each 10◦ ML. Sector number refer to 3h LT
intervals starting at midnight (0 LT). SRP (event 3)
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(a) Main phase

(b) Recovery phase

Figure B.3 - Energy flux versus LT sector number for each 10◦ ML. Sector number refer to 3h LT
intervals starting at midnight (0 LT). SRP (event 5)
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(a) Main phase

(b) Recovery phase

Figure B.4 - Energy flux versus LT sector number for each 10◦ ML. Sector number refer to 3h LT
intervals starting at midnight (0 LT). SRP (event 6)
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