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3
Avant-Propos

Le travail dé
rit dans 
es pages sous forme de thèse de do
torat représente les re
her
hesque j'ai menées au Laboratoire de Physique Atmosphérique et Planétaire (LPAP) deL'Université de Liège lors de 
es six dernières années. Ce travail s'est déroulé dans le 
adrede la mission spatiale IMAGE (Imager for Magnetopause-to-Aurora Global Exploration)mise en ÷uvre par la NASA et porte sur l'utilisation des données a
quises par l'instrumentFUV (Far Ultra Violet). Cet instrument permet l'observation du phénomène auroral àl'é
helle de la 
alotte polaire dans trois bandes spe
trales de l'ultraviolet lointain. Les trois
améras qui 
omposent FUV (WIC, SI12 et SI13) ont été assemblées à l'Université deCalifornie à Berkeley et au Centre Spatial de Liège (CSL). C'est dans le 
ontexte de 
ette
ollaboration que la thèse a été réalisée. Les données IMAGE-FUV ont été 
omplétées pardes mesures provenant d'autres satellites (NOAA, FAST, DMSP, ACE, WIND, GEOTAIL,ARGOS).L'outil informatique prin
ipalement utilisé pour 
e travail est le logi
iel IDL (Intera
tiveData Language) qui a permis le traitement des données brutes et le développement desprogrammes de modélisation.
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RésuméLes re
her
hes dé
rites dans 
es pages portent sur l'étude de l'aurore à protons par té-lédéte
tion spatiale en ultraviolet lointain. Ce travail s'ins
rit dans le 
adre de la missionIMAGE, dont l'instrument FUV o�re la possibilité d'observer les émissions aurorales duesà la pré
ipitation d'éle
trons et de protons. L'imageur spe
tral SI12, 
onstruit au CentreSpatial de Liège, donne une image de la raie Lyman-α dépla
ée par e�et Doppler produitepar la désex
itation de l'hydrogène. Il permet l'observation globale de l'ovale auroral ave
une résolution temporelle de 2 minutes. Les données 
ouplées à un modèle de transport etde dégration d'énergie des parti
ules qui pré
ipitent ont été utilisées pour étudier l'auroreà protons tant d'un point de vue morphologique que d'un point de vue quantitatif.La première étape du travail 
onsistait à valider les observations et à 
alibrer la méthodedéveloppée pour obtenir les �ux énergétiques des parti
ules a

élérées vers l'atmosphère àpartir des taux de 
omptage SI12. Des 
omparaisons des observations SI12 et des mesuresin situ de parti
ules des satellites NOAA ont montré un désa

ord de 50%, qui a été prisen 
onsidération dans la suite du travail.J'ai ensuite entrepris une étude statistique des 
ara
téristiques morphologiques de l'ovaleprotonique. Cette statistique présente un très bon a

ord ave
 les études pré
édentes, bienque 
elles-
i soient basées sur des mesures lo
ales de la pré
ipitation de protons. Les résul-tats quantitatifs quant à l'intensité de la pré
ipitation des protons ont montré une variationsaisonnière, ave
 un maximum dans l'hémisphère estival. J'ai également mis en éviden
el'in�uen
e de l'orientation de la 
omposante nord/sud du 
hamp magnétique interplané-taire et de la pression dynamique du vent solaire sur la pré
ipitation de protons tant aupoint de vue de l'énergie a

umulée durant la phase de 
roissan
e, que des pro
essus dedé
len
hement de leur pré
ipitation et des pro
essus de pré
ipitation eux-mêmes. L'ana-lyse de la dynamique de l'ovale auroral protonique durant les phases de 
roissan
e dessous-tempêtes magnétiques a montré que le mouvement vers l'équateur des frontières del'ovale pouvait être lo
al, global ou une superposition des deux. Ce résultat est interprété
omme la 
ombinaison d'un étirement global de la magnétosphère dû à l'in�uen
e du ventsolaire et d'un étirement lo
al trouvant son origine dans le feuillet de plasma interne à lamagnétosphère.Dans la dernière étape du travail, j'ai analysé les 
onséquen
es de la pré
ipitation au-11



12 Résumérorale sur l'ionosphère. J'ai montré que les 
ondu
tivités de Hall et de Pedersen et leurévolution temporelle pouvaient être déduites de la 
ontribution des trois imageurs ultra-violets à une é
helle spatiale globale. Le résultat prin
ipal de 
ette partie montre que la
ontribution des protons à la puissan
e et aux 
ondu
tan
es aurorales ne peut lo
alementpas être négligée par rapport à 
elle des éle
trons.



SummaryThe resear
h work des
ribed hereafter 
on
erns the study of proton aurorae using farultraviolet remote sensing te
hniques from spa
e. This work �ts into the IMAGE satellitemission. It largely involves the FUV imagers whi
h observe auroral emissions indu
ed byele
tron and proton pre
ipitation. The SI12 spe
tral imager, designed at the 'Centre Spa-tial de Liège', is sensitive to the Doppler shifted Lyman-α emission produ
ed by auroralprotons. The FUV imagers allow one to observe the auroral oval on a global s
ale witha temporal resolution of 2 minutes. The observations were used to 
onstrain a transportand energy degradation model of pre
ipitating parti
les. This made it possible to studythe proton aurora in both a morphologi
al and a quantitative way.The �rst step of the study 
onsisted in validating the observations, as well as 
alibratingthe method providing the energy �uxes of the a

elerated parti
les from the SI12 
ounts.Comparisons between SI12 results and in situ parti
les measurements by NOAA satelliteslead to a di�eren
e of 50%, whi
h has been taken into a

ount in the next steps of the study.Afterward, I made a statisti
al study of the morphologi
al 
hara
teristi
s of the protonauroral oval. The results were 
ompatible with previous studies, although the latter werebased on lo
al measurements of the proton pre
ipitation. The observed proton pre
ipita-tion intensities revealed a seasonal variation, with a maximum in the summer hemisphere.I also showed the importan
e of the North/South 
omponent of the interplanetary mag-neti
 �eld, and of the solar wind dynami
 pressure on proton pre
ipitation. These fa
torsa�e
t the a

umulation of energy during the growth phase, the pre
ipitation triggeringpro
esses, and the pre
ipitation itself. The analysis of proton auroral oval during substormgrowth phases suggested that the equatorward motion of the oval boundaries 
ould be lo-
al, global, or a 
ombination of both. These results were interprated as the 
onsequen
e ofa solar wind-driven global stret
hing of the magnetosphere, together with a lo
al stret
hingresulting from internal 
hanges o

uring in the magnetosphere plasmasheet.In the �nal part of my work, I analysed the 
onsequen
es of the auroral pre
ipitation onthe ionosphere. I demonstrated that Hall and Pedersen 
ondu
tivities and their temporalevolution 
ould be dedu
ed from the three imagers of the IMAGE mission on a globalspatial s
ale. The main result of this part is that the protons 
ontribution to the auroralpower and 
ondu
tan
es is lo
ally not negligible 
ompared to the ele
tron one.13
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16 Introdu
tionPréambuleLes aurores 1 boréales : 
es lumières qui "dansent" dans le 
iel no
turne polaire, onttoujours fas
iné les hommes. Les 
royan
es an
estrales de tous les peuples du Nord rela-tent di�érentes interprétations. Les Inuits du Groenland et du nord du Canada pensaientque les aurores étaient la tra
e d'un 
râne de morse ave
 lequel les esprits jouaient aufootball. En Suède, selon les régions, les gens 
royaient que 
es lumières étaient des 
ygnesen vol vers le nord dont les ailes gelaient, ou qu'elles étaient émises par un pont de feujeté à travers le 
iel par lequel les dieux pouvaient passer de la voûte 
éleste à la Terre[Sandahl , 1995℄. Au Moyen Âge en Europe, les aurores étaient vues 
omme le re�et desguerriers 
élestes, une sorte de ré
ompense posthume. Les guerriers qui donnaient leurvie pour leur pays et leur roi devaient mener la bataille dans le 
iel pour toujours. Lesaurores étaient le sou�e de 
es braves guerriers qui ra
ontaient leurs 
ombats dans le 
iel.Il y a plus de 100 ans, les prévisions météorologiques étaient parfois basées sur la présen
edes aurores. Cependant, 
es prévisions étaient souvent 
ontradi
toires. Au Labrador, lesaurores étaient un présage de beau temps, tandis qu'au Groenland elles étaient un signede vents du sud et de tempêtes. Au début du siè
le passé, 
ertains pensaient en
ore queles aurores étaient produites par la ré�exion de la lumière solaire sur les gla
es de l'Ar
tique.Aujourd'hui, sans en altérer la beauté, nous savons que 
et étrange phénomène est lere�et de toute une série de pro
essus physiques impliquant le Soleil, l'environnement mag-nétique terreste ainsi que l'atmosphère terrestre. Nous 
ommençons par dé�nir quelquesnotions utiles dans le 
adre de 
e travail et par expli
iter leur r�le dans le phénomèned'aurora borealis. Partant du Soleil et nous rappro
hant de la Terre, nous dé�nissons,entre autres, les notions de vent solaire, magnétosphère, a

élération de parti
ules auro-rales et émissions aurorales qui sont 
ru
iales dans la formation du phénomène. De plus,
ertaines notions telles que la pré
ipitation non-adiabatique de parti
ules aurorales ou les
ondu
tivités ionosphériques sont dé
rites de façon assez expli
ite 
ar elles sont indispens-ables pour expliquer les résultats de nos re
her
hes.

1Le mot "aurore" provient de la mythologie romaine. "Aurore" était le nom que les Romains donnaientà la déesse de l'aube. En fait, aurore signi�e "lumière qui pré
ède le lever du Soleil".



17Du Soleil à la TerreLe Soleil et son atmosphère

Figure 1: La photosphère du Soleil vu par SOHOLe Soleil est une étoile parmi d'autres, de taille et de luminosité intermédiaire. Toute-fois, elle est parti
ulière pour nous 
ar elle est l'étoile de notre système solaire et que sonin�uen
e sur notre Terre est permanente. Le Soleil nous é
laire, nous ré
hau�e. Il estégalement la 
ause de beau
oup de pro
essus sur Terre et in�uen
e l'environnement. C'estgrâ
e au Soleil que la vie s'est développée sur Terre et 
'est également grâ
e au Soleil quenous pouvons observer des aurores dans le 
iel sous les latitudes polaires.Le Soleil est situé à 1 UA (unité astronomique) de la Terre, 
e qui 
orrespond à environ150 000 000 km. Son rayon est d'environ 696 000 km et il tourne ave
 une période quivarie en fon
tion de la latitude. La période de rotation vaut 25 jours à l'équateur et 36aux p�les. La masse du Soleil est d'environ 2 × 1030 kg et est prin
ipalement 
onstituéed'hydrogène et d'hélium.Stru
ture du SoleilLe Soleil est 
onstitué de plusieurs 
ou
hes, 
omme le s
hématise la Figure 2. Faisonsun petit voyage en partant du 
entre: nous ren
ontrons su

essivement le noyau, la zoneradiative, la zone 
onve
tive, la photosphère et l'atmosphère solaire 
omposée de la 
hro-mosphère et de la 
ourone. Le noyau est la région la plus 
haude de la partie intérieure duSoleil. Sa température s'élève à environ 15 millions de degrés Celsius. L'énergie produitedans le noyau par la fusion nu
léaire s'éva
ue par rayonnement au travers de la zone de
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Figure 2: Stru
ture du Soleil
radiation jusqu'à environ 7 dixièmes du rayon solaire. Au delà de 
ette zone, le pro
essusradiatif n'est plus e�
a
e 
ar la température est trop basse (5×105�C), l'énergie s'é
happealors vers la surfa
e du Soleil par le pro
essus de 
onve
tion, via la zone de 
onve
tion.Notons qu'il faut environ 106 ans aux photons produits par les réa
tions nu
léaires pouratteindre la limite supérieure de la zone radiative, alors qu'il leur faut environ 2 mois pourtraverser la zone 
onve
tive. Le sommet de la zone 
onve
tive forme la photosphère, quiest la surfa
e visible du Soleil. Sa température est d'environ 6500�C et est épaisse d'environ200 km seulement.Au-dessus de la photosphère se situe l'atmosphère solaire 
omposée de deux 
ou
hestransparentes : la 
hromosphère et la 
ouronne. La 
hromosphère est virtuellementinvisible à 
ause de l'importan
e de la brillan
e de la photosphère, mais elle peut êtreobservée durant les é
lipses solaires. Elle s'étend sur environ 10 000 km au-dessus de laphotosphère et sa température atteint 10 000�C. La 
ou
he supérieure de l'atmosphère so-laire est la 
ouronne. Elle s'étend sur une distan
e de plusieurs rayons solaires, 
ommeon peut également le voir à l'o

asion d'une é
lipse totale de Soleil, ou plus simplementgrâ
e à un 
oronographe. La température augmente drastiquement ave
 l'altitude dansla 
ouronne, atteignant plus de 106�C. Elle est 
onstituée de grands jets de gaz 
hauds,formant une stru
ture radiale suivant la lo
alisation des régions a
tives. C'est un milieu enperpétuelle évolution, qui réper
ute les variations du 
hamp magnétique de la photosphère.C'est dans la 
ouronne qu'est généré le vent solaire. D'autres stru
tures 
ara
téristiquesde la 
ouronne sont les trous 
oronaux.



19Les trous 
oronaux, sortes de 
avités obs
ures, sont présents en permanen
e autourdes deux p�les du Soleil tandis que d'autres se dispersent sur le disque et des
endent mêmejusqu'à l'équateur lors des périodes de forte a
tivité solaire. Ces régions moins brillantessont en fait légèrement plus froides et présentent une plus faible densité que la 
ouronnemoyenne et sont don
 moins émissives que le reste de la surfa
e ave
 un 
hamp magnétiquemoyen de 10 gauss. Les trous 
oronaux ont un 
hamp magnétique dit "ouvert" et tournentautour du Soleil tel un 
orps solide, 
onforme en 
ela à leur origine magnétique. Ces trous
oronaux disparaissent au bout de quelques semaines. Ne pouvant soutenir la pression
oronale, 
ette perte d'énergie doit être équilibrée par une autre for
e : les trous 
oronauxo�rent en e�et la parti
ularité de générer le 'vent solaire' (nous en reparlerons plus loin),dans lequel on retrouve l'énergie 
inétique manquante.Le 
hamp magnétique du Soleil et son a
tivitéLes quelques phénomènes dé
rits 
i-dessus ont un point 
ommun : le 
hamp magnétiquedu Soleil et ses 
apri
es. Le 
hamp magnétique du Soleil a une stru
ture extrêmement
ompliquée. Il est 
réé et entretenu par un mé
anisme de "dynamo" impliquant les dé-pla
ements de matière 
hargée éle
triquement dans les régions internes de l'enveloppe. Ilprendrait naissan
e dans l'interfa
e, appelée la ta
ho
line, qui sépare la zone radiative dela zone 
onve
tive. Le Soleil est 
omposé de plasma, dont la rotation est variable en fon
-tion de la latitude. Or, dans un tel �uide la forme du 
hamp magnétique est intimementliée aux mouvements de matière (en fait il s'y trouve "gelé"). Il s'ensuit que la rotationdi�érentielle du Soleil va 
réer un enroulement parti
ulier et des tensions, des 
ontraintesdiverses dans l'intensité du 
hamp magnétique. Les lignes de 
hamp se brisent et se re-nouent alors de manière 
ompliquée suite à la variation de la vitesse des �uides dans lazone de la ta
ho
line. La morphologie 
omplexe qui en résulte est exprimée notammentpar l'apparition de ta
hes sombres: les ta
hes solaires, qui marquent la position des pointsde resserrement des lignes de 
hamp. Ces di�érentes étapes sont représentées à la Figure 3.La plupart des variations du 
hamp magnétique solaire ne s'étendent pas loin de la surfa
eet le 
hamp magnétique de la 
ouronne extérieure est souvent dé
rite 
omme un dip�le ouun quadrup�le.Cependant, 
ette des
ription est in
omplète 
ar des variations sont tout de même visiblesdans le 
hamp magnétique "général" du Soleil. Une variabilité 
y
lique du 
hamp magné-tique solaire peut-être remarquée entre autres sur la fréquen
e et la position d'apparitiondes tâ
hes solaires et est le re�et de l'a
tivité du Soleil. La destru
tion et la re-
réationde la stru
ture dipolaire du 
hamp magnétique interne a lieu sur une période 11 ans. Enfait, on peut expliquer 
e 
y
le de la façon simpli�ée suivante : la morphologie 
omplexedu 
hamp magnétique due à la rotation di�érentielle persiste jusqu'à 
e que la situationdevienne totalement instable. Le 
hamp magnétique se relaxe alors brusquement et rede-vient bipolaire. Cette simpli�
ation se traduit par une 
hute abrupte du nombre de ta
hes.Elle est également a

ompagnée d'une inversion de la polarité globale du Soleil : 
e qui
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Figure 3: Mé
anisme de mise en pla
e du 
hamp magnétique solaire.était le p�le nord magnétique lors de la phase qui vient de s'a
hever devient pour les 11pro
haines années le p�le sud, et vi
e-versa. Après 
e se
ond 
y
le de ta
hes, la situationsera entièrement rétablie, si bien que le 
y
le magnétique réel du Soleil n'est pas de 11 ans,
omme 
'est le 
as pour le 
y
le des ta
hes, mais plut�t de 22 ans. Tous les 
y
les solairesne sont pas d'intensité égale. Notons que le dernier maximum d'a
tivité solaire a eu lieu enété 2000, et que 
e maximum s'est étendu sur une durée anormalement longue, puisqu'en2003, des phénomènes typiques d'un maximum d'a
tivité ont en
ore eu lieu.Le Soleil : un astre en expansionAu début du 20e siè
le déjà, l'idée que le soleil émettait de la matière avait été proposée.En 1892, Fitzgerald [1892℄ suggère qu'une ta
he solaire est une sour
e qui projette des éma-nations du Soleil semblables à la queue des 
omètes. Quelques années plus tard, suivant leshypothèses de Fitzgerald, Lodge [1900℄ suggère que les tempêtes magnétiques sont 
auséespar un �ot ou un nuage d'atomes 
hargés ou d'ions venant du Soleil. Chapman and Ferraro[1930℄ proposent que le Soleil émet un plasma neutre asso
ié aux protubéran
es éruptiveset qui a pour 
onséquen
es de 
on�ner le 
hamp magnétique terrestre.Jusqu'en 1958, les modèles théoriques développés pour dé
rire la 
ouronne solaire sup-posaient généralement que le plasma 
oronal était en équilibre hydrostatique dans le 
hampgravi�que du Soleil. Le modèle développé par Sidney Chapman s'exprime par l'équationd'équilibre hydrostatique (exprimant que la di�éren
e de pression entre deux niveaux estdonnée par le poids de la 
olonne d'air située entre les deux niveaux) :
dp

dr
= −ρg = −nmg (1)où ρ est la masse moyenne et g l'a

élération gravi�que. Cette équation est en fait identiqueà 
elle d'une atmosphère neutre, à 
ondition de 
onsidérer le plasma dans son ensemble (y
ompris éle
trons et ions). Comme la température n'est pas 
onstante dans la 
ouronne,Chapman a 
her
hé à déterminer une loi théorique représentant 
es variations dans la
ouronne. Pour 
e faire, il a supposé que la 
haleur était transportée vers l'extérieur



21uniquement par 
ondu
tion thermique. Il a montré que la distribution de températurepouvait alors s'é
rire :
T = T0(

r0

r
)2/7 (2)A partir des équations d'équilibre hydrostatique (Equation 1) et de la distribution de tem-pérature (Equation 2), S. Chapman a obtenu une distribution de la densité de plasma dansla 
ouronne qui possède un minimum à 123 rayons solaires. Au delà de 
ette distan
e, ladensité augmente indé�niment ave
 l'éloignement au Soleil, 
e qui physiquement est irréal-iste et 
onstitue une situation dynamiquement instable. En e�et, on ne peut mainteniren équilibre hydrostatique des 
ou
hes de densité supérieure au-dessus de 
ou
hes de den-sité inférieure. De plus, la distribution de température dans 
e modèle 
ondu
tif devient
onve
tivement instable pour une distan
e hélio
entrique de 34 rayons solaires. Au-delàde 
ette limite, le gradient de température dans le 
ouronne devient superadiabatique(dT

dr
> (dT

dr
)ad). Ce
i pourrait être interprété par formation d'une 
ou
he 
onve
tivementinstable, tout en gardant en moyenne l'équilibre hydrostatique. Mais on peut montrerque même le transport par 
onve
tion turbulente ne permet pas d'éva
uer toute l'énergiedéposée à la base de la 
ouronne. Pour éva
uer plus e�
a
ement 
ette énergie, une autreexpli
ation a été proposée: l'expansion radiale de la 
ouronne solaire dans son ensemble.Eugene Parker fut le premier, en 1958, à abandonner l'hypothèse d'équilibre hydrosta-tique et à proposer le premier modèle hydrodynamique d'expansion radiale de la 
ouronnesolaire. C'est aussi lui qui introduisit le terme "vent solaire". On peut 
omparer 
ette ex-pansion à une explosion 
ontinue et stationnaire de la 
ouronne donnant lieu, à grande dis-tan
e, aux vitesses supersoniques du vent solaire. A partir des équations hydrodynamiquesstationnaires de 
onservation de la masse, du moment et de l'énergie et supposant une
ouronne isotherme, Parker propose l'équation donnant la vitesse radiale :

d lnu(s)

dr
(u2 − c2

0) = −
g0r

2
0

r2
+

2c2
0

r
(3)où u est la vitesse d'expansion radiale et c0 une vitesse thermique proportionnelle à lavitesse du son (vson = γ1/2c0). Plusieurs solutions sont possibles pour 
ette équation : un
as infrasonique (u < c0), un 
as supersonique (u > c0) et une solution 
ritique (u = c0).Seule la solution 
ritique 
onduit à une densité et une pression nulles à l'in�ni. C'est 
ettesolution que Parker proposa pour dé
rire l'expansion de la 
ouronne solaire. Cette solutiondonne don
 une distribution de densité qui ne possède pas de minimum à une distan
e�nie 
omme le modèle de Chapman. De plus, 
omme illustré à la Figure 4, il 
onduit àune vitesse d'expansion 
onstante située entre 400 et 500 km/s à grande distan
e du Soleil 2.Cependant, le modèle de Parker n'est pas entièrement satisfaisant, à 
ause des hy-2Ce qui aura été 
on�rmé par la sonde MARINER II, qui mesura peu de temps après le travail deParker, des vitesses du vent solaire entre 300 et 600 km/s
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Figure 4: Vitesse du vent solaire selon le modèle de Parker.pothèses d'isothermie et d'une fréquen
e de 
ollision élevée 3. Il faut don
 avoir re
ours àla théorie 
inétique basée sur l'équation de Boltzmann pour pouvoir représenter théorique-ment l'expansion solaire.Plusieurs modèles 
inétiques ont été proposés : Chamberlain (1960) fut le premier àproposer son modèle de "brise solaire", mais dans 
e modèle, les ions s'é
happant de la
ouronne solaire ne sont pas su�samment a

élérés vers l'extérieur et n'atteignent jamaisune vitesse moyenne supérieure à 
elle du son. En 1971, le modèle de Lemaire-S
hererimposant l'égalité du �ux d'é
happement des éle
trons et des ions, ainsi que la quasi neu-tralité du plasma, permet d'obtenir des valeurs supersoniques de la vitesse d'expansion.Le vent solaireComme expliqué pré
édemment, la 
ouronne n'a pas de frontière pré
ise et se fond dansle milieu interplanétaire. L'expansion de la 
ouronne se manifeste par un �ot de matièreionisée qui baigne tout le système planétaire : le vent solaire, nom donné par Parker.Son existen
e a été véri�ée dès le début des années 1960 par des sondes spatiales russeset améri
aines, et ses 
ara
téristiques sont mesurées depuis une trentaine d'années. Auniveau de l'orbite terrestre, sa vitesse moyenne est de l'ordre de 400 km s−1, mais il existeen fait deux régimes de vent : le vent rapide (> 700 km s−1) peu dense et le vent lent (3003approximation de Navier Stokes: le libre par
ours moyen des parti
ules est inférieur à la hauteurd'é
helle



23km s−1) et dense. Le vent solaire est 
onstitué essentiellement de protons, d'éle
trons et denoyaux d'Hélium ave
 des tra
es in�mes d'ions d'éléments plus lourds, tels que l'oxygèneou le 
arbone. Il s'é
happe 
ontinuellement et dans toutes les dire
tions de la surfa
e duSoleil et baigne l'ensemble du système solaire. La densité du vent solaire diminue régulière-ment, selon l'inverse du 
arré de la distan
e au Soleil. D'environ 1012 parti
ules/
m3 auniveau de la 
ouronne, elle dé
roît jusqu'à 10 parti
ules/
m3 au niveau de l'orbite terrestreet de moins d'une parti
ule/
m3 à la distan
e de Jupiter. Le tableau 1 reprend quelques
ara
téristiques du vent solaire au niveau de l'orbite terrestre.Paramètres Minimum Moyenne MaximumFlux (
m−2 s−1) 1 3 100Vitesse (km/s) 200 400 900Densité (
m−3) 0.4 6.5 100Helium (%) 0 5 25B (nT) 0.2 6 80Table 1: Cara
téristiques du vent solaire au niveau de la terre

Figure 5: Vitesse du vent solaire et polarité magnétique mesurées par Ulysses, en fon
tionde la latitude solaire, superposées à trois images 
on
entriques prises ave
 les instrumentsNASA/GSFC EIT (
entre), le 
oronagraphe HAO Mauna Loa (anneau intérieur) et le
oronographe NRL LASCO C2 (anneau extérieur).Comme indiqué pré
édemment, le vent solaire n'est pas uniforme. Sa vitesse et sa 
om-
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tionposition varient. La vitesse du vent solaire est élevée (elle atteint 900 km/s) au niveau destrous 
oronaux, et plus faible à l'équateur. La Figure 5 présente les mesures de vitesse devent solaire e�e
tuées par Ulysses en fon
tion de la latitude heliographique. Ce graphiquemontre que le vent solaire rapide, pro
he des p�les, est 
alme et que la transition ave
 levent lent est quasi dis
ontinue, ayant lieu, dans 
e 
as, aux latitudes d'environ +/- 15�.Les vents solaires rapide et lent interagissent l'un ave
 l'autre et passent alternativementau niveau de la Terre au fur et mesure de la rotation du Soleil.Le 
hamp magnétique interplanétaireLe vent solaire emporte ave
 lui une in�me partie du 
hamp magnétique solaire. Ce
iest à l'origine de l'existen
e du 
hamp magnétique interplanétaire (IMF). Le vent solaires'é
happe radialement du Soleil, mais à 
ause de la rotation du Soleil sur lui-même (en 27jours), un jet de plasma an
ré en un point donné paraîtra s'enrouler en une spirale analogueà 
elle d'un jet d'eau sortant d'un tourniquet en rotation. Les lignes de 
hamp magnétiquegelées dans le plasma sont emportées par le jet et adoptent la même stru
ture spirale (diteSpirale de Parker). En fait, le plasma ionisé du vent solaire est un 
ondu
teur éle
triqueparfait. Une 
onséquen
e est que le 
hamp magnétique y subsiste de façon permanente,
'est pourquoi on dit qu'il est gelé dans le plasma. Au niveau de l'orbite terrestre, le 
hampmagnétique interplanétaire fait un angle d'environ 45� ave
 la dire
tion Soleil-Terre. LaFigure 6 s
hématise la formation de 
ette spirale de Parker et en donne une représenteglobale graphique.Le 
hamp magnétique interplanétaire est originaire de régions du Soleil où le 
hampmagnétique est dit "ouvert". La dire
tion du 
hamp dans l'hémisphère nord étant opposéeà 
elle du 
hamp dans l'hémisphère sud solaire, le long du plan de l'équateur magnétiquesolaire, les lignes de 
hamp de polarités di�érentes sont parallèles et sont séparées par une�ne 
ou
he de 
ourant neutre, appellée "
ou
he de 
ourant héliosphérique" ou "
ou
hede 
ourant interplanétaire", 
omme le montre la Figure 7. Cette 
ou
he de 
ourant prendune forme parti
ulière dite en "robe de ballerine" : la 
ou
he de 
ourant est in
linée (à
ause du dé
alage entre l'axe du dip�le magnétique du Soleil et son axe de rotation 4) etdéformée (à 
ause du moment quadrupolaire du 
hamp magnétique solaire). Au niveau dela Terre, des 
hangements périodiques dans la polarité du 
hamp magnétique interplané-taire sont ressentis 
ar elle se trouve tant�t au-dessus, tant�t en dessous de la 
ou
he de
ourant. Ces variations ont des 
onséquen
es importantes au niveau de la magnétosphèreet in�uen
ent fortement l'apparition d'aurores.4Comme expliqué dans le paragraphe portant sur le 
hamp magnétique du Soleil, au 
ommen
ementd'un 
y
le, le 
hamp magnétique solaire ressemble à un dipole dont l'axe est aligné ave
 l'axe de rotation duSoleil. Durant les 5 à 6 années pour se rappro
her du maximum du 
y
le, 
ette 
on�guration se transformeet devient anar
hique. L'in
linaison du dipole peut être importante. Lorsqu'on se rappro
he du minimumdu 
y
le solaire, le dipole retrouve sont orientation initiale, parallèle à l'axe de rotation.
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Figure 6: Forme spirale d'une su

ession de 8 portions de plasma du vent solaire émisà une vitesse 
onstante d'une sour
e �xe du Soleil en rotation. Chaque portion s'é
ouleradialement du Soleil dans un système �xe (référentiel inertiel). Le 
hamp magnétiquedu vent solaire suit 
ette spirale puisque le 
hamp est gelé dans le plasma. La �gurede droite s
hématise 
ette forme spirale du vent solaire et montre le 
hamp magnétiqueinterplanétaire et le �ux de vent solaire.

Figure 7: Cou
he de 
ourant interplanétaire formée entre les lignes de 
hamp ouvertes dedire
tion opposées. Comme on peut le voir sur la �gure de droite, 
ette 
ou
he ondule telleune "robe de ballerine".
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tionLe 
hamp IMF peut être représenté par un ve
teur B dont l'orientation est dé�nie selontrois 
omposantes x, y et z. Bx est dans la dire
tion "Soleil-Terre" et est positif lorsquele ve
teur pointe vers le Soleil. By est la 
omposante est-ouest (ave
 By > 0 pointant versl'est) et Bz la 
omposante nord-sud (ave
 Bz > 0 pointant vers le nord).L'environnement magnétique terrestreLa Terre est une des planètes ayant un 
hamp magnétique interne intense. La régionde l'espa
e où est 
on�né 
e 
hamp magnétique se nomme la magnétosphère. La formede 
ette région est in�uen
ée par la pression du vent solaire et par le 
hamp magnétiqueinterplanétaire. En l'absen
e du vent solaire, le 
hamp magnétique terrestre peut être ap-pro
hé au premier ordre par un 
hamp dipolaire dont l'axe est in
liné de 11 degrés parrapport à l'axe de rotation. Le vent solaire modi�e 
e 
hamp, le 
omprimant du 
�té duSoleil et l'étirant de l'autre 
�té pour former une longue queue qui s'étend sur plus d'unmillion de kilomètres. La magnétosphère est ainsi une sorte de 
avité protégeant la surfa
ede la Terre des parti
ules de haute énergie du vent solaire. La magnétosphère est diviséeen plusieurs régions ayant des propriétés physiques di�érentes. Ces di�érentes régions sontdé
rites 
i-dessous et illustrées sur la Figure 8.
• Lorsque le vent solaire entre en 
ollision ave
 le 
hamp magnétique de la Terre, il estralenti et, sur une large super�
ie, dévié autour de lui. Comme le vent solaire ren-
ontre 
et obsta
le ave
 une vitesse supersonique, une onde de 
ho
 est générée, où leplasma est ralenti et une partie substantielle de l'énergie 
inétique des parti
ules est
onvertie en énergie thermique. La région de plasma thermalisé et subsonique situéederrière 
ette onde de 
ho
, et avant la frontière de la magnétosphère, s'appelle lamagnétogaine (magnetosheath). C'est un milieu turbulent où le plasma est plusdense et plus 
haud que dans le vent solaire et où le 
hamp magnétique est plusintense.
• La magnétopause est la frontière entre la magnétosphère et le vent solaire. C'estl'équilibre entre la pression du vent solaire et la pression du 
hamp géomagnétiquequi dé�nit la position de la magnétopause: du 
�té fa
e au Soleil, 
ette limite se situeà une distan
e moyenne d'environ 10 rayons terrestres (10 Re) de la Terre.
• Sous la magnétopause se trouve une région appelée manteau de plasma (Plasmamantle) dans laquelle les lignes du 
hamp magnétique sont des lignes "ouvertes". Leplasma dans 
ette région provient prin
ipalement du vent solaire via le pro
essus dere
onnexion des lignes de 
hamp IMF et magnétosphériques.
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Figure 8: La magnétosphère terrestre et les di�érentes régions qui la 
omposent. Ces ré-gions sont dé�nies par les 
ara
téristiques du plasma qui les peuple et du 
hamp magnétiquequi y règne.
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• Les lignes de 
hamp magnétique sous le manteau de plasma sont très instables, par-fois "ouvertes", parfois "fermées". Dans la région située au nord de l'équateur, le
hamp magnétique est dirigé en dire
tion de la Terre, tandis que dans la région ausud de l'équateur, il est dirigé en dire
tion opposée. Ces régions sont relativementvides de plasma et s'appellent les lobes (tail lobes) nord et sud.
• Entre le plan de l'équateur et le lobe se trouve le feuillet de plasma (plasmasheet)où les lignes de 
hamp sont fermées mais dont la forme ne peut être dé
rite parl'approximation dipolaire. Le plasma dans 
ette région provient en partie de l'ionosphère(
e qui forme le vent polaire) et en partie du vent solaire : parti
ules revenant par laqueue après re
onnexion des lignes de 
hamp. La densité de plasma dans le feuilletest relativement grande. Ce réservoir se vide lors des sous-tempêtes magnétiques.
• La région entourant la Terre appelée plasmasphère est 
ara
térisée par la 
o-rotation des lignes de 
hamp ave
 la Terre. Ce mouvement de 
o-rotation est lié àl'intensité du 
hamp éle
trique. Les éle
trons et les ions positifs soumis à l'in�uen
ed'un 
hamp éle
trique dérivent vers l'est. Dans la plasmasphère, la vitesse de dériveest égale à la vitesse angulaire de rotation de la Terre. La frontière de 
ette régions'appelle la plasmapause et se situe à une distan
e d'environ 5 rayons terrestres(RE) de la Terre.
• Les 
eintures de Van Allen ou 
eintures de radiation sont des régions où les parti
-ules sont piégées le long de lignes de 
hamp entre leurs points miroirs. Les parti
ulesdes 
eintures de radiation et du feuillet de plasma dont le ve
teur vitesse est dansle 
�ne de perte pénètrent dans l'ionosphère. Elles subissent des 
ollisions ave
 les
onstituants ionosphériques neutres, 
e qui produit les émissions aurorales. Observéepar satellite, 
ette région forme un anneau radiatif autour du p�le magnétique nord(une région similaire entoure le p�le magnétique sud) et 
onstitue l'ovale auroral.La région intérieure à l'ovale auroral est appelée 
alotte polaire (polar 
ap). L'ovaleauroral s'étend sur une largeur de quelques degrés et sa limite équatoriale des
endjusqu'à environ 75�à 65�de latitude géomagnétique5 selon l'a
tivité magnétique.
• De part et d'autre de la Terre, les lignes de 
hamp 
onvergent vers un point neutretopologique situé au-dessus du p�le magnétique. Les régions de 
onvergen
e sontles 
ornets polaires ou régions 
uspidées (
usps). Ils font la séparation entre les5La latitude géomagnétique (magneti
 latitude MLAT) est souvent utilisée en géophysique. Ellereprésente l'angle entre l'axe géomagnétique (joignant les p�les magnétiques) et la verti
ale du lieu 
onsid-éré. Une autre 
oordonnée que nous utilisons au 
ours de 
e travail est l'heure lo
ale magnétique (magneti
lo
al time MLT). Elle est 
al
ulée à partir d'un méridien passant par les p�les géomagnétiques, vaut 12:00(midi lo
al) du 
�té du Soleil et 00:00 (minuit lo
al) à l'opposé.



29lignes dirigées vers le Soleil et 
elles dirigées vers la queue et sont 
ara
térisés parun 
hamp magnétique faible. Ils sont don
 asso
iés à des lignes de 
hamp non 
on-ne
tées, s'ouvrant sur la magnétogaine et permettant l'entrée dire
te du plasma duvent solaire. Quelques parti
ules du plasma atteignent l'atmosphère et produisentune émission aurorale de faible énergie du 
�té du jour de l'ovale.Le plasma magnétosphériqueLe plasma magnétosphérique est un gaz très peu dense, 
omposé d'un nombre égal d'ionspositifs et d'éle
trons. Le plasma est de 
harge totale neutre. Il est dit idéal si la densitéde parti
ules 
hargées est assez faible pour que les 
ollisions entre parti
ules soient peufréquentes. Les parti
ules 
onstituant le plasma sont in�uen
ées par les 
hamps éle
triqueset magnétiques qui règnent dans le milieu. Dans le paragraphe suivant est dé
rit le mouve-ment d'une parti
ule 
hargée dans un 
hamp magnétique6 uniforme et non uniforme, ainsique le 
as où un 
hamp éle
trique est appliqué. Ensuite, le 
as parti
ulier d'une parti
ule
hargée dans un 
hamp magnétique dipolaire est traité, puisque le 
hamp magnétique peut,en première approximation, être dé
rit par un 
hamp dipolaire au voisinage de la Terre.Mouvement d'une parti
ule 
hargée dans un 
hamp magnétique uniformeSupposons une parti
ule 
hargée dans un 
hamp magnétique uniforme. La for
e quis'exer
e sur la parti
ule est donnée par l'équation de Lorentz :
F = qv ×B + qE, (4)Si au
un 
hamp éle
trique n'est appliqué, l'équation de Newton devient :
m

dv

dt
= qv × B, (5)Si on projette l'équation 5 sur l'axe parallèle à la dire
tion du 
hamp magnétique, elledevient :

m
dv‖
dt

= 0 ⇒ v‖ = Constante, (6)Comme le 
hamp magnétique est tangent en tout point d'une ligne de 
hamp, le mouve-ment le long d'une ligne de 
hamp dans un 
hamp magnétique uniforme est un mouvementre
tiligne uniforme.Si on projette l'équation 5 dans le plan perpendi
ulaire à la dire
tion du 
hamp magné-tique, elle devient:
m

dv⊥
dt

= qv⊥B. (7)6Notons qu'en géophysique, le terme 
hamp magnétique est souvent employé pour dé
rire l'indu
tionmagnétique.
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tionEn dé
omposant 
ette équation selon les dire
tions x et y du plan, on montre que :
dvx

dt
=

qB

m
vy (8)

dvy

dt
= −

qB

m
vx (9)Par dérivation et 
ombinaison des équations 8 et 9, nous obtenons :

d2vi

dt2
= −ω2

Cvi (10)ave
 i = x, y. Les équations 10 dé
rivent un mouvement de giration (ou mouvement
y
lotronique) de fréquen
e angulaire ωC et de rayon de giration ρC dé�nies 
omme suit:
ωC =

qB

m
(11)

ρC =
mv⊥
qB

. (12)Le mouvement 
ir
ulaire se fait dans le sens dire
t pour les éle
trons (Figure 9) et dansle sens horlogique pour les ions. De plus, le rayon de giration dépend de la masse de laparti
ule, 
e qui entraîne que les protons dé
rivent un plus grand 
er
le que les éle
tronspour une même intensité B et pour une même vitesse v⊥.

Figure 9: Mouvement d'un éle
tron dans un 
hamp magnétique uniforme et 
onstant.Considérons le 
as où le 
hamp éle
trique n'est pas nul et que sa dire
tion est perpendi
u-laire à 
elle du 
hamp magnétique7. Ce 
hamp éle
trique entraîne une for
e supplémentaire7Si E n'est pas perpendi
ulaire à B, la 
omposante parallèle à B annule 
ette équation et seule la
omposante perpendi
ulaire doit être 
onsidérée.



31agissant sur la parti
ule 
hargée, 
e qui implique un mouvement de dérive du 
entre deguidage ave
 la vitesse :
vE =

F ×B

qB2
=

E ×B

B2
. (13)Ce mouvement de dérive, illustré à la Figure 10, dû à la présen
e d'un 
hamp éle
trique estidentique pour toute parti
ule qu'elle soit 
hargée positivement ou négativement, puisquela vitesse est indépendante de la 
harge. Supposons que le 
hamp éle
trique soit dirigé versla Terre, la dérive se fait alors vers l'est.

Figure 10: Illustration de la dérive E×B, 
'est-à-dire de la dérive des parti
ules 
hargéesdans un 
hamp magnétique uniforme et en présen
e d'un 
hamp éle
trique.
Mouvement d'une parti
ule 
hargée dans un 
hamp magnétique non-uniformeUn 
hamp magnétique non uniforme peut être dé
rit par un 
hamp magnétique uniformeauquel est ajouté un gradient de 
hamp. La for
e due au gradient peut s'é
rire :

F = −µB∇B (14)où µB est le moment magnétique de la parti
ule et vaut µB =
1

2
mv2

⊥

B
. La vitesse peut alorss'é
rire :

v =
F ×B

qB2
=

−µB∇B × B

qB2
=

1

2

mv2
⊥

qB3
B ×∇B (15)Une autre 
omposante de for
e vient s'ajouter : la for
e due à la 
ourbure des lignes de
hamp magnétiques

F =
mv2

‖

RC
n (16)ave
 n = −RC∇B

B
étant la normale extérieure à la ligne de 
hamp et RC le rayon de 
ourburede la ligne de 
hamp. La vitesse de dérive due à 
ette 
omposante vaut :

v =
F× B

qB2
=

mv2
‖

qB3
B ×∇B. (17)
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tionAinsi, la variation du 
hamp magnétique entraîne une dérive de vitesse totale :
vB =

m

2qB3
(v2

⊥ + 2v2
‖)B ×∇B. (18)Dans 
e 
as, le sens de la dérive est fon
tion de la 
harge des parti
ules. Pour le 
hampmagnétique terrestre, elle se fait vers l'est pour les éle
trons et vers l'ouest pour les protons,
omme illustré par la Figure 11. Ce mouvement de 
harges 
rée un 
ourant appelé 
ourantannulaire. Comme la masse des éle
trons est 1836 fois plus faible que 
elle des protons,la vitesse des protons est beau
oup plus importante que 
elle des éle
trons. Le 
ourantannulaire est don
 prin
ipalement 
ausé par le mouvement des protons.

Figure 11: Illustration de la dérive des parti
ules 
hargées dans un 
hamp magnétiquenon-uniforme.Remarquons que la gravité entraîne également un mouvement de dérive des parti
ules
hargées. Celui-
i se fait vers l'est pour les ions positifs et vers l'ouest pour les éle
trons,
'est-à-dire dans le sens opposé à la dérive due à la variation du 
hamp magnétique. Ladérive totale est la somme de toutes 
es 
omposantes. Leur importan
e relative dépendde l'énergie des parti
ules, de l'intensité des 
hamps éle
trique et magnétique et de leursvariations temporelle et spatiale. Notons toutefois que la dérive due au gradient de Bdomine 
elle due à la for
e gravi�que pour des énergies supérieures à 1 eV.Mouvement d'une parti
ule 
hargée dans un 
hamp magnétique dipolaireDans le 
as d'un 
hamp dipolaire, l'intensité du 
hamp B est proportionnelle à l'inversedu 
ube de la distan
e R−3, 
e qui 
orrespond au 
as d'un 
hamp non uniforme. Lemouvement des parti
ules 
hargées 
omporte alors 3 
omposantes :
• un mouvement parallèle à B (le long d'une ligne de 
hamp),
• un mouvement de giration 
entré sur une ligne de for
e,
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• un mouvement de dérive perpendi
ulaire à B (vers l'est pour les éle
trons et versl'ouest pour les protons).Nous introduisons i
i la notion d'invariant adiabatique. La théorie générale des invari-ants adiabatiques indique que la grandeur I = 1

2π

∮

pdq est 
onservée lors de 
hangementslents dans un système où la variable q est périodique (la variable p étant le moment 
or-respondant). Cette théorie est notamment développée par Landau and Lifshitz [1960℄.Appliquons-la au 
as où le 
hamp magnétique B varie lentement.Considérons d'abord le 
as du mouvement de giration : p = mv⊥ et dq = ρCdθ ave
 v‖désignant la 
omposante de la vitesse des parti
ules dans le plan perpendi
ulaire au 
hampmagnétique et ρC étant le rayon de giration. On peut alors é
rire :
I1 =

1

2π

∫ 2π

0

mv⊥ρCdθ =
m2

q

v2
⊥

B
= Constante (19)Comme la masse m et la 
harge q des parti
ules sont 
onstantes, le premier invariantadiabatique lié à la giration s'é
rit :

v2
⊥

B
= Constante. (20)Comme le moment magnétique vaut µB =

1

2
mv2

⊥

B
, il est lui aussi 
onservé. Ainsi, si le
hamp magnétique augmente, l'énergie liée au mouvement de rotation WB = 1

2
mv2

⊥ aug-mente également. Il y a don
 une a

élération de type bétatron qui entretient le mou-vement de giration. La modi�
ation de l'énergie asso
iée à la giration des parti
ules estproportionnelle à R−3, R étant la distan
e géo
entrique de la ligne de 
hamp. De plus, sil'angle d'attaque α est dé�ni par l'angle entre la dire
tion de la vitesse et la dire
tion du
hamp magnétique, la 
omposante perpendi
ulaire de la vitesse vaut v⊥ = v sin α. Commela vitesse totale est 
onservée, étant donné que la for
e magnétique ne travaille pas, lepremier invariant adiabatique s'é
rit :
sin2 α

B
= Constante. (21)Le 
arré du sinus étant maximum pour α=90� et α=270�, 
es points sont équivalents àdes maxima du 
hamp magnétique. Ce sont les points miroirs. La parti
ule butte sur
es points où v⊥ s'annule et est ré�é
hie, 
omme illustré à la Figure 12. La hauteur dupoint miroir sur une ligne de 
hamp est fon
tion de la dire
tion du ve
teur vitesse et del'intensité du 
hamp magnétique. La parti
ule se mouvant le long d'une ligne de 
hampmagnétique est piégée entre les deux points miroirs (Figure 12). Cette notion de pointmiroir, nous permet de dé�nir le 
on
ept de 
�ne de perte 
omme étant l'angle solidedé
rit par les ve
teurs vitesses des parti
ules entrant dans l'atmosphère terrestre, 
'est-à-dire dont le point miroir est plus bas qu'une altitude de référen
e posée 
omme la frontière
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Figure 12: Mouvement d'une parti
ule 
hargée au voisinage de son point miroir (à gau
he)et traje
toire d'une parti
ule dans un 
hamp magnétique non uniforme, entre ses 2 pointsmiroirs (à droite).de l'atmosphère.Considérons maintenant le mouvement le long d'une ligne de 
hamp magnétique : p =
mv‖ et dq = dl. Si la vitesse v est 
onservée et si sa 
omposante parallèle au 
hampmagnétique s'é
rit v‖ = v cos α = v

√

1 − sin2 α, la théorie des invariants adiabatiquesdonne alors :
I2 =

1

2π

∮

mv‖dl. (22)Ce deuxième invariant adiabatique est lié au mouvement d'aller-retour sur une ligne de
hamp et exprime la 
onservation de la séparation des points miroirs. Une a

élérationpeut également être induite par 
e deuxième invariant. Si une parti
ule dérive vers unerégion où l'intensité du 
hamp est plus forte, ses points miroirs se situeront à une altitudeplus haute et son trajet le long de la ligne de 
hamp sera plus 
ourt. Ainsi ∮

dl diminuetandis que ∮

mv‖dl est 
onservée. La vitesse v‖ doit don
 augmenter et la parti
ule subitune a

élération de Fermi. La variation de l'énergie asso
iée au mouvement de la parti
uleperpendi
ulairement à B est proportionnelle à R−2.Le troisième invariant adiabatique est lié au mouvement de dérive des parti
ules dû à lavariation du 
hamp magnétique. Il exprime la 
onservation du �ux magnétique entouré parla 
oquille tridimensionnelle dé
rite par la parti
ule. La �gure 13 s
hématise les di�érentsmouvements dé
rits par les parti
ules dans le 
hamp magnétique terrestre lorsque 
elui-
iest représenté en première approximation par un 
hamp dipolaire.Brisure des invariants adiabatiques dans la magnétosphère terrestreLa théorie des invariants adiabatiques est appli
able lorsque les 
hamps varient peu surdes distan
es équivalentes aux rayons de 
ourbure des parti
ules. Dans la réalité, les lignes
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Figure 13: S
héma représentant les di�érents mouvements des parti
ules 
hargées dans le
hamp géomagnétique (dans l'approximation dipolaire).de 
hamp de la queue de la magnétosphère sont très étirées, même à des distan
es de 8ou 10 rayons terrestres. A la �gure 14, on a représenté en pointillé la ligne neutre où la
omposante Bz du 
hamp magnétique s'inverse. Dans la queue au voisinage de la ligneneutre (zone en grisé), la valeur du 
hamp magnétique est très faible et la 
ourbure deslignes de 
hamp est assez élevée. Les variations du 
hamp ne peuvent plus être 
onsidérées
omme faibles sur les distan
es équivalentes aux rayons de 
ourbures des parti
ules, mêmepour des parti
ules de faible énergie. On ne peut don
 pas supposer la 
onservation desinvariants adiabatiques dans 
ette région. Cette région s'appelle la 
ou
he neutre, le 
hampmagnétique y est plus faible et la densité de plasma plus importante que dans les lobessitués au nord et au sud de la 
ou
he neutre.La limite entre les lignes de 
hamp où la pré
ipitation est adiabatique et 
elle où les par-ti
ules subissent une a

élération due à la morphologie étirée des lignes de 
hamp s'appellelimite isotrope (isotropi
 boundary). Les observations in situ des �ux de parti
ules per-mettent de visualiser la position de 
ette limite isotrope : elle est la frontière abrupte entrela zone où la pré
ipitation est isotrope (
'est-à-dire que le �ux de parti
ules pré
ipitantJp est égale au �ux de parti
ules piégées Jt) et la zone où le taux de remplissage du 
�nede perte est faible (Jp << Jt) à toute heure lo
ale. Les prin
ipales 
ara
téristiques de lalimite isotrope (limite IB) sont résumées par Sergeev et al. [1993℄:
• Les limites pour les éle
trons et les protons sont séparées, vu leur di�éren
e de masseet don
 de rayon de giration. La limite pour les protons est située à des latitudesplus équatoriales que 
elle des éle
trons.
• La position de la limite isotrope est di�érente en fon
tion de l'énergie des parti
ules.Plus les parti
ules sont énergétiques, plus équatoriale est la limite isotrope.
• Dans la région isotrope, le degré de remplissage du 
�ne de perte ne dépend pas
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Figure 14: S
héma représentant la topologie de la queue de la magnétosphère et la région oùle mouvements des parti
ules ne respe
te plus la 
onservation des invariants adiabatiques.de façon importante de la valeur absolue du �ux de parti
ules (
'est-à-dire le rap-port entre le �ux de parti
ules pré
ipitées et le �ux de parti
ules piégées reste quasi
onstant).
• Une asymétrie midi-minuit est visible dans la limite isotrope. La position de la limiteisotrope se situe à des latitudes plus polaires vers midi. La limite IB du 
oté journ'est que rarement visible dans les observations in situ.
• Durant les périodes d'a
tivité magnétique élevée, la position de la limite isotropedes
end en latitude à toute heure lo
ale (suite à l'étirement plus élevé de la queue dela magnétosphère).
• La limite équatoriale de l'ovale auroral de protons 
orrespond à 
ette frontière IB[Gérard et al., 2004℄.Modélisation du 
hamp magnétosphériqueComme expliqué dans le paragraphe pré
édent, à proximité de la Terre, le 
hamp mag-nétique peut être, en première approximation, dé
rit par un 
hamp dipolaire. Mais il existedes modèles prenant en 
onsidération les perturbations du 
hamp par rapport au 
hampdipolaire. Dans le 
adre de 
e travail, nous utilisons un modèle IGRF. Les modèles IGRF(International Geomagneti
 Referen
e Field) sont des modèles mathématiques dé
rivant le
hamp magnétique terrestre et ses variations. Le potentiel géomagnétique d'origine interneest développé en série sur la base des harmoniques sphériques et s'é
rit :

V = a

N
∑

n=1

n
∑

m=0

(
a

r
)n+1(gm

n cos mφ + hm
n sin mφ)P m

n (cos θ) (23)



37où a est le rayon moyen de la Terre (= 6371 km), r, θ et φ sont les 
oordonnées sphériquesgéo
entriques (ave
 r la distan
e mesurée à partir du 
entre de la Terre, θ la 
olatitude,et φ la longitude 
omptée à partir du méridien de Greenwi
h en dire
tion de l'est), gm
n ,

hm
n sont appelés 
oe�
ients de Gauss et P m

n sont les fon
tions de Legendre asso
iées. Lemodèle IGRF pour la 
omposante prin
ipale du 
hamp tronque 
e développement à N=10(120 
oe�
ients). Les 
oe�
ients sont arrondis au nanoTesla, 
orrespondant à la limitede résolution du modèle. Le modèle IGRF dé
rivant les variations sé
ulaires du 
hamptronque le développement à N=8 ( 80 
oe�
ients arrondis à 0.1 nT/an ).Le 
ode GEO-CGM.for version 9.9. permet de passer des 
oordonnées géographiques aux
oordonnées géomagnétiques 
orrigées 
al
ulées sur base du modèle IGRF, et inversement.Il fournit également un 
ertain nombre de paramètres liés au 
hamp géomagnétique :notamment, l'heure magnétique lo
ale. Ce 
ode peut être télé
hargé sur le site Web duNational Spa
e S
ien
e Data Center (NSSDC) (http://nssd
.gsf
.nasa.gov/spa
e/
gm/).Les 
hamps éle
triques magnétosphériquesDeux types de 
hamps éle
triques magnétosphériques à grande é
helle sont remar-quables: l'un dû au 
ouplage ave
 le vent solaire, 
'est le 
hamp éle
trique de 
onve
tion,l'autre dû à la rotation de la Terre, 
'est le 
hamp éle
trique de 
o-rotation. L'in�uen
edu 
hamp de 
o-rotation est grande dans la région pro
he de la Terre, alors que 
elle du
hamp de 
onve
tion se fait sentir dans les régions plus éloignées. La frontière entre lesdeux régimes est la plasmapause. La Figure 15 présente le �ux de plasma lié à 
es deuxtypes de 
hamp éle
trique magnétosphérique.Le 
hamp éle
trique de 
onve
tionDungey [1961℄ a proposé un modèle de magnétosphère ouverte permettant d'expliquerla 
ir
ulation à grande é
helle dans la magnétosphère, 
ausée par le vent solaire. Il proposeque par le pro
essus de re
onnexion magnétique (dont la théorie sera développée plus loin),l'apparition d'un point neutre au front de la magnétosphère permette aux lignes de 
hampgéomagnétique de se lier ave
 les lignes de 
hamp interplanétaire, 
réant ainsi des lignesde 
hamp ouvertes. Comme expliqué plus loin, pour que 
e pro
essus existe, les lignes de
hamp doivent être orientées en sens opposé : un 
hamp magnétique interplanétaire ori-enté vers le sud est don
 né
essaire pour ouvrir le 
hamp magnétique terrestre du 
�té jour.Le 
y
le de Dungey se dé
ompose en plusieurs étapes, 
omme illustré à la Figure 16.La 
onve
tion magnétosphérique opposée au Soleil se met en pla
e lorsque les lignes de
hamps sont ouvertes. Celles-
i se dirigent vers la queue de la magnétosphère en traver-sant la 
alotte polaire à la vitesse du vent solaire. Le 
hamp éle
trique du vent solaire,dirigé de l'aube vers le 
répus
ule, E = vSW × BSW , se projette le long des lignes de
hamp de la magnétosphère, puisque la grande 
ondu
tivité éle
trique le long des lignesde 
hamp magnétique permet de les 
onsidérer 
omme des équipotentielles. Une dérive
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Figure 15: S
héma représentant le �ux de plasma dans le plan équatorial de la magné-tosphère. Dans la région pro
he de la Terre, le plasma est en 
o-rotation ave
 la Terre,alors qu'à distan
e plus élevé, 
'est la 
onve
tion qui domine.
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Figure 16: Conve
tion du plasma dans la magnétosphère. Sur le s
héma de gau
he, lesrégions numérotées montrent la su

ession des 
on�gurations des lignes de 
hamp géomag-nétique. La re
onnexion ave
 le 
hamp IMF a d'abord lieu sur le front de la magnétosphère(1 et 1'). Ces lignes de 
hamp dites "ouvertes" se dirigent ensuite vers la queue de la mag-nétosphère (2 à 5). Une se
onde re
onnexion a lieu dans la queue de la magnétosphère (6et 6') après laquelle les lignes de 
hamp retournent vers le 
�té jour par des latitudes plusbasses. Sur le s
héma de droite, la position du pied des lignes de 
hamp est numérotéesdans l'ionosphère de l'hémisphère nord. Les �ux de plasma à haute altitude sont aussireprésentés par des �è
hes : �ux opposé au Soleil dans la 
alotte polaire.



39opposé au Soleil E×B se forme dans la 
alotte polaire. En raison du mouvement du ventsolaire, les lignes de 
hamp des deux hémisphères nord et sud s'étirent vers la queue dela magnétosphère. Elles se re
onne
tent entre elles loin dans la queue de la magnétosphère.Le potentiel magnétosphérique et le 
hamp éle
trique peuvent être évalués approxi-mativement en utilisant la distribution de potentiel de Volland [1973℄, ave
 le fa
teurmultipli
atif A(Kp) de Maynard and Chen [1975℄ :
φconv = A(Kp)(

r

RE

2

sin ϕ) (24)et
Econv = −∇φconv (25)où A(Kp) = 0.045

(1−0.159Kp+0.0093kp2)
kV et ϕ = 0�à midi, ϕ = 90�à 06:00 MLT et ϕ = 180�àminuit.Le 
hamp éle
trique de 
o-rotationLe 
hamp éle
trique de 
o-rotation est induit par la rotation du 
hamp magnétique dipo-laire terrestre et la présen
e de plasma 
ondu
teur en rotation ave
 le dip�le. L'expressionde 
e 
hamp éle
trique s'é
rit :

φcor =
−B0ωER2

E
r

RE

(26)et
Ecor = −∇φcor (27)où −B0ωER2

E = −3.1 · 10−5T × 2π
24h

× (6371.2km)2 = −92kV .Les 
ourants magnétosphériquesLa topologie du 
hamp magnétique de la magnétosphère et les 
ontraintes du vent so-laire sur la magnétosphère font apparaître un système de régions diverses, dont nous avonsparlé au début du 
hapitre, 
ouplées à des systèmes de 
ourants. On distingue plusieurstypes de 
ourants 
ir
ulants dans la magnétosphère: le 
ourant de la magnétopause, le
ourant de queue, le 
ourant annulaire et les 
ourants alignés. La Figure 17 en donne unereprésentation graphique.Comme la magnétopause sépare une région où le 
hamp magnétique est relativementintense (la magnétosphère) d'une autre où le 
hamp est relativement faible (la magnéto-gaine), la frontière doit transporter un 
ourant de surfa
e pour maintenir un équilibre de
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Figure 17: S
héma des di�érentes régions et 
ourants magnétosphériques
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e à travers la frontière. Ce 
ourant de la magnétopause 
ir
ule di�éremment du
�té jour et du 
�té nuit de la Terre. Il en
er
le les deux lobes de la queue de la magné-tosphère, 
omme le montre la �gure 18. Le 
ourant de la magnétopause se referme par un
ourant qui traverse la queue de la magnétosphère appelé "
ourant de queue". Il 
ir
uledu 
�té soir (18h MLT) vers le 
�té matin (6h MLT) dans le plan de l'équateur.

Figure 18: S
héma des 
ourants de queue de la magnétosphère terrestre.Comme dé
rit dans les se
tions pré
édentes, les parti
ules 
hargées dans le 
hamp mag-nétosphérique sont soumises à des for
es et subissent une dérive. Comme les protonspositifs et les éle
trons négatifs dérivent dans des dire
tions opposées, leur mouvement està l'origine d'un 
ourant éle
trique qui 
ir
ule autour de la Terre, dans le sens horlogiquelorsque vue du p�le nord. Ce 
ourant est le 
ourant annulaire. Il 
onsiste don
 en desions (prin
ipalement H+, He+ et O+) et des éle
trons piégés, d'énergie entre 10 et 200 keV,qui dérivent autour de la Terre, à une distan
e d'environ 2 à 7 rayons terrestres. L'intensitédu 
ourant annulaire varie en fon
tion de l'a
tivité magnétique terrestre. Il augmente enpériode de tempête. Deux pro
essus sont suggérés pour expliquer 
ette augmentation :soit l'inje
tion de parti
ules nouvelles, soit le transport et l'énergisation des parti
ules dufeuillet de plasma dus à l'augmentation du 
hamp éle
trique de 
onve
tion.Les 
ourants alignés sont parti
uliers dans le sens où ils sont une 
ombinaison du
ourant de queue et des 
ourants ionosphériques. Une des
ription détaillée de 
e phénomènesera don
 faite dans le 
hapitre relatif à l'ionosphère.L'a
tivité géomagnétiqueComme le vent solaire provient du Soleil, la Terre est heurtée par du plasma 
haudmagnétisé, supersonique et non-
ollisionnel. Ce plasma transporte une grande quantitéd'énergie 
inétique et éle
trique. Une partie de 
ette énergie pénêtre dans la magnétosphèreet est à l'origine de l'a
tivité géomagnétique, 
'est-à-dire des tempêtes géomagnétiques, dessous-tempêtes et de leur signature dans l'ionosphère terrestre: les aurores. La pénétration
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tiondu plasma et de l'énergie du vent solaire est régie par une série de mé
anismes allant de lafrontière de la magnétosphère jusqu'à l'atmosphère terrestre.La re
onnexion magnétiqueAu front de la magnétosphère, le vent solaire intéragit ave
 le 
hamp magnétique ter-restre par un pro
essus de re
onnexion magnétique. L'idée de base du 
on
ept de re
on-nexion magnétique est que des lignes de 
hamp magnétique anti-parallèles peuvent, en seren
ontrant, fusionner et produire deux lignes de 
hamp totalement di�érentes au point devue de leur topologie magnétique. Ce pro
essus est fortement dis
uté d'un point de vuethéorique, prin
ipalement la notion de "point neutre", mais nous faisons i
i état d'un pointde vue qui permet d'expliquer beau
oup de phénomènes.La re
onnexion est supposée être le prin
ipal lien dans le pro
essus de 
ouplage entre levent solaire et la magnétosphère. Elle se passe au niveau de la magnétopause du 
�té jour,entre le 
hamp IMF dirigé vers le sud et le 
hamp géomagnétique dirigé vers le nord. La�gure 19b illustre la situation des lignes de 
hamp lors de la re
onnexion. Les modèles dere
onnexion magnétique permettent d'expliquer le transport de masse et d'énergie du ventsolaire vers la magnétosphère, ainsi que la 
onve
tion magnétosphérique à grande é
helle.Dans le 
as d'un 
hamp magnétique interplanétaire dirigé vers le nord, un pro
essussemblable peut avoir lieu, mais pas sur le front de la magnétosphère. La re
onnexion a lieuà plus haute latitude (région pro
he du 
usp - Figure 19a). L'orientaton de la 
omposanteBy joue alors un r�le prépondérant pour que le pro
essus ait lieu. Il est alors beau
oupmoins e�
a
e, et l'é
hange d'énergie et de matière ne 
réent pas de 
onséquen
es aussi re-marquables que lorsque la re
onnexion à lieu sur le front de la magnétosphère. Finalement,un pro
essus semblable peut aussi avoir lieu dans la queue de la magnétosphère.La Figure 20 montre s
hématiquement les di�érentes 
on�gurations du 
hamp magné-tique durant le pro
essus de re
onnexion. Le graphique 20a représente la situation en t<0lorsque les deux plasmas de 
hamp magnétique orienté en sens opposés se dirigent l'un versl'autre. Au temps t=0 (Figure 20 b), les deux plasmas se ren
ontrent et leur 
hamps mag-nétiques fusionnent, formant une 
on�guration en X. Au temps t>0, les lignes de 
hampre
onne
tées ont été 
réées et "s'é
happent" dans la dire
tion perpendi
ulaire à la dire
tiond'origine (Figure 20 
). La topologie du 
hamp magnétique est don
 modi�ée par rapportà la topologie initiale.Les 
ourants dans la re
onnexion magnétiquePour expliquer la re
onnexion magnétique, le 
on
ept de �ux gelé est né
essaire. Ce
on
ept montre que si la 
ondu
tivité éle
trique d'un �uide est assez grande, le �ux mag-nétique lié à un élément du �uide reste �xe, 
e qui revient s
hématiquement à une ligne
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b

Figure 19: Lignes de 
hamp magnétique lorsque le 
hamp IMF est dirigé vers le nord ave
Bz = 5 nT (a) et vers le sud ave
 Bz = -5 nT (b) et Dst = 20 nT, Pdyn = 7 nPa, Bx =2 nT, By = 0 nT [Tsyganenko, 2002℄. Les 
er
les indiquent la lo
alisation des régions dere
onnexion pour les 
onditions de 
hamp IMF dirigé vers le nord et le sud [Frey et al.,2003b℄.
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Figure 20: S
héma de la re
onnexion des lignes de 
hamp magnétique [Parks, 2004℄de 
hamp magnétique se mouvant ave
 le �uide. La 
ondition pour que le 
hamp soitgelé est que le nombre magnétique de Reynolds 8 soit grand par rapport à 1, 
e qui estgénéralement vrai dans la magnétosphère.Si les 
onditions de 
hamp gelé dans le �ux sont d'appli
ation, le plasma ne peut semélanger uniquement le long des tubes de �ux 9 et jamais les traverser. Ainsi, les propriétésdu plasma sont relativement uniformes le long d'un tube de �ux, mais des 
hangementsabrupts dans 
es 
onditions peuvent apparaître d'un tube de �ux à son voisin. Si deuxplasmas de régimes distin
ts, par exemple de sour
es dis
tin
tes, se ren
ontrent, 
omme ilsne peuvent théoriquement pas se di�user l'un dans l'autre, une �ne frontière se 
rée entre8le nombre de Reynolds magnétique est dé�ni par le rapport entre le terme d'indu
tion et le termede dissipation (Rm = rot(uxB)/η∆B ≈ LU/η ave
 U et L les é
helles 
ara
téristiques de vitesse et delongueur et η = 1/(µ0σ) la di�usivité magnétique, µ0 étant la perméabilité magnétique et σ la 
ondu
tivitééle
trique) de l'équation d'indu
tion. On notera que si le nombre de Reynolds magnétique est faible, lese�ets dynamiques seront réduits: le 
hamp magnétique sera dissipé rapidement. Si le nombre de Reynoldsest élevé au 
ontraire, le �ux magnétique sera 
onservé plus longtemps, le 
hamp magnétique pourraaugmenter (et diminuer) selon la variation de la surfa
e normale au 
hamp lo
al.9Un tube de �ux est un ensemble de lignes de 
hamp dé�ni par le �ux magnétique qui traverse toutese
tion de 
et ensemble. Le �ux magnétique est, par dé�nition du tube de �ux, 
onstant tout au long dutube de �ux. Ce
i signi�e que l'intensité du 
hamp magnétique dé
roît lorsque la se
tion du tube s'élargitet inversement.



45eux, qui est en fait une 
ou
he de 
ourant (
urrent sheet). C'est dans 
ette 
ou
he de
ourant que le 
on
ept de 
hamp gelé peut être transgressé. La région autour du point X(ou ligne neutre de type X si on visualise le problème à 3 dimensions) est une region où lenombre magnétique de Reynolds est inférieur à 1 et est appelée région de di�usion. Dans
ette région, les lignes de 
hamp sont 
oupées et re
onne
tées à des autres. Le plasma desdi�érents tubes de �ux provenant des di�érentes sour
es se retrouve alors sur un nouveautube de �ux, en totale violation du 
on
ept de 
hamp gelé. Le �ux magnétique traversela 
ou
he de 
ourant et le plasma traverse la frontière séparant les deux types de plasmainitiaux en suivant les tubes de �ux.Des 
ourants éle
triques sont asso
iés aux 
on�gurations de la Figure 20 :au temps t<0, les deux systèmes de plasma sont indépendants et 
omprennent des 
ourantsdiamagnétiques 10 (J = B ×∇p/B2 ave
 ∇p le gradient de pression) de même dire
tion.Pour produire la 
on�guration au temps t=0, les deux plasmas fusionnent au point X oùB=0 et don
 où les 
ourants diamagnétiques disparaissent. Pourtant, le point X supportetout de même un 
ertain type de 
ourant : 
omme la disparition du 
hamp magnétique nesigni�e pas que le 
hamp éle
trique disparaisse, E = −∇Φ − ∂A/∂t = −∇Φ. Ce 
hampéle
trique peut transporter des 
ourants. L'existen
e de 
e 
hamp éle
trique est né
es-saire pour le pro
essus de re
onnexion. A la Figure 20, le 
ourant 
onduit par le 
hampéle
trique au point X est dirigé vers l'arrière de la page, dans la dire
tion opposée aux
ourants diamagnétiques originaux. Chaque re
onnexion de paire de lignes de 
hamp 
réeune paire de nouvelles lignes de 
hamp. Ainsi, au temps t>0, deux systèmes de 
ourantprennent pla
e : l'un induit sur les lignes de 
hamp des deux plasmas arrivant l'un versl'autre, l'autre sur les lignes de 
hamp nouvellement 
réées. Le 
ourant nouvellement 
rééest dissipatif puisque E · J 6= 0 et on s'attend à un 
hau�age de Joule au point X.Les tempêtes et sous-tempêtesLes tempêtesLes tempêtes magnétiques sont les événements les plus remarquables au point devue de l'a
tivité géomagnétique. Le terme "tempête magnétique" fut donné par Alexander10Les plasmas ont des propriétés diamagnétiques, 
'est-à-dire qu'ils se magnétisent dans le sens opposédu 
hamp magnétique dans lequel ils sont pla
és. Dans les diamagnétiques, les éle
trons ajustent leurstraje
toires de façon à 
ompenser l'in�uen
e du 
hamp magnétique externe et 
e
i engendre un 
hampmagnétique induit qui est dirigé dans le sens opposé. Ce
i veut dire que le moment magnétique estanti-parallèle au 
hamp extérieur. Dans l'espa
e, une région où règne un 
hamp magnétique élevé tend às'opposer à la venue des parti
ules éle
triquement 
hargées. C'est l'e�et diamagnétique. A titre d'exemple,
ertaines régions de la magnétosphère de la Terre, 
omme les lobes, ont un 
hamp magnétique signi�
a-tivement plus élevé que dans le milieu interplanétaire. Bien que 
es régions soient reliées à l'ionosphère(relativement dense) de la Terre, les lobes sont des régions plus vides (0.01 parti
ule par 
entimètre 
ube)que l'espa
e interplanétaire (5 parti
ules par 
entimètre 
ube). Les lobes sont peut-être les régions les plusvides que l'on ait jamais explorées. D'une façon générale, la magnétosphère est globalement moins denseque le milieu interplanétaire, 
'est une 
onséquen
e de l'e�et diamagnétique.
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tionvon Humboldt 11 à 
e phénomène de perturbation du 
hamp magnétique terreste à grandeé
helle. La dé�nition suivante d'une tempête a été proposée par Gonzales et al. [1994℄ :"Storm is an interval of time when a su�
iently intense and long-lasting interplanetary
onve
tion ele
tri
 �eld leads, through a substantial energization in the magnetosphere-ionosphere system, to an intensi�ed ring 
urrent strong enough to ex
eed some key thresh-old of the quantifying storm time Dst index.".La prin
ipale signature d'une tempête magnétique est un 
hamp magnétique dirigé versle sud, a�aiblissant le 
hamp dirigé vers le nord généralement observé dans les régions équa-toriales, 
onséquen
e de l'intensi�
ation des 
eintures de radiation et du 
ourant annulaire.Durant les tempêtes magnétiques, les 
eintures de radiation deviennent plus intenses parl'arrivée de protons provenant de la queue et d'ion O+ provenant de l'ionosphère. Les tem-pêtes magnétiques ont généralement un dé
len
heur pré
is : souvent l'arrivée d'un 
ho
interplanétaire. L'e�et prin
ipal de 
et événement sur la magnétosphère est l'inje
tiond'ions et d'éle
trons énergétiques provenant de la queue vers les 
eintures de radiationet 
ausant l'intensi�
ation du 
ourant annulaire. Ce pro
essus a également lieu lors dessous-tempêtes mais à moindre é
helle. Une autre signature des tempêtes est son in�uen
esur la pré
ipitation aurorale. L'ovale auroral est fortement perturbé, s'élargissant, prin
i-palement vers l'équateur et du 
�té nuit, 
e qui a pour 
onséquen
e que des aurores soientvisibles dans le 
iel no
turne à des latitudes moyennes et basses, par exemple, sous noslatitudes.Au début du 20ème siè
le, il a été montré qu'il existe un lien entre les tempêtes mag-nétiques et les ta
hes solaires. En fait, l'interprétation de 
e lien est la suivante : le
hamp magnétique intense des ta
hes solaires entraine un soudain dégagement de l'énergiemagnétique, manifesté par les protubéran
es et les éje
tions de masse 
oronale. Ces deuxphénomènes éje
tent des nuages de plasma 
haud interplanétaire qui bous
ule le vent so-laire normal et induit un 
ho
 dans le vent solaire qui en ren
ontrant la magnétosphèreterrestre provoque les tempêtes magnétiques.Le phénomène de tempête magnétique peut être divisé en trois phases distin
tes, selonla signature de l'indi
e 12, 
omme illusté à la �gure 21:La phase initiale :
• Elle dure entre quelques minutes et quelques heures.
• L'indi
e Dst augmente jusqu'à des valeurs positives de quelques dizaines de nT.11Alexander von Humboldt : Naturaliste et explorateur allemand (Berlin, 1769 - 1859). En 1829, leMinistre des �nan
es russe o�re l'opportunité à Humboldt de diriger une expédition dans les régions del'Oural et de l'Altaï, a�n d'y étudier le magnétisme terrestre et la géologie. Humboldt 
onsa
re les dernièresannées de sa vie à la réda
tion d'une synthèse de ses travaux et 
onnaissan
es s
ienti�ques : il est l'auteurd'un ouvrage intitulé Kosmos, paru en 5 volumes.12La dé�nition de l'indi
e Dst est donnée dans la se
tion suivante
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Figure 21: Illustration du 
omportement typique de l'indi
e Dst durant une tempête mag-nétique, 
omposée de la phase initiale, la phase prin
ipale et la phase de re
ouvrement.
• Lorsque le vent solaire atteint la magnétosphère, la pression qu'il exer
e sur le frontest beau
oup plus important. La magnétopause du 
�té jour est alors fortement
omprimée vers la Terre (parfois de plusieurs rayons terrestres), 
e qui a pour 
on-séquen
es l'augmentation de l'intensité du 
hamp géomagnétique mais aussi la 
réa-tion et la propagation d'ondes magnétohydrodynamiques, ainsi que l'anisotropie desparti
ules.La phase prin
ipale :
• D'une durée d'une demi-heure à plusieurs heures.
• L'indi
e Dst peut atteindre des valeurs negatives de quelques 
entaines de nT.
• La 
ompression de la queue entraine un apport important de plasma dans les 
einturesde radiation. Le 
ourant annulaire se développe.
• Un fort 
hamp éle
trique de queue rappor
he la plasmapause de la Terre.
• Un 
hamp éle
trique radial pointant vers l'extérieur dans le plan équatorial se développeau niveau du système 
ourant annulaire-feuillet de plasma.La phase de re
ouvrement :
• Elle dure de quelques dizaines d'heures à une semaine.
• L'indi
e Dst retourne graduellement à une valeur normale (le 
hamp géomagnétiquerevient à sa valeur d'équilibre).
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• Les ions du 
ourant annulaire sont graduellement perdus (L'expansion de la plasmas-phère amène du plasma froid ionosphérique en intera
tion ave
 le 
ourant annulaire.Les perturbations engendrées provoquent la di�usion en angles d'attaque des ionsdu 
ourant annulaire et la redistribution dans le 
one de perte. De plus, 
ette perted'ions du 
ourant annulaire est également due aux réa
tions d'é
hange de 
hargesave
 l'hydrogène neutre froid.)Les sous-tempêtesUn autre phénomène dynamique est plus 
ourant que 
elui de tempête magnétique, 
esont les sous-tempêtes magnétiques, qui fut dé
rit pour la première fois par Akasofu[1964℄. Durant les sous-tempêtes, les aurores dans le 
iel des régions polaires deviennentplus intenses, plus étendues et plus agitées. En plus de 
es signatures optiques, les sous-tempêtes aurorales sont visibles dans les mesures des magnétomètres au sol et dans lesvaleurs de l'indi
e magnétique AE. Ce type d'événement peut apparaître plusieurs fois parjours.Les perturbations magnétiques asso
iées aux sous-tempêtes peuvent atteindre 1000 nT,
'est-à-dire environ 2% du 
hamp magnétique total dans la région aurorale. Les 
ourantséle
triques asso
iés aux sous-tempêtes arrivent jusqu'à l'ionosphère, à une 
entaine de kilo-mètres de la surfa
e terrestre. Ce sont les 
ourants alignées dont nous reparlerons plus loindans 
ette introdu
tion.Les sous-tempêtes se dé
omposent en trois phases [M
Pherron et al., 1973℄ :La phase de 
roissan
e:La phase de 
roissan
e marque le début du phénomène de sous-tempête et est induite pardes 
hangements dans le vent solaire. Cette phase dure environ quarante minutes. Elle estinitiée par une inversion de la dire
tion de la 
omposante nord-sud du 
hamp magnétiqueinterplanétaire vers le sud. Le phénomène de re
onnexion entre le 
hamp magnétique in-terplanétaire et le 
hamp magnétosphérique prend pla
e sur le front de la magnétosphère.La magnétosphère est dite "ouverte". Un transfert d'énergie provenant du vent solaire alieu, 
e qui augmente le 
hamp éle
trique de 
onve
tion.D'autres phénomènes 
ara
térisent 
ette phase :
• Le 
hamp dans les lobes de la queue augmente, 
e qui provoque un amin
issementdu feuillet de plasma.
• Le 
ourant de queue augmente, 
e qui implique un étirement des lignes de 
hampdans la queue de la magnétosphère. La 
onséquen
e visible de 
ette déformation dela queue de la magnétosphère est la des
ente en latitude (vers l'équateur) de l'ovaleauroral.
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• Le phénomène de "pseudobreakup" 13 peut avoir lieu durant 
ette phase.La phase d'expansion :La phase d'expansion est le début de la phase a
tive de la sous-tempête. Durant 
ettephase, la queue de la magnétosphère se dé
harge de l'énergie a

umulée pendant la phasede 
roissan
e. Sa durée typique est d'environ une demi-heure (mais peut, dans 
ertain 
as,atteindre 2 heures).Le début de la phase d'expansion est également 
e qu'on appelle le dé
len
hement (onset)de la sous-tempête. Il est 
ara
térisé visuellement par une intensi�
ation lo
ale de l'ovaleauroral. Gérard et al. [2004℄ ont montré que la position moyenne de l'onset se situait à23.4 ± 0.3 heures MLT pour la pré
ipitation aurorale des éle
trons et des protons. Dans
ertains 
as, le dé
len
hement est 
lairement induit par des 
hangements dans les 
ara
-téristiques du vents solaires ou du 
hamp interplanétaire, dans d'autres 
as la 
ause dudé
len
hement n'est pas remarquable.La topologie de la magnétosphère est aussi modi�ée au moment du dé
len
hement de laphase d'expansion. La théorie du dé
len
hement de la phase de 
roissan
e est toujoursa
tuellement un sujet de débat. Toutefois, une expli
ation plausible suggère 
omme événe-ment 
ritique pour le dé
len
hement l'apparition d'un point neutre de re
onnexion dans laqueue de la magnétosphère à une distan
e d'environ 15 à 30 rayons terrestres de la Terre,telle que le montre la Figure 22. La re
onnexion magnétique a lieu entre les lignes de
hamp de sens opposés dans le plan équatoriale du feuillet de plasma. Les lignes de 
hampnouvellement re
onne
tées, situées vers la Terre par rapport au point X, reprennent uneforme quasi dipolaires. D'autre part, les lignes du 
�té de la queue ne sont plus liées à laTerre. Elle forme un plasmoïde, 
'est-à-dire une sorte de bulle de plasma qui s'éloigne dela Terre. Les satellites ISEE-3 et Geotail ont observé le passage de tels plasmoïdes loindans la queue de la magnétosphère.C'est au 
ours de la phase où les lignes de 
hamp reprennent une forme quasi dipolaire,aussi appelée dipolarisation, que l'énergie de la queue est libérée. Les parti
ules 
hargéesdu feuillet de plasma sont alors thermalisées et a

élérées. Ces parti
ules sont aussi "in-je
tées" plus profondément dans la magnétosphère interne, pro
he de la Terre. Au fur età mesure du développement de la phase d'expansion, l'aurore s'intensi�e dans tout l'ovaleauroral et sa limite polaire se rappro
he des p�les.La phase de re
ouvrement :Durant la phase de re
ouvrement, la magnétosphère revient à son état d'équilibre. Ellepeut durer environ une heure. Le feuillet de plasma se re
harge petit à petit en parti
ules
hargées, venant de l'ionosphère et du vent solaire. L'ovale auroral reprend sa position13événement de 
ourte durée ressemblant à un 
ommen
ement de sous-tempête mais qui ne se développepas et n'atteint pas la puissan
e d'une sous-tempête
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Figure 22: Topologie s
hématique de la magnétosphère (a) pendant le phase de 
roissan
e,(b) juste avant le dé
len
hement de la phase d'expansion et (
) au 
ours de la phased'expansion. Sur le graphique (a), les lignes de 
hamp sont étirées et la re
onnexion du
�té nuit à lieu très loin dans la queue. Juste avant le dé
len
hement, un point neutre (oupoint X) se forme dans une région plus pro
he de la Terre. Lors du développement de laphase d'expansion (
), les lignes de 
hamp reprennent une forme quasi dans le voisinagede la Terre, alors qu'un plasmoïde s'éloigne de la Terre. Les �è
hes visualisent la dire
tiondes �ux de plasma.



51moyenne et redevient relativement 
alme. Il arrive toutefois que, lors de la phase de re
ou-vrement, la magnétosphère se prépare déjà au développement d'une nouvelle sous-tempête.La pluie polaireIl arrive qu'au milieu de la 
alotte polaire, un �ux in
ident de parti
ules entraine unefaible émission appelée pluie polaire (polar rain ou strahl). Les lignes de 
hamp arrivantdans 
ette région sont les lignes de 
hamp des lobes et du manteau de plasma, 
'est-à-dire
elles qui sont 
onne
tées aux lignes du 
hamp magnétique interplanétaire. Les parti
ulesinduisant 
e phénomène sont des éle
trons rapides du vent solaire. Ces éle
trons sont 
a-pables de quitter le vent solaire et de se mouvoir le long des lignes de 
hamp magnétiquesdans n'importe quelle dire
tion. La densité de 
es parti
ules est trop faible pour produireune émission visible, mais 
ette pré
ipitation est observable in situ par des satellites.Les indi
es d'a
tivité géomagnétiqueIl existe une série d'indi
es, 
al
ulés à partir des mesures de magnétomètres au sol, dontle but est de quali�er l'a
tivité géomagnétique. Je donne i
i la dé�nition de quelques in-di
es que j'ai utilisés dans mes travaux ou que j'ai mentionnés dans 
ette introdu
tion.KpL'indi
e Kp est un indi
e planétaire d'a
tivité magnétique 
ara
térisant l'a
tivité aux lati-tudes subaurorales. Il intègre à la fois les e�ets des éle
trojets auroraux et 
eux du 
ourantannulaire et fournit ainsi une bonne estimation du niveau planétaire moyen de l'a
tivitémagnétique d'origine magnétosphérique. Le nom "Kp" provient de l'expression "plan-etaris
he Kennzi�er", qui signi�e indi
e planétaire. L'indi
e Kp est établi à partir desmesures e�e
tuées en plusieurs stations de latitudes moyennes, 
'est-à-dire 
omprises entre44�à 60�de latitude nord ou sud.Lorsque les mesures faites dans les stations ne sont pas in�uen
ées par les 
ourants éle
tro-jet auroraux, les 
onditions sont dites magnétiquement 
almes. En périodes dites magné-tiquement perturbées, la zone aurorale s'étend vers l'équateur et les stations enregistrent lese�ets du système de 
ourant éle
trojet ainsi que du 
ourant annulaire magnétosphérique etdes 
ourant alignés. L'indi
e Kp est 
al
ulé à partir des �u
tuations des deux 
omposanteshorizontales du 
hamp géomagnétique, sur un intervalle de trois heures. Les niveaux deperturbation lo
ale sont déterminés en mesurant la di�éren
e entre les valeurs maximaleset minimales, durant l'intervalle de trois heures, de la 
omposante du 
hamp horizontalla plus perturbée. L'indi
e Kp varie sur une é
helle de valeurs de 0 à 9. Nous utilisonsdans notre étude les indi
es Kp fournit pas le "GeoFors
hungsZentrum" (GFZ) à Potsdam,évalué à partir de 13 stations subaurorales.
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tionApL'indi
e tri-horaire Ap est, 
omme le Kp, un indi
e planétaire d'a
tivité magnétique. Ilest lié de l'indi
e Kp 
omme le montre le tableau 2.Kp Ap Kp Ap0o 0 5- 390+ 2 5o 481- 3 5+ 561o 4 6- 671+ 5 6o 802- 6 6+ 942o 7 7- 1112+ 9 7o 1323- 12 7+ 1543o 15 8- 1793+ 18 8o 2074- 22 8+ 2364o 27 9- 3004+ 32 9o 400Table 2: Tableau de transformation Kp - ApDstL'indi
e Dst 14 
ara
térise l'a
tivité du 
ourant annulaire. Son 
al
ul se fait à partird'une moyenne horaire des perturbations magnétiques (de la 
omposante H, nord-sud, du
hamp magnétique terrestre) mesurées par des magnétomètres lo
alisés dans des stationsde mesures pro
hes de l'équateur terrestre. Cet indi
e est approximativement proportion-nel à l'énergie de la tempête magnétique.F 10.7L'indi
e de Flux Radio Solaire Dé
imétrique F10.7 représente l'intensité du �ux émis parle Soleil en rayonnement radio à la longueur d'onde λ = 10,7 
m, ave
 une résolutiontemporelle de 1 jour. Il est mesuré en unités de �ux solaire, où 
haque unité est égale à10−22 Watts m−2 Hz−1. Cet indi
e n'est pas un indi
e d'a
tivité magnétosphérique au senspropre, mais un indi
e d'a
tivité solaire. L'a
tivité du Soleil gouverne l'apport d'énergiedans l'environnement ionisé de la Terre : 
et indi
e est indispensable 
omme paramètred'entrée des modèles de thermosphère et d'ionosphère terrestres que nous utilisons.
F̄10.714"D" pour "disturban
e" = perturbation, "st" pour "storm"= tempête
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e F̄10.7 est la valeur moyenne de F10.7 sur une période de 90 jours 
entré sur le jour
onsidéré. Cette période de temps 
orrespond à environ trois révolutions du Soleil surlui-même. L'indi
e représente don
 l'état moyen du Soleil à la période 
onsidérée.L'ionosphèreL'atmosphère terrestre joue également un r�le dans la formation des aurores : les par-ti
ules provenant de la magnétosphère, pré
ipitent et interagissent ave
 les 
onstituantsatmosphériques pour produire l'émission aurorale. La 
omposition atmosphérique est don
un fa
teur important dans l'émission aurorale.La gravitation terrestre provoque une strati�
ation horizontale du gaz atmosphérique.On peut don
 dé�nir plusieurs 
ou
hes atmosphériques selon la densité et la températuredu gaz qui les 
omposent. Dans le 
ontexte auroral, seules les 
ou
hes supérieures del'atmosphère jouent un r�le, puisque la perte d'énergie subie par les parti
ules auroralespré
ipitant ne leur permet pas d'atteindre des altitudes plus basses que 85 km environ.Nous dé
rirons don
 i
i prin
ipalement la 
ou
he où les réa
tions aurorales ont lieu, 
'est-à-dire l'ionosphère. Cependant pour plus de 
larté, nous replaçons d'abord 
ette 
ou
hedans son 
ontexte.L'atmosphère terrestrePlusieurs types de stru
tures de l'atmosphère terrestre sont proposés selon qu'on analysela température ou la 
omposition de 
elle-
i. La Figure 23 représente la stru
ture thermiquede l'atmosphère, 
'est-à-dire ses di�érentes 
ou
hes et son pro�l moyen de température enfon
tion de l'altitude. A partir de la surfa
e du sol, on ren
ontre :
• la troposphère où la température dé
roît jusqu'à environ 10 km d'altitude. La limitesupérieure de la troposphère s'appelle la tropopause et 
orrespond à un minimum detempérature.
• la stratosphère où la température augmente jusqu'à environ 50 km d'altitude. C'estdans 
ette 
ou
he que se situe la 
ou
he d'ozone et l'augmentation de températureest due à l'absorption du rayonnement ultraviolet solaire par O3. La stratosphère estlimité en altitude par la stratopause, où la température est maximale.
• la mésosphère où la température dé
roît à 
ause du refroidissement radiatif. Lamésopause, limite supérieure de la mésosphère est située vers 85 km d'altitude et latempérature y atteint le point le plus froid de l'atmosphère terrestre, environ -90�C.
• la thermosphère où la température augmente de nouveau rapidement. La tempéra-ture absolue dans la thermosphère dépend de l'a
tivité solaire et varie entre 700 et
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tion2500 K. Le rayonnement UV solaire responsable de l'augmentation de températureest aussi responsable de l'ionisation de l'atmosphère neutre, 
réant l'ionosphère.
• L'exosphère, au-delà de 500 km d'altitude, est la zone où les 
ollisions sont su�-isamment rares pour que les parti
ules suivent des traje
toires quasi balistiques. Sileur vitesse est su�sante et dépasse la vitesse de libération, les 
onstituants les pluslégers (H et He) s'é
happent du 
hamp gravitationnel de la Terre.

Figure 23: Stru
ture thermique de l'atmosphère terrestre et pro�l de températureUne autre 
lassi�
ation peut être proposée, relative à la 
omposition de l'atmosphère.
• L'homosphère, entre 0 et 100 km d'altitude, est la zone où la 
omposition 
himiqueest uniforme en 
e qui 
on
erne la proportion des 
onstituants inertes : on y trouveprin
ipalement de l'azote et de l'oxygène molé
ulaires (N2 et O2) en proportion re-spe
tive de 78 et 21 %.
• L'hétérosphère, au delà de 100 km d'altitude, est la région de l'atmosphère de 
om-position non uniforme. La 
omposition varie en fon
tion de l'altitude. Vers 300 kmd'altitude, l'oxygène atomique domine. Les 
onstituants légers tels que l'hydrogèneet l'hélium deviennent de plus en plus abondants au fur et à mesure que l'altitudeaugmente.



55Cara
téristiques physiques de l'ionosphère terrestreDans 
ette introdu
tion, nous présentons une des
ription des 
ara
téristiques physiquesde l'ionosphère. L'aspe
t mathématique des pro
essus de transport des parti
ules dansl'ionosphère ainsi que les 
ondu
tivités ionosphériques sont dé
rits dans l'introdu
tion du
hapitre 4 
ar 
'est prin
ipalement dans 
e 
hapitre que 
es notions sont utilisées.L'ionosphère est la région de l'atmosphère supérieure à 70 km d'altitude. Son épaisseurvaut environ 1000 km. Cette région est 
ara
térisée par sa 
omposition ionique : les atomeset molé
ules neutres de l'atmosphère subissent soit une photoionisation par le rayonnementsolaire ou autre (par exemple le rayonnement auroral), soit des 
ollisions ave
 des parti
ulesdiverses (parti
ules 
osmiques, solaires, magnétosphériques ou ionosphériques). La Figure24 représente la 
omposition ionique et en atomes neutres de l'ionosphère du 
�té faisantfa
e au Soleil. Remarquons que les pro
essus du 
�té nuit ne sont pas identiques à 
ellesdu 
�té jour puisque le rayonnement solaire n'y joue pas de r�le.

Figure 24: Composition de l'ionosphère du 
�té du Soleil. Densité volumique des 
omposésneutres et ioniques ionosphériques en fon
tion de l'atitude. Ces valeurs sont basées sur desmesures de spe
tromètres de masse.La 
omposition de l'ionosphère permet de la dé
omposer en trois 
ou
hes prin
ipales,identi�ées par leur intera
tion di�érente ave
 les ondes radio :
• la 
ou
he D sous 90 km d'altitude,
• la 
ou
he E entre 90 et 130 km d'altitude, dont les 
omposants prin
ipaux sont lesions O+

2 et NO+,
• la 
ou
he F au-dessus de 130 km d'altitude, dont le 
omposant prin
ipal est l'ion O+.
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tionLa densité du plasma ionosphérique varie selon 
ertaines 
ir
onstan
es. En plus de lavariation diurne déjà 
itée, les densités peuvent varier à 
ause des stru
tures spatiales ettemporelles dans la pré
ipitation de parti
ules ionisées. La densité de la 
ou
he E dansl'ovale auroral du 
�té nuit peut être très di�érente selon l'a
tivité aurorale. Une variationdans les densités moyennes de plasma ionosphérique est aussi présente durant le 
y
le so-laire. Les densités sont plus élevées pendant les années pro
hes d'un maximum d'a
tivitésolaire que lors d'un minimum.La 
onve
tion ionosphériqueLa 
ombinaison des pro
essus de re
onnexion et de pro
essus visqueux au niveau de lamagnétopause et dans la queue de la magnétosphère sont à la base de la 
réation du 
hampéle
trique de 
onve
tion magnétosphérique (voir 
onve
tion magnétosphérique et 
y
le deDungey (Figure 16)). Ce 
hamp se projette au niveau de la haute ionosphère le long deslignes de 
hamp magnétique, 
e qui a pour 
onséquen
e la dérive du plasma ionosphériquedans la dire
tion perpendi
ulaire au 
hamp éle
trique et au 
hamp magnétique. Le mou-vement du plasma forme les 
ellules de 
onve
tion.La Figure 25 montre l'image de la 
onve
tion magnétosphérique dans l'ionosphère, vuedu p�le nord de la Terre. Elle 
onsiste en deux 
ellules de lignes ouvertes qui se meuventen dire
tion opposée au Soleil au travers de la 
alotte polaire et de lignes de 
hamp fer-mées qui se dirigent vers le Soleil aux latitudes plus basses. La vitesse moyenne de 
e �uxionosphérique est de plusieurs 
entaines de mètres par se
onde. Le 
y
le total a une duréed'environ 12 heures.Les 
ourants ionosphériquesTrois types de 
ourant 
ir
ulent dans l'ionosphère :
• le 
ourant parallèle (dans la dire
tion ‖ B et ‖ E)
• le 
ourant de Pedersen (dans la dire
tion ‖ B et ⊥ E)
• le 
ourant de Hall (dans la dire
tion ⊥ B et ⊥ E)Les 
ourants ionosphériques 
ir
ulent tant en périodes 
almes qu'en périodes a
tives. Enpériode de forte a
tivité magnétique, des 
ourants sont asso
iés à la pré
ipitation aurorale.La 
onve
tion ionosphérique est à l'origine de 
ourants de Hall. La 
onve
tion donneun mouvement de dérive aux parti
ules 
hargées dans la dire
tion E×B. Dans les plasmasoù les 
ollisions ne sont pas négligeables, les ions se meuvent beau
oup plus lentement queles éle
trons (les fréquen
es des 
ollisions ions-espè
es neutres sont beau
oup plus grandes



57

Figure 25: Vue polaire de l'ionosphère, montrant le �ux de plasma asso
ié au 
y
le deDungey, ainsi que les zones prin
ipales où les parti
ules de 
ara
teristiques di�érentesse meuvent le long des lignes de 
hamp magnétosphérique vers la haute atmosphère etl'ionosphère. Le 
er
le intérieur plus fon
é montre la frontière entre les lignes de 
hampouvertes à hautes latitudes et les lignes de 
hamp fermées à plus basses latitudes.
que les fréquen
es de 
ollisions éle
trons-espè
es neutres vu leur taille respe
tive). La dif-féren
e de vitesses des ions et des éle
trons est à la base de la 
réation de 
es 
ourants deHall.
L'éle
trojet auroralDes 
ourants horizontaux 
ir
ulent dans les régions D et E de l'ionosphère aurorale etportent le nom d'éle
trojet auroral. Sa formation est due au 
hamp éle
trique hori-zontal qui existe dans l'ionosphère aurorale, dont l'intensité est plus importante que sousles latitudes plus basses. Le 
as de l'éle
trojet auroral est remarquable par la for
e etla persisten
e des 
ourants. Son intensité peut dépasser le million d'Ampères. Durantles périodes d'a
tivité magnétique 
alme, l'éle
trojet est 
on�né à l'ovale auroral. Alorsque pendant les périodes perturbées, l'éle
trojet augmente en intensité et s'étend vers leslatitudes plus hautes et plus basses. Cette expansion résulte de l'augmentation de la pré-
ipitation de parti
ules et des 
hamps éle
triques ionosphériques. L'éle
trojet est du typedes 
ourants de Hall. Selon le moment de la journée, les 
ourants peuvent 
ir
uler de l'estvers l'ouest (westward ele
trojet) ou dans le sens 
ontraire (eastward ele
trojet). La Figure26 représente s
hématiquement l'éle
trojet auroral.
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Figure 26: S
héma représentant les di�érents 
ourants 
onne
tés à l'éle
trojet auroral.Les 
ourants alignésDe par le 
ouplage entre l'ionosphère et la magnétosphère, un autre type de 
ourantsprend pla
e durant les périodes perturbées : les 
ourants alignés au 
hamp magnétique(�eld-aligned 
urrents) aussi appelés "
ourants de Birkeland". De façon imagée, nous pou-vons dire que les 
ourants de queue magnétosphériques prennent un autre 
hemin et sontdéviés vers l'ionosphère. Les 
ourants 
ir
ulent vers la Terre ou vers l'Espa
e selon lesendroits. La Figure 27 présente la 
on�guration des 
ourants alignés ainsi que les régionsoù les 
ourants alignés "entrent" et "sortent" de l'ovale auroral.

Figure 27: Courants alignés
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ourants J‖ alignés au 
hamp magnétique sont asso
iés à une divergen
e des 
ourantsde Pedersen IP dans l'ionosphère. Les 
ourants alignés peuvent s'é
rire [Lyons, 1992℄
J‖ = −∇⊥ · IP (28)
onsidérant le 
hamp magnétique verti
al dans l'ionosphère dans les régions polaires etnégligeant la divergen
e du 
ourant de Hall par rapport à la divergen
e du 
ourant dePedersen [Lyons, 1992℄. Le 
ourant de Pedersen IP intégré sur la hauteur de l'ionosphère,
onsidérant 
elle-
i 
omme une 
oquille 
ondu
tri
e, peut s'é
rire

IP = ΣPE (29)où ΣP est la 
ondu
tan
e de Pedersen et E le 
hamp éle
trique. Le potentiel éle
trique
ouvrant la 
alotte polaire est illustré à la �gure 28. Comme généralement les 
hangementsdans le 
hamp éle
trique 
ontribuent plus au gradient de IP que les 
hangements dans la
ondu
tivité de Pedersen, il est supposé que J‖ dépend prin
ipalement de la divergen
edu 
hamp éle
trique ∇ · E . Ainsi, J‖ devrait être dirigé vers le haut dans la région durenversement de 
onve
tion du 
�té du 
répus
ule où ∇ · E < 0 et dirigé vers le bas dansla région du renversement de 
onve
tion du 
�té du matin. Des 
ourants alignés 
ir
ulentdon
 le long des lignes de 
hamp magnétique, vers le haut ou vers le bas. La 
onve
tion dupied des lignes de 
hamp magnétique forme deux 
ellules. La région de renversement de
onve
tion 
orrespond à la région dans les 
ellules où les mouvements � midi vers minuit� et � minuit vers midi � s'inversent.Le 
�ne de perte est très petit le long des lignes de 
hamp magnétique. Seule unefaible fra
tion des éle
trons magnétosphériques (
eux qui sont prin
ipalement la 
ause du
ourant vers le haut et des aurores) 
ontribue au 
ourant as
endant. Cependant, si unedi�éren
e de potentiel alignée au 
hamp magnétique existe, elle va a

élérer les parti
ulesvers l'atmosphère et augmenter la 
omposante parallèle de la vitesse, 
e qui aura pour e�etque leur angle d'attaque sera mieux aligné au 
hamp magnétique. Ce pro
essus augmentele nombre de parti
ules dans le 
�ne de perte. Ainsi, l'intensité de J‖ devrait augmenterave
 la di�éren
e de potentiel.A partir des équations 28 et 29, par un modèle simpli�é d'ionosphère utilisant desvaleurs plausibles pour les di�érentes grandeurs dans l'ionosphère, Lyons [1992℄ montrequ'une di�éren
e de potentiel de quelques kilovolts est né
essaire pour maintenir la 
onti-nuité du 
ourant dans l'ionosphère aux alentours du renversement de la 
onve
tion du 
�tédu 
répus
ule. Ainsi, pour produire les 
hamps alignés parallèles, tout 
e qui est né
essaireest un 
ourant aligné au 
hamp, dirigé vers le haut et uniforme, ainsi qu'une diminutionde densité. L'a

élération des parti
ules est né
essaire pour 
onduire le 
ourant imposéde sorte qu'il y ait 
ontinuité. La densité de 
ourant aligné augmente lorsque l'altitudediminue à 
ause de la 
onvergen
e du 
hamp magnétique. Comme les éle
trons buttentsur leur point miroir et sont renvoyés vers le haut, il existe une altitude sous laquelle ladensité de 
ourant ne peut plus être transportée par le plasma existant à 
ette altitude et
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Figure 28: Potentiel éle
trique estimé sur l'ensemble de la 
alotte polaire, obtenu parRi
hmond et al. [1988℄ à partir de mesures au sol des 
hamps éle
triques et 
ourantsionosphériques. Les équipotentielles sont en pointillés lorsque les in
ertitudes sur le poten-tiel estimé sont supérieures à 50% [Lyons, 1992℄.en dessous. Cette altitude est la limite supérieure de la région d'a

élération des éle
tronsauroraux. La densité de 
ourant devant être transportée étant trop grande pour la densitéde plasma existant, un 
hamp éle
trique doit don
 s'installer pour a

élérer les éle
tronset permettre au 
ourant de 
ir
uler [Knight , 1973℄. Lors des sous-tempêtes, le 
ourantaligné augmente fortement, la densité de 
ourant est don
 plus importante en
ore et ladensité de plasma peut di�
ilement transporter 
e 
ourant. La 
onséquen
e est la 
réationd'un 
hamp éle
trique plus intense qui permet la 
ontinuité du 
ourant et qui a

élère defaçon plus intense les éle
trons, provoquant ainsi des ar
s auroraux intenses. La régiond'a

élération des éle
trons est 
omprise entre 1,5 et 2 rayons terrestres d'altitude [Mozerand Hull , 2001℄.Pour obtenir l'expression du 
ourant parallèle j‖ en fon
tion du potentiel Φ‖, Knight[1973℄ a intégré le produit −ev‖f(v) sur tout l'espa
e des vitesses, où e est la 
hargeéle
tronique, v‖ la 
omposante de la vitesse éle
tronique parallèle au 
hamp magnétique et
f(v) la fon
tion de distribution des vitesses. En supposant une distribution symétrique de
v‖ pour les éle
trons piégés 15, la seule 
ontribution au 
ourant vient des traje
toires de �traversée dire
te �, provenant du feuillet de plasma (région S dans l'espa
e des vitesses) etde l'ionosphère (région E), 
e qui 
orrespond à l'expression homologue où v‖ est négatif.15les vitesses des éle
trons piègés sont distribuées de façon similaires pour les parti
ules se mouvant endire
tion du p�le et 
elles s'éloignant.
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rit
j‖ = −e

∫

S

v‖(fS − fE)d3v (30)Si on suppose que les éle
trons magnétosphériques possèdent une distribution en énergiemaxwellienne et une distribution en angle d'attaque isotrope, 
ette expression devient[Knight , 1973; Lemaire and S
herer , 1974℄ :
j‖ = en(

Kth

2πme
)1/2R{1 − (1 − R−1) exp[

−eΦ‖

Kth(R − 1)
]} (31)où Kth est l'énergie thermique des éle
trons, me la masse de l'éle
tron, e la 
harge del'éle
tron et n la densité éle
tronique. I
i R = BE

BΦ‖

est le rapport du 
hamp magnétiquedans l'ionosphère (BE) et du 
hamp magnétique au sommet de la variation de potentielaligné (BΦ‖
= BS).Les mé
anismes de pré
ipitation auroraleNous avons dé
rit pré
édemment les mé
anismes dé
len
heurs et les phases des sous-tempêtes magnétiques. Leur 
onséquen
e est de provoquer la pré
ipitation des parti
ules
hargées du feuillet de plasma vers l'ionosphère. Nous allons, dans 
e paragraphe, dé
rireles mé
anismes de pré
ipitation, 
'est-à-dire les phénomènes induits dans la magnétosphèrelors des sous-tempêtes qui ont pour 
onséquen
e d'a

élérer les éle
trons et les ions mag-nétosphériques vers l'ionosphère.Les mé
anismes spé
i�ques aux éle
tronsLes aurores produites par la pré
ipitation d'éle
trons sont de deux types selon leur stru
-ture. La partie équatoriale de l'ovale auroral est la région où les aurores di�uses prennentpla
e. Leur nom provient de l'absen
e de stru
ture spatiale dans 
e type d'aurore. Lesaurores dis
rètes sont lo
alisées dans la région polaire de l'ovale aurorale et sont les typesd'aurores les plus intenses. Le terme "dis
rète" est donné par opposition au terme "di�use"et est le terme générique des ar
s auroraux. Ce type d'aurore est lié à l'a

élération deséle
trons par des 
hamps éle
triques alignés au 
hamp magnétique.Les auroraux di�usesLes aurores di�uses éle
troniques sont provoquées par une pré
ipitation d'intensité plusfaibles que les ar
s auroraux et les parti
ules sont distribuées sur un domaine d'énergieplus large [Lyons, 1992℄. De telles pré
ipitations aurorales résultent d'une pré
ipitationdire
te des parti
ules le long des lignes de 
hamp magnétosphérique, sans a

élération par
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tionun 
hamp éle
trique.Comme nous l'avons dé
rit plus haut, les parti
ules qui atteignent l'atmosphère sont
elles dont le ve
teur vitesse se trouve dans le 
�ne de perte, 
'est-à-dire 
elles dont l'angled'attaque αe est tel que sin αe <
√

Be

Bi
où Bi est le 
hamp magnétique à l'altitude deréféren
e 
hoisie et Be le 
hamp à l'équateur. Seule une petite fra
tion des parti
ulespiégées pourrait pré
ipiter si le premier invariant adiabatique était toujours 
onservé. Ene�et, vu les valeurs des 
hamps Be et Bi (Be ∼ 50nT et Bi ∼ 50000nT ), le 
�ne de perteest un angle solide relativement petit, soutendu par un angle de l'ordre de 5 degrés et sevide don
 rapidement. Il existe un pro
essus qui redistribue les angles d'attaque et quipar 
onséquent permet de remplir le 
�ne de perte. Ce pro
essus de di�usion en angled'attaque est la 
onséquen
e d'intera
tions entre les ondes de plasma et les parti
ules.Les ondes dans les plasmas sont prin
ipalement des ondes éle
tromagnétiques. Les par-ti
ules interagissent ave
 les ondes polarisées 
ir
ulairement : les éle
trons ave
 les ondes
ir
ulaires droites et les protons ave
 les ondes 
ir
ulaires gau
hes. Les parti
ules entrenten résonan
e ave
 
es ondes par le phénomène de gyrorésonan
e. Ce type de résonan
e estasso
ié au mouvement de giration des parti
ules. Elle a lieu lorsque la fréquen
e de girationest semblable à la fréquen
e de l'onde et a pour 
onséquen
e d'augmenter l'amplitude desondes et don
 leur énergie. La diminution de l'angle d'attaque 
ompense l'augmentationd'énergie des ondes.Les ar
s aurorauxLes ar
s auroraux sont produits par des parti
ules 
hargées ayant subi une a

élérationpar un 
hamp éle
trique [Lyons, 1992℄, le même 
hamp éle
trique que 
elui dont résultentles 
ourants alignés au 
hamp magnétique du type de 
eux dé
rits 
i-dessus.La Figure 29 présente s
hématiquement les 
ourants et les 
hamps éle
triques à l'originedes ar
s auroraux éle
troniques, dans le plan d'un méridien. Le 
ourant 
ir
ule le longdes lignes rouges. Le 
ourant as
endant est asso
ié à des éle
trons des
endants le long deslignes de 
hamp magnétique. Les équipotentielles entourant les lignes de 
hamp magné-tique 
orrespondent aux autres lignes de 
hamp magnétique (vu leur grande 
ondu
tivité).Elles sont 
onsidérées 
omme des équipotentielles jusqu'à 
e qu'un phénomène limite leur
ondu
tivité. Dans la théorie de Knight [1973℄ (dé
rite dans le paragraphe sur les 
ourantsalignés), 
e phénomène est dû à la 
onvergen
e des lignes de 
hamp magnétique. La den-sité de 
ourant est alors trop importante pour être transportée par la densité de plasma.La solution est la 
réation d'un 
hamp éle
trique qui a

élère les éle
trons. Cette région
orrespond à l'endroit de la Figure 29 où les équipotentielles se ferment. Les ar
s aurorauxsont produits à la base de la bran
he de 
ourant montant (appelé � return 
urrent �),
'est-à-dire où les éle
trons entrent dans l'ionosphère. Le 
ir
uit de 
ourant est fermé dansl'ionosphère grâ
e aux 
ourants ionosphériques de Hall et de Pedersen.
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PoleEquatorFigure 29: Stru
tures d'a

élération dans le 
ir
uit de 
ourant auroral. Ce s
héma montreune stru
ture de potentiel 
hargée négativement représentative de l'aurore (à gau
he) etune stru
ture 
hargée positivement représentative de 
ourant de retour auroral (à droite).Cette vue est dans le plan d'un méridien. Le 
ourant des
endant est situé du 
�té dup�le et le 
ourant as
endant du 
�té de l'équateur. Les deux bran
hes des 
ontours deséquipotentielles se ferment respe
tivement à des altitudes typiques de 5000 à 8000 km dansla région de 
ourant as
endant au-dessus de l'aurore et vers 1500-3000 km dans la régiondu 
ourant de retour. Au-delà, elles s'étendent vers de très hautes altitudes le long du
hamp géomagnétique, ave
 une forme en U 
ara
téristique.
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tionNotons que d'autres pro
essus que 
eux dé
rits par Knight [1973℄ interviennent prob-ablement dans la 
réation des 
hamps alignés et dans l'a

élération des éle
trons provo-quant les ar
s auroraux. Lyons [1992℄ a

ompagne le pro
essus dé
rit 
i-dessus de deuxautres mé
anismes, à plus basse altitude, qui permettent de rester 
ohérents ave
 la notionde neutralité du plasma. Borovsky [1993℄ propose 22 mé
anismes théoriques permettantd'expliquer les ar
s auroraux. Cependant, au
un modèle 
onstruit sur base de 
es mé
an-ismes ne permet de reproduire la faible épaisseur 
ara
téristique des ar
s auroraux.Les mé
anismes spé
i�ques aux protonsPar la nature des protons, leur mouvement le long des lignes de 
hamp est di�érent de
elui des éle
trons. Le mouvement des parti
ules aurorales le long des lignes de 
hamp
omprend une 
omposante giratoire. Le mouvement 
ir
ulaire se fait dans le sens di-re
t pour les éle
trons et dans le sens horlogique pour les protons. Le rayon de giration(Equation 12) est dire
tement proportionnel à la masse de la parti
ule 
hargée. Commela masse du proton est 1836 fois plus élevée que 
elle de l'éle
tron, le rayon de giration dumouvement des protons est beau
oup plus grand que 
elui des éle
trons. De plus, les pro-tons auroraux subissent des 
ollisions ave
 les 
onstituants neutres de l'atmosphère (voir
hapitre I.2.1.). Durant une 
ollision, un proton peut 
apturer un éle
tron et devenir unatome d'hydrogène neutre. Comme sa 
harge est alors nulle, l'atome n'est plus soumis àl'in�uen
e du 
hamp géomagnétique. Il peut alors dériver jusqu'à 
e qu'à son tour, il entreen 
ollision ave
 un 
onstituant neutre atmosphérique. Il a alors une 
ertaine probabilitéde s'ioniser et de redevenir un proton qui 
ontinue son par
ours en perdant son énergieau fur et à mesure des 
ollisions su

essives. Ces deux mé
anismes ont une in�uen
e im-portante sur la morphologie de l'aurore à protons. Ce type d'aurore est systématiquementdi�use et ne possède jamais les 
ara
téristiques d'un ar
 auroral. De plus, la dérive desatomes neutres d'hydrogène ainsi que le fait que les protons et les éle
trons subissent unmouvement de dérive di�érent (les éle
trons dérivent vers l'Est et les protons vers l'Ouestsous l'in�uen
e prin
ipale du gradient du 
hamp magnétique) permettent de 
omprendrepourquoi les régions de pré
ipitation peuvent être di�érentes et la morphologie de l'auroreà protons peut être di�érente de 
elle de l'aurore éle
tronique.Il existe des mé
anismes d'a

élération des protons identiques à 
eux des éle
trons. Lorsdes sous-tempêtes et tempêtes, 
ertains mé
anismes transmettent de l'énergie à l'ensembledu plasma et provoquent l'a

élération autant des protons que des éle
trons. Cependant,d'autres mé
anismes sont spé
i�ques aux protons et di�èrent de 
eux qui a

élérent leséle
trons. Nous donnons 
i-après un exemple de pro
essus d'a

élération des protons au-roraux, mais 
ette liste n'est pas exhaustive.Un des prin
ipaux pro
essus a�e
tant les protons est dû à la brisure des invariants adia-batiques. Dans la région isotrope, là où les invariants adiabatiques ne sont plus 
onservés,
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'est le mé
anisme de di�usion du feuillet de 
ourant de queue (tail 
urrent sheet s
at-tering - TCS) qui est la 
ause du remplissage du 
�ne de perte, du moins du 
�té nuit(du 
�té jour, d'autres mé
anismes entrent en jeu, également 
ontr�lés par la forme du
hamp géomagnétique [Sergeev et al., 1997℄). Ce pro
essus de di�usion en angle d'attaquedes parti
ules dans le feuillet de plasma dans la queue de la magnétosphère est dû à lanon -adiabati
ité (ou la sto
hastisation) du mouvement des parti
ules dans 
ette région oùle 
hamp magnétique n'est pas du type dipolaire. Les déviations au mouvement adiaba-tique sont les plus importantes dans le plan de l'équateur où le phénomène d'a

élérationdes protons a alors lieu e�
a
ement. Sergeev et al. [1993℄ ont modélisé la position de lafrontière IB dans le plan équatorial de la queue de la magnétosphère à environ 7 rayonsterrestres (RE) pour des protons de 80 keV. Le mé
anisme d'a

élération a don
 lieu à desdistan
es plus grandes que 7 RE de la Terre, dans le plan équatorial. Zelenyi et al. [1990℄donnent une des
ription analytique des traje
toires des ions. Selon leur modèle, le rem-plissage du 
�ne de perte des protons est dû au renversement de la 
omposante verti
aledu 
hamp magnétique au niveau de l'équateur dans le feuillet de plasma. Comme 
ettepré
ipitation 'sto
hastique' a lieu en absen
e de toute intera
tion onde-parti
ule, elle peutavoir lieu même durant des 
onditions géomagnétiques 
almes, expliquant ainsi pourquoiune pré
ipitation de protons (et un signal dans la 
améra SI12) est observée de manièrequasi-permanente.Distribution énergétique des parti
ules in
identesLa distribution des vitesses des parti
ules en fon
tion de leur énergie est généralementreprésentée sous forme analytique pour en simpli�er le traitement. Pour les éle
tronsauroraux, nous 
onsidérons que 
ette distribution est maxwellienne [Stri
kland et al., 1993℄.En terme de �ux, la fon
tion de distribution des parti
ules en fon
tion de l'énergie peuts'é
rire :
f(E) =

Q0

2πE2
0

E

E0

exp(−
E

E0

) (32)où E0 est l'énergie 
ara
téristique des éle
trons et Q0 est le �ux total d'énergie transportépar la distribution (en erg/cm2.sec). L'énergie 
ara
téristique est relié à l'énergie moyennepar la formule E0 = <E>
2

.Dans le 
as des protons, nous utilisons l'approximation de la distribution par une fon
-tion Kappa κ [Lyons and Evans, 1984℄ s'é
rivant :
f(E) =

Q0

2πE2
0

(κ − 1)(κ − 2)

κ2

E

E0

(κE)κ+1

(E + κE0)κ+1
) (33)où κ est une 
onstante dont la valeur in�uen
e la forme de la distribution. Il a été montréstatistiquement que κ = 3.5 dé
rivait au mieux le 
as des protons auroraux [Hubert et al.,2001℄. L'énergie 
ara
téristique des protons est liée à leur énergie moyenne par la formule
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E0 = (κ−2

κ
)<E>

2
.Les mé
anismes d'émission auroraleLes parti
ules aurorales in
identes 
hargées positivement ou négativement entrent dansl'ionosphère où elles subissent des 
ollisions élastiques et inélastiques ave
 les 
onstitu-ants neutres ionosphériques. Divers pro
essus se déroulent : ionisation et ex
itation des
onstituants atmosphériques, disso
iation des molé
ules, é
hau�ement de l'atmosphèresupérieure et produ
tion de rayons X par Bremsstrahlung. Au 
ours des 
ollisions, l'énergie
inétique des parti
ules in
identes sert soit à ex
iter les modes translationnel, vibrationnelet rotationnel des molé
ules atmosphériques, soit à ex
iter les éle
trons des 
ou
hes ex-térieures, du niveau fondamental vers un niveau supérieur, soit à ioniser un 
onstituant.Lorsque 
es modes ex
ités retombent dans leurs états fondamentaux, il y a émission d'un
ertain rayonnement 
ara
téristique. Les émissions liées aux modes de vibration, de rota-tion et de translation ont des longueurs d'ondes dans l'infrarouge, 
elles liées aux transi-tions éle
troniques se situent dans les domaines visible et ultraviolet. Le spe
tre auroral
ontient don
 les raies atomiques et les bandes d'émission molé
ulaires des 
onstituantsionosphériques prin
ipaux, auxquelles s'ajoutent quelques émissions dues à des espè
esminoritaires telles que NO, He et CO2. Nous donnons i
i quelques exemples d'émissionsaurorales dans le domaine ultraviolet produites par 
ollisions éle
troniques et protoniques.Ces exemples sont les prin
ipales émissions aurorales dans l'ultraviolet lointain observé parles instruments FUV à bord du satellite IMAGE.Les bandes LBHLa molé
ule N2 est une molé
ule diatomique homonu
léaire à plusieurs éle
trons. Con-naissant la stru
ture éle
tronique des atomes N : 1s2 2s2 2p3, il est possible de 
onstruirela stru
ture en orbitales molé
ulaires de 
e type de molé
ules. Si A et B symbolisent lesdeux noyaux N, les orbitales molé
ulaires de 
ette molé
ule sont 1sA, 1sB, 1σg, 1σu, 2σu,1πu, 1πg, 2πu sur lesquelles se répartissent les 14 éle
trons.Dans le 
as de l'état fondamental N2 (X 1Σ+

g ), les éle
trons se répartissent 
omme suit :
N2(1sA)2(1sB)2(1σg)

2(1σu)
2(2σu)

2(1πu)
4Les éle
trons auroraux in
idents peuvent, par 
ollision, ex
iter la molé
ule N2 dans l'étata 1Πg dont la répartition éle
tronique est :

N2(1sA)2(1sB)2(1σg)
2(1σu)

2(2σu)
2(1πu)

3(1πg)
1La désex
itation éle
tronique interdite N2(a

1Πg) −→ N2(X
1Σ+

g ) émet un rayonnement delongueur d'onde dans le domaine UV. Comme de nombreux sous-niveaux vibrationnels et



67rotationnels sont également ex
ités, une série de raies de longueur d'onde di�érentes sontvisibles dans 
e spe
tre de désex
itation, appelé LBH (Lyman-Birge-Hop�eld). Ce spe
tres'étend sur le domaine de longueur d'onde 
ompris entre 120 et 190 nm.Les raies de l'oxygène neutre atomique OIL'oxygène neutre peut être ex
ité par 
ollision éle
tronique. La désex
itation émet unesérie de multiplets dont les raies les plus intenses ont pour longueur d'onde λ =130.4 nm et
λ =135.6 nm. Le multiplet à λ =130.4 nm est le résultat produit par la désex
itation deséle
trons du niveau 3S0

1 vers les trois niveaux 3P2 ,3P1 et 3P0 . C'est en fait un triplet delongueur d'onde 130,21 nm, 130,48 nm et 130.60 nm. Le se
ond multiplet à 135.6 nm estproduite par un doublet éle
tronique 5S0
1 −→ 3P2,1 dont les longueurs d'onde respe
tivessont λ =135.56 nm et λ =135.85 nm. Cette transition est dipolaire interdite.Les raies de l'azote neutre NIL'azote neutre, ex
ité par 
ollision éle
tronique, émet un multiplet à la longueur d'onde

λ =149.3 nm. Elle est due au doublet (3s)2P 0
1/2,3/2 −→ (2p3)2D0

3/2,5/2 dont les longueursd'onde respe
tives sont λ =149.3 nm et λ =149.5 nm [Meier , 1991℄.L'émission Lyman-αLes protons in
idents é
hangent des 
harges ave
 les 
onstituants ionosphériques. Lesatomes d'hydrogène H énergétiques ainsi 
réés vont réagir à leur tour et se transformeren protons énergétiques H+
f qui interagissent ave
 les 
onstituants ionosphériques selon lesréa
tions 34. Ces pro
essus 
orrespondent à l'é
hange d'énergie 
inétique par 
ollisionsélastiques et inélastiques (34a), à l'ionisation du 
onstituant M (34b) et au transfert de
harge (34
).
H+

f + M →











H+
f ′ + M (∗) (34a)

H+
f ′ + M+ + e (34b)

H
(∗)
f ′ + M+ (34
) (34)où M représente les 
onstituants N2, O2 et O.Les atomes d'hydrogène 
hauds peuvent également se mouvoir dans l'atmosphère sanssubir la 
ontrainte du 
hamp magnétique, pour ensuite interagir ave
 les 
onstituantsatmosphériques par transfert d'énergie 
inétique lors de 
ollisions élastiques et inélastiques
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tion(35a), ou ionisation du 
onstituant M (35b) ou de l'atome Hf (35
).
Hf + M →











H
(∗)
f ′ + M (35a)

H
(∗)
f ′ + M+ + e (35b)

H+
f ′ + M + e. (35
) (35)Dans la réa
tion (35a), le 
onstituant peut être dans un état ex
ité. Une partie del'hydrogène ex
ité H(∗)

f ′ est produit dans l'état H(2p) qui émet la raie Lyman-α. De plus,les éle
trons se
ondaires produits lors de 
es réa
tions vont parti
iper aux 
ollisions ave
les 
onstituants ionosphériques et produire les émissions dé
rites 
i-dessus.Remarquons qu'en 
onséquen
e de l'é
hange de 
harge des protons ave
 les 
onstitu-ants ionosphériques, l'aurore à protons est moins 
on�née que le �ux de protons in
idents,étant donné que le mouvement des atomes H n'est pas soumis à la 
ontrainte des lignesde 
hamp magnétique. Ces aurores se situent dans un ovale dé
alé vers le 
répus
ule parrapport à l'ovale éle
tronique et ont un temps de réponse di�érent de 
elui lié aux auroreséle
troniques.L'absorption par O2
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Figure 30: Se
tion e�
a
e d'absorption de la molé
ule O2 en fon
tion de la longueur d'onde.L'émission aurorale UV est produite dans la 
ou
he E de l'ionosphère, 
'est-à-dire à unealtitude d'environ 110 km. Comme 
ette émission est isotrope, une partie est émise vers
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e. Cette partie traverse l'atmosphère supérieure où elle est sus
eptible de produiredes réa
tions d'ex
itations atomiques et molé
ulaires, de disso
iations ou d'ionisations.L'émission est don
 en partie absorbée par les 
onstituants ionosphériques. C'est le 
aspour la molé
ule d'oxygène O2. La Figure 30 montre la se
tion e�
a
e d'absorption dela molé
ule O2 en fon
tion de la longueur d'onde. Les photons ultraviolets de longueurd'onde 
omprise dans l'intervalle [100,150℄ nm ionisent O2 en O+
2 . Ainsi, toutes les émis-sions ultraviolettes dé
rites 
i-dessus sont en partie absorbées par O2.Le satellite IMAGE et les instruments FUVLa mission IMAGE est un programme satellitaire 
onçu par la NASA pour donnerune image de la magnétosphère terrestre [Bur
h, 2000℄. Cette mission de sondage lointainobserve toutes les régions de la magnétosphère simultanément. Elle a pour but de répondreaux questions suivantes :

• Quels sont les mé
anismes dominants d'inje
tion de plasma dans la magnétosphèreaux é
helles de temps des sous-tempêtes ?
• Quelle est la réponse dire
te de la magnétosphère aux variations du vent solaire ?
• Où et 
omment les plasmas magnétosphériques sont-ils énergétisés, transportés etensuite perdus lors des tempêtes et sous-tempêtes magnétiques ?En résumé : Comment la magnétosphère répond-elle globalement aux variations du ventsolaire ? Pour répondre à 
es questions, les instruments à bord du satellite observent troisrégions de la magnétosphère : la magnétopause, la plasmasphère et le feuillet de plasmaintérieur et 
her
hent à identi�er les 
ouplages entre 
es régions ainsi que leurs réponsesdynamiques aux 
hangements de 
onditions dans le vent solaire.Le satellite IMAGE (Figure 31) a été lan
é le 25 mars 2000, sur une orbite polaireelliptique de 90� d'in
linaison, son apogée se situant à une distan
e géo
entrique de 8.2rayons terrestres et son périgée à environ 1000 km d'altitude. Le graphique de gau
hede la Figure 32 s
hématise l'orbite initiale du satellite et son évolution au 
ours des deuxpremières années de la mission. Juste après le lan
ement, le demi grand axe de l'orbiteelliptique était in
liné de 40�par rapport au plan de l'é
liptique. Le plan de l'orbite étaitquasi identique au plan du terminateur 
répus
ulaire. Au 
ours des deux premières annéesde la mission, l'angle entre le grand axe et le plan de l'é
liptique est passé de 40� à 90�puis de 90�à 40�. Au-delà des deux premières années de mission, l'évolution de l'orbite ests
hématisée sur le graphique de droite de la Figure 32.La pré
ession de l'orbite provoque l'évolution de la perspe
tive d'observation de la Terre.Fin de l'année 2003, l'apogée se situait dans le plan de l'équateur. Ensuite, l'apogée dusatellite se situait dans l'hémisphère sud. Ce 
hangement d'angle de vue a permit de
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Figure 31: Satellite IMAGE. A gau
he, lors de son installation dans la fusée. A droite,plateforme ave
 les di�érents instruments qu'il 
omprend.faire évoluer les obje
tifs s
ienti�ques de la mission : spé
i�quement pour FUV, la phased'apogée de faible latitude était idéale pour l'observation de l'aurore ave
 une meilleure ré-solution spatiale dans les deux hémisphères dans les parties as
endantes et des
endantes del'orbite, ainsi que l'observation 
onjuguée des aurores dans les deux hémisphères. Cepen-dant, l'information globale des observations étaient perdues lors de 
ette phase. Ensuite,la phase d'apogée dans l'hémisphère sud avait pour intérêt de permettre des 
omparaisonsave
 les résultats obtenus lors de la première partie de la mission. En�n, la prolongation dela mission initiale a fourni l'opportunité d'observer l'aurore globalement au fur et à mesurede la phase de dé
lin de l'a
tivité solaire. Le satellite IMAGE a 
essé de transmettre touteinformation �n dé
embre 2005. La mission a �nalement duré 5.75 années, alors qu'elleétait initialement prévue pour 2 ans. Elle 
onstitue un su

ès s
ienti�que remarquable.Le satellite tournait sur lui-même ave
 une période de 2 minutes, 
e qui signi�e que letaux de rotation du satellite valait 3�/se
onde. L'axe de rotation était perpendi
ulaire auplan de l'orbite.Des
ription des instruments FUVLes instruments d'imagerie FUV sont de trois types [Mende et al., 2000a℄ :
• WIC (Wideband Imaging Camera) fournit une image deux dimensions dans la bandespe
trale de LBH produite dans l'ovale auroral par les impa
ts éle
troniques sur N2.
• SI (Spe
trographi
 Imager) fournit une image mono
hromatique en deux dimensions.
• GEO observe la distribution de l'émission géo
oronale Lyman-α.
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Figure 32: Orbite du satellite IMAGE. A gau
he, évolution de l'orbite lors des deux pre-mières années de la mission. A droite, évolution de l'orbite pour la mission prolongéejusqu'en 2007. Les orbites sont représentées pour le 25 mars de 
haque année. Notons quele point de vue des deux �gures est opposé.Nous nous intéressons i
i uniquement aux instruments WIC et SI.WICWIC a pour but de mesurer l'intensité totale de l'aurore dans les régions de longueurd'onde les plus représentatives des sour
es aurorales et les moins 
ontaminées par la planèteé
lairée et d'autres sour
es indésirables. La bande passante de l'instrument est 
ompriseentre 140 et 190 nm, ave
 une faible 
ontribution sous 140 nm (Figure 33). WIC mesuredon
 prin
ipalement l'intensité de l'émission LBH due à l'ex
itation des atomes N2 parles éle
trons et la raie d'émission à 149.3 nm due à NI atomique. L'émission due aux 
ol-lisions des éle
trons sur les atomes d'oxygène 
ontribue également au taux de 
omptage.L'in�uen
e de l'émission OI à 130.4 nm est minime tandis que l'émission OI à 135.6 nmest en partie observée. En�n, une 
ontribution due à la lumière solaire ré�é
hie in�uen
eaussi la mesure. En fait, la bande passante de WIC n'est pas tout à fait nulle au-dessusde 190 nm. Or le spe
tre d'émission du Soleil se 
omporte 
omme le spe
tre d'un 
orpsnoir de température égale à 5700 K. L'émission devient non négligeable pour les longueursd'ondes supérieures à 170 nm et elle est maximale pour une longueur d'onde d'environ 500nm. Ainsi, la lumière solaire di�usée par l'atmosphère de longueur d'onde supérieure à 170nm est également observée par WIC.Le déte
teur WIC est une 
amera CCD. Son 
hamp de vue est de 17.2�x17.2�. A
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Figure 33: Spe
tre N2 LBH sur lequel est tra
ée la bande passante du déte
teur WIC (entraits pointillés).l'altitude du point d'apogée ( 7 RE ), WIC permet d'observer une zone de 13300 kmx 13300 km. L'ovale auroral est visible entièrement lorsque le satellite se situe à 4 à 5 REd'altitude au moins.La résolution du déte
teur a été étudiée a�n de pouvoir observer des phénomènes à desé
helles spatiales de l'ordre de la 
entaine de kilomètres. Pour 
e faire, il faut que le dé-te
teur ait une 
apa
ité minimale de 128 x 128 pixels pour 
ouvrir la totalité du 
hamp devision. Le déte
teur WIC fournit en fait des images de 256 x 256 pixels. Par 
onséquent,à l'apogée, un pixel 
ouvre une région de 52 km x 52 km. La résolution du déte
teur vautdon
 environ 1 à 2�de latitude. Il est à noter que le 
hamp de vue de WIC vaut en fait17.2�dans la dire
tion parallèle à l'axe de rotation du satellite et 30�dans la dire
tion per-pendi
ulaire à l'axe de rotation. Cependant, seule une image de 17.2�x 17.2�est enregistrée.WIC est monté à bord d'IMAGE de telle manière qu'il o�re une vue radiale par rapportà l'axe de rotation du satellite. Attendu que WIC a un 
hamp de 30�dans la dire
tion derotation et que le taux de rotation vaut 3�/se
, 
haque point observé passe 10 se
ondes dansle 
hamp de WIC. Cette 
onsidération dé�nit le temps d'exposition, a�n de tirer avantagede la période entière lors de laquelle l'instrument observe la zone aurorale.SILe Spe
trographi
 Imager, fabriqué par le Centre Spatial de Liège, est un instrumentd'imagerie mono
hromatique. Par une série d'éléments optiques, deux longueurs d'ondes



73di�érentes sont séle
tionnées et 
es photons sont 
omptés par deux déte
teurs di�érents.Son 
hamp de vue est de 16.3�x16.3�. La résolution du déte
teur SI est 128 x 128 pixels.Ainsi, à 7 RE, un pixel 
ouvre une région de 100 km x 100 km.Un des deux déte
teurs (SI12) est sensible à la raie Lyman α de l'hydrogène. En fait,l'émission Ly-α pour l'hydrogène a deux origines :
• l'émission géo
oronale donne une raie à 121.56 nm, appelée � Ly-α froide �.
• l'émission Ly-α aurorale produite par les protons entrant dans l'atmosphère. Elledonne une raie élargie, appelée � Ly-α 
haude �. Pour rappel, un proton in
identpeut arra
her un éle
tron lors d'une 
ollision ave
 un atome ou une molé
ule degaz de l'atmosphère et se 
ombiner pour donner un atome d'hydrogène ex
ité. Laprobabilité est grande que 
et atome H ex
ité se trouve dans un état de transition Ly-

α. La désex
itation spontanée produit un photon dont la longueur d'onde vaut 121.56nm. Cette émission est dépla
ée par e�et Doppler puisque les protons in
idents etpar 
onséquent les atomes H produits, se dépla
ent par rapport au déte
teur.L'imageur spe
tral SI12 a été 
onçu de sorte que la raie Ly-α froide ne soit pas transmise.Les tests de laboratoire ont montré que l'émission géo
oronale apporte une 
ontributioninférieure à 2%. La Figure 34 montre la transmission du déte
teur SI 12 en fon
tion de lalongueur d'onde.

Figure 34: Transmission du déte
teur SI12 en fon
tion de la longueur d'onde, sur laquelleest indiquée la position du pi
 d'émission Lyman-α froide. La 
ourbe de transmissionexpérimentale est représentée en rouge et une 
ourbe de transmission simulée, en bleu.
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tionLe deuxième déte
teur (SI13) est sensible à la longueur d'onde de l'émission OI due à la
ollision des éle
trons ave
 les atomes d'oxygène de la haute atmosphère. En fait, 
es 
olli-sions produisent, entre autres, deux raies relativement intenses. La plus intense est la raie à
λ=130.4 nm mais elle subit des di�usions multiples dans l'atmosphère. Elle ne permet pasd'obtenir une distribution 
orre
te en deux dimensions de la densité des sour
es aurorales.La raie à 135.6 nm est moins intense, mais également beau
oup moins di�usée. Elle donnedon
 une meilleur image de l'émission aurorale. Le déte
teur SI13 est sensible à l'émissionde longueur d'onde λ=135.6 nm ainsi qu'aux raies de N2 LBH présentes dans sa bandepassante (le 
anal de sa bande passante se situe autour de 135.6 ± 4.0 nm). Les mesuresde 
alibration ont montré que la 
ontribution de l'émission à 130.4 nm était inférieure à 1%.La 
alibration des instruments FUVLa sensibilité des déte
teurs WIC et SI a été 
alibrée en vol à partir d'observationsstellaires [Gladstone et al., 2000; Frey et al., 2003a℄. Quatorze étoiles dont les spe
tressont 
onnus par les observations du satellite IUE (International Ultraviolet Explorer) ontété 
hoisies sur base de la variété de leur spe
tre. La Figure 35 montre les 
ourbes et lesparamètres de 
alibration de WIC et de SI12. L'orbite d'IMAGE restant �xe dans l'espa
e,les mêmes étoiles ont été observées de manière 
ontinue au 
ours de la mission. Cette 
ar-a
téristique a été utilisée pour réétalonner quotidiennement les 
améras FUV [Frey et al.,2003a℄.Après la mise en fon
tionnement des instruments en orbite, une se
onde 
alibration aété faite. Elle 
onsistait à e�e
tuer des 
omparaisons ave
 des mesures in situ de �ux departi
ules. Deux appro
hes ont été traitées. D'un part, les observations IMAGE-FUV ontété transformées en �ux énergétique des parti
ules pré
ipitées pour 
omparer les �ux 
al-
ulés au pied des lignes de 
hamps sur lequelles se meuvent le satellite ave
 les �ux mesurésin situ par 
e satellite. La transformation des observations FUV en �ux énergétique reposesur des 
ourbes d'e�
a
ités des instruments FUV évaluées à partir de modèle de transportet de dégradation de l'énergie des parti
ules. Des telles 
omparaisons ont été e�e
tuées àl'aide des mesures in situ des satellites FAST [Bisikalo et al., 2003℄, NOAA [Hubert et al.,2002; Meurant et al., 2003b℄ et DMSP [Bisikalo et al., 2003; Coumans et al., 2004b℄.La se
onde appro
he 
onsiste en la méthode opposée, 
'est-à-dire à simuler les taux de
omptages des instruments FUV à partir des �ux mesurés par les satellites in situ et àles 
omparer ave
 les taux de 
omptage FUV réellement mesurés le long de la tra
e dusatellite in situ. Cette méthode fut utilisée par Frey et al. [2001℄ ave
 des mesures du satel-lite FAST. C'est également la méthode que nous avons 
hoisi lors de la première partie denotre travail et dont la méthode 
omplète et les résultats sont dé
rits au 
hapitre 1.3. Ces
omparaisons ont été e�e
tuées ave
 les mesures in situ des satellites NOAA.Nos résultats ont montré que l'a

ord entre la simulation et l'observation est satisfaisant
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Figure 35: Résultats de la 
alibration stellaire des déte
teurs WIC (en haut) et SI12 (enbas), utilisant 14 étoiles ayant des spe
tres IUE variés. Les observations ont été e�e
tuéespar les instruments FUV le 19 juin 2000 [Gladstone et al., 2000℄.
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tiontant en morphologie qu'en intensité pour la plupart des 
omparaisons e�e
tuées 16. Dansle 
as de WIC, l'a

ord moyen est de 70%, alors que dans le 
as de SI12, le nombre de
oups observé semble systématiquement 2 fois plus élevé que le nombre de 
oup 
al
ulé.Si on inverse la démar
he, on obtient pour un nombre de 
oups 
al
ulé, un �ux énergé-tique deux fois trop grand par rapport au �ux énergétique réel. Pour 
ette raison, nousavons dé
idé de systématiquement diviser par un fa
teur 2 les �ux de protons que nous éval-uons à partir des observations SI12 à l'aide du modèle de Monte Carlo [Gérard et al., 2000℄.

16En tenant 
ompte des di�éren
es de résolution spatiale et temporelle des instruments, nous avons
omparé les observations simulées et les observations réelles le long du pied des lignes de 
hamp suivant12 traje
toires des satellites NOAA.
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tifs de nos re
her
hesPourquoi s'intéresser à la pré
ipitation aurorale de protons?Comme nous l'avons expliqué pré
édemment, les mé
anismes d'a

élération et de pré-
ipitation des éle
trons et des protons auroraux sont di�érents et peuvent se situer dansdes régions de l'espa
e di�érentes. Les mé
anismes de pré
ipitation d'éle
trons sont assezbien 
onnus 
ar beau
oup de 
es mé
anismes ont lieu dans des régions assez pro
hes dela Terre et par
e que beau
oup de mesures et d'observations diverses de la pré
ipitationéle
tronique sont disponibles : mesures in situ, observations radar du sol mais aussi ob-servations globales. Certains mé
anismes a

élérant les protons sont quant à eux lo
alisésassez loin dans la queue de la magnétosphère et sont en
ore assez mal 
onnus, notammentpar le manque d'observation globale.Il est important d'analyser la pré
ipitation de protons auroraux pour mieux 
onnaîtrenotre environnement géomagnétique. En e�et, jusqu'au lan
ement du satellite IMAGE,la pré
ipitation aurorale de protons ne pouvait être observée qu'à partir de mesures insitu ou d'observations au sol. Au
une observation globale de l'ensemble de la pré
ipitationde protons dans l'hémisphère Nord n'était a

essible alors que la pré
ipitation d'éle
tronsétait, quant à elle observée. Par exemple, l'instrument UVI (ultraviolet imager) à borddu satellite POLAR a donné une image de l'ensemble de l'hémisphère Nord dans le do-maine de longueur d'onde ultraviolet allant de 160 à 180 nm. Il observait les raies LBH(Lyman-Birge-Hop�eld) induites par l'ex
itation de l'azote molé
ulaire par la pré
ipitationéle
tronique aurorale ainsi que par les éle
trons se
ondaires produits par la pré
ipitationaurorale de protons. Ces observations 
ontiennent don
 une 
omposante due aux protons,mais au
un moyen ne permet de dis
riminer les e�ets des deux types de parti
ules. Ainsi,les travaux analysant la pré
ipitation aurorale ignorent les protons en les assimilant à deséle
trons.L'instrument SI12 à bord du satellite IMAGE, dé
rit 
i-dessus, permet de visualiseret d'analyser la pré
ipitation instantanée de protons auroraux. Comme nous le montronsau 
hapitre 1, les protons peuvent lo
alement 
ontribuer à plus de 50 % au �ux énergé-tique total et les négliger pourrait entraîner lo
alement une erreur relativement importante.Nos re
her
hes s'intègrent don
 dans l'étude générale de l'in�uen
e des protons auro-raux sur notre environnement. Mais le but à long terme de 
e type d'étude est la "pré-di
tion". Le souhait général est de pouvoir prédire l'apparition et l'intensité des aurores.Ces phénomènes ont une in�uen
e pratique sur notre environnement 
ar ils impliquent desperturbations éle
triques notamment sur les 
ommuni
ations radio dans la haute atmo-sphère. De plus, une meilleure 
onnaissan
e de l'environnement magnétique terrestre etdu 
ouplage entre 
elui-
i et le vent solaire permettrait de développer une "météorologiespatiale" �able.





Chapter 1Ele
tron and proton ex
itation of theFUV aurora : Simultaneous IMAGEand NOAA observations
1.1 Introdu
tion : Les modèles de transport et de dé-gradation d'énergie des parti
ules auroralesA�n de transformer les 
oups observés par les instruments FUV en �ux énergétique departi
ules pré
ipitées, des modèles de transport et de dégradation des parti
ules auroralessont utilisés. Il existe divers modèles d'intera
tion des éle
trons et des protons auroraux ave
l'atmosphère. Ils permettent de 
al
uler les taux d'ionisation, de désex
itation, d'é
hauf-fement et les pro
essus d'émission. Ils fournissent également les intensités aurorales pourdi�érentes longueurs d'ondes.Les modèles ont été utilisés pour 
al
uler les 
ourbes d'e�
a
ité des instruments FUV,
'est-à-dire le rapport du nombre de photons déte
tés au �ux de photons in
idents en fon
-tion de la longueur d'onde. Ainsi, à partir des 
oups observés par les instruments FUV, ilest possible d'obtenir dire
tement les �ux énergétiques pré
ipités 
onnaissant l'énergie desparti
ules qui pré
ipitent.Modèle d'intera
tion des éle
trons auroraux ave
 l'atmosphèreLe modèle utilisé est le modèle GLOW [Solomon et al., 1988℄. Il se base sur un modèlede transport des éle
trons [Banks and Nagy , 1970; Stolarski , 1972; Banks et al., 1974℄ quiprend en 
onsidération les 
ollisions élastiques et inélastiques entre les éle
trons et les par-ti
ules neutres et ionisées de l'atmosphère supérieure.Le �ux d'éle
trons est 
al
ulé en se basant sur une approximation à deux fais
eaux, 
e79
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omparisons of FUV auroraqui signi�e que la distribution des angles d'attaque est dé
rite approximativement par unfais
eau as
endant et un fais
eau des
endant d'éle
trons. La méthode résout les équationsde transport pour les deux �ux hémisphériques le long d'une ligne de 
hamp géomagnétique,en fon
tion de l'énergie. Elle prend en 
onsidération les 
ollisions élastiques et inélastiquesave
 les trois espè
es neutres majoritaires (O, O2, N2) et ave
 les parti
ules ionisées del'atmosphère supérieure, ainsi que la produ
tion d'éle
trons se
ondaires. Les e�ets de lagravité, des 
hamps éle
triques parallèles et de la 
onvergen
e des lignes de 
hamp sontnégligés.Lorsque la dégradation de l'énergie dans 
es �ux d'éle
trons est 
al
ulée en fon
tion del'altitude, les intensités d'émissions aurorales pour di�érentes longueurs d'ondes peuventêtre déterminées en utilisant les se
tions e�
a
es d'ex
itation et d'ionisation. Une étude[Solomon, 2001℄ a montré que, lorsque les pas en énergie et en altitude sont adéquats, laméthode à deux fais
eaux fournit des distributions verti
ales identiques aux méthodes plussophistiquées (multi-fais
eaux, Monte-Carlo).Le modèle de transportComme indiqué pré
édemment, 
e modèle se base sur une approximation à deux fais-
eaux. Le �ux d'éle
trons dans un domaine d'énergie 
inétique (ε,ε +dε) 1, le long d'uneligne de 
hamp géomagnétique (
oordonnées s), est dé
omposé en deux : φ+(ε, s) est le�ux dirigé vers le haut, par lequel les éle
trons s'éloignent de la Terre et φ−(ε, s) est le �uxdirigé vers le bas, 
'est-à-dire en dire
tion de la Terre.Des éle
trons sont également produits au sein de l'atmosphère lors de réa
tions d'ioni-sation. Le taux de produ
tion de 
es éle
trons se
ondaires par unité d'énergie et de volumeest représenté par q(ε, s). La répartition est supposée égale entre les deux fais
eaux et une
ontribution de q/2 intervient dans les deux 
omposantes du �ux : φ+ et φ−.Les éle
trons se mouvant dans l'atmosphère interagissent ave
 les parti
ules neutres et
hargées, lors de 
ollisions élastiques de se
tion e�
a
e σe(ε) et de 
ollisions inélastiquesde se
tion e�
a
e σa(ε). Les 
ollisions élastiques modi�ent le nombre d'éle
trons parti
i-pant aux �ux hémisphériques. En e�et, au 
ours d'une 
ollision élastique, un éle
tron sedirigeant vers le bas peut être rétrodi�usé et ainsi prendre part au �ux as
endant et vi
e etversa. Les 
ollisions inélastiques modi�ent l'énergie des éle
trons, 
e qui provoque un e�etde 
as
ade entre les di�érents groupes d'éle
trons d'énergies di�érentes. Des éle
trons dehaute énergie peuvent 
éder une partie de 
elle-
i aux parti
ules 
ibles et ainsi se retrouverave
 une énergie plus faible. Les 
ollisions inélastiques peuvent également provoquer une1Le modèle de transport utilise une grille en énergie 
omposée de 190 intervalles de largeur variable. Abasse énergie, les intervalles sont petits (largeur ∼ 0.5 eV pour E =10 eV). La largeur augmente graduel-lement ave
 l'énergie (largeur ∼25 keV pour E ∼ 1 MeV).
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tion 81rétrodi�usion.Ainsi, les équations de 
ontinuité pour les �ux hémisphériques s'é
rivent :
dφ+

ds
= −

1

< cos θ >

∑

k

nk(σ
k
a+pk

eσ
k
e )φ++

1

< cos θ >

∑

k

nkp
k
eσ

k
eφ

−+
q

2 < cos θ >
+

q+

< cos θ >(1.1)
−

dφ−

ds
= −

1

< cos θ >

∑

k

nk(σ
k
a+pk

eσ
k
e )φ−+

1

< cos θ >

∑

k

nkp
k
eσ

k
e φ++

q

2 < cos θ >
+

q−

< cos θ >(1.2)ave

q±(ε, s) =

∑

k

nk(s)
∑

i

{pk
ai(E)σk

ai(E → ε)φ∓(E, s) + [1 − pk
ai(E)]σk

ai(E → ε)φ±(E, s)}et
s, la distan
e le long d'une ligne de 
hamp (+ en s'éloignant de la Terre),
φ+(ε, s), le �ux dirigé vers le haut, le long de s,
φ−(ε, s), le �ux dirigé vers le bas, le long de s,
k, l'indi
e 
orrespondant aux di�érentes espè
es neutres,
nk(s), la densité de la kème espè
e,
pk

e(ε), la probabilité que les éle
trons soient rétrodi�usés au 
ours d'une 
ollision élastiqueave
 la kème espè
e,
q(ε, s), le taux de produ
tion d'éle
trons se
ondaires dans le domaine d'énergie (ε,ε + dε),dû aux pro
essus d'ionisation,
q±, le taux de produ
tion d'éle
trons dans le domaine d'énergie (ε,ε + dε) dû à la 
as
aded'éle
trons de haute énergie vers des énergies plus basses, provenant des pro
essus inélas-tiques ave
 la kème espè
e,
pk

ai, la probabilité que les éle
trons soient rétrodi�usés au 
ours d'une 
ollision inélastiqueave
 la kème espè
e,
σk

ai, la se
tion e�
a
e du ième pro
essus d'ex
itation de la kème espè
e, tel que σk
a =

∑

i σ
k
ai,

θ, l'angle d'attaque des éle
trons.Le signe négatif devant la variation du �ux des
endant dφ−

ds
est dû au fait que ds est dirigévers le haut tandis que φ− est dirigé vers le bas.Pour rappel, l'angle d'attaque d'une parti
ule est l'angle entre son ve
teur vitesse et latangente à la ligne de 
hamp magnétique sur laquelle elle se meut. L'angle d'attaque est
ompris dans l'intervalle [0�,90�℄ pour le �ux des
endant φ− et dans l'intervalle [90�,180�℄pour le �ux as
endant φ+. La division par le 
osinus moyen de l'angle d'attaque vise àprendre en 
onsidération la distribution angulaire des parti
ules pré
ipitées dans une mo-délisation à deux fais
eaux. En e�et, les éle
trons ayant un grand angle d'attaque vontsubir un plus grand nombre de 
ollisions dans la portion ds. Nous avons 
onsidéré que la
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e 
as, < cos θ >= 1
2

2.On peut é
rire
T1 =

1

< cos θ >

∑

k

nkp
k
eσ

k
e (1.3)

T2 =
1

< cos θ >

∑

k

nk(σ
k
a + pk

eσ
k
e ) (1.4)

p± = −
q

2 < cos θ >
+

q±

< cos θ >
(1.5)où T1 est le terme de produ
tion par rétrodi�usion, qui 
ontr�le le �ux d'éle
trons quittantle fais
eau opposé, T2 le terme de perte dû aux 
ollisions élastiques et inélastiques et p± leterme de 
as
ade des éle
trons ayant perdu leur énergie par 
ollision inélastique.Si l'on suppose que les lignes de 
hamp sont parallèles et verti
ales (hypothèse parlaquelle on néglige la 
onvergen
e des lignes de 
hamp), ds ≈ dz et on obtient le systèmed'équations 
ouplées suivant :

dφ+

dz
= −T2φ

+ + T1φ
− + p+ (1.6)

−
dφ−

dz
= −T2φ

+ + T1φ
− + p− (1.7)Il su�t de sortir φ+ de l'équation 1.6 et de l'inje
ter dans l'équation 1.7 pour obtenirl'équation di�érentielle du deuxième ordre suivante :

d2φ+

dz2
+ α

dφ−

dz
+ βφ− + γ = 0 (1.8)où

α = T1
d

dz
(

1

T1

) = −
1

T1

dT1

dz
(1.9)

β = T 2
1 − T 2

2 − T1
d

dz
(
T2

T1

) (1.10)
γ = T1p

+ + T2p
− +

dp−

dz
−

p−

T1

dT1

dz
(1.11)Remarquons que les termes T1,2 dépendent des �ux φ par le biais des q±.Le 
ode FORTRAN utilisé résout 
ette équation di�érentielle (équation 1.8) par la mé-thode de Cran
k-Ni
holson (méthode numérique d'intégration impli
ite) en 
onsidérant les
onditions aux limites dé
rites 
i-dessous.2Il existe d'autres 
onventions pour la valeur moyenne du 
osinus de l'angle d'attaque. L'une d'elles estde 
onsidérer < cos θ >= 1

√

3
[Grodent , 2000℄.
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tion 83Le modèle d'atmosphèrePour obtenir les densités en parti
ules neutres dans l'atmosphère, nous avons fait appelau modèle MSIS-86 (Mass Spe
trometer and In
oherent S
atter) [Hedin, 1987℄. C'est unmodèle semi-empirique développé prin
ipalement sur base de mesures de spe
trométrie demasse par satellites et de sondeurs ionosphériques à di�usion in
ohérente. Il appro
he lespro�ls verti
aux de température et de densité par des fon
tions analytiques théoriques,
ompatibles ave
 la loi d'équilibre hydrostatique. L'ajustement se fait sur base de donnéesd'a
tivité solaire, d'a
tivité magnétique, ainsi que sur l'heure universelle et la position géo-graphique.Conditions aux limitesA�n de résoudre l'équation di�érentielle 1.8, il a été né
essaire d'imposer des 
onditionsaux limites.Pour la limite inférieure :
φ+(E, z → 0) = φ−(E, z → 0) = 0 (1.12)
e qui signi�e que les �ux d'éle
trons au niveau du sol sont nuls.Pour la limite supérieure :

φ−(E, z = a) est donné par une distribution énergétique maxwellienne du �ux in
ident
onnaissant l'énergie des éle
trons in
idents.Modélisation des taux d'émissionLorsque la dégradation de l'énergie dans les �ux d'éle
trons est 
al
ulée en fon
tion del'altitude, les taux d'émission aurorale pour di�érentes longueurs d'ondes peuvent être dé-terminés. Le 
al
ul des taux d'émission volumique s'e�e
tue sur base des se
tions e�
a
esd'ex
itation et d'ionisation. Celles-
i ont été mesurées en laboratoire sous 
onditions lesplus similaires possibles à 
elles régnant dans la haute atmosphère.Le 
al
ul du taux d'émission volumique résoud les intégrales suivantes :
ηk

i (z) = ni

∫ ∞

S

φ(E)σk
i (E)dE (1.13)où

ηk
i est le taux d'émission volumique dans la transition k à l'altitude z,

ni est la densité de la ième espè
e à l'altitude z,
φ(E) est la fon
tion de distribution des éle
trons. La forme de φ(E) = φ+ + φ− est donnéepar les solutions des équations 1.1 et 1.2,
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σk

i est la se
tion e�
a
e d'émission dans la transition k de la ième espè
e à l'altitude z,
S est le seuil d'ex
itation de la transition k.Résultats du modèleLe 
ode FORTRAN fournit le taux volumique d'émission aurorale en fon
tion de l'alti-tude, pour toute une série de longueurs d'ondes ; entre autres, l'émission OI à 130,4 nm,
elle à 135,6 nm et l'émission LBH.Les taux d'émission volumique aurorale pour les diverses longueurs d'ondes en fon
tionde l'altitude ainsi 
al
ulés sont intégrés sur l'altitude, le long de diverses lignes de visée 3,pour pouvoir dire
tement être utilisés ave
 les données FUV. De plus, 
onnaissant la se
tione�
a
e d'absorption par O2 (voir Figure 30), ainsi que la densité de 
e 
onstituant danstoute l'atmosphère (fournie par le modèle MSIS-86), l'intégration a pris en 
onsidérationl'absorption de l'émission par O2.Modèle d'intera
tion des protons auroraux ave
 l'atmosphèreComme expliqué pré
édemment, lors de 
ollisions inélastiques ave
 les 
onstituants iono-sphériques, les protons in
idents peuvent subir un é
hange de 
harge et devenir des atomesd'hydrogène ex
ités (voir Equations 34). La désex
itation de 
eux-
i produit l'émissionLyman-α.Le modèle de transport des protons auroraux présenté par Gérard et al. [2000℄ résoutles équations de Boltzmann pour un fais
eau H+-H par une méthode de Monte Carlo. Pourun fais
eau de protons ayant une 
ertaine énergie et un 
ertain �ux énergétique entrantau sommet de l'atmosphère, 
e modèle suppose que les 
ollisions de 
e fais
eau ave
 les
onstituants de l'atmosphère provoquent, entre autres, des pro
essus d'é
hange de 
harge.Ces 
ollisions vont générer une population d'atomes d'hydrogène rapides, qui à leur tour,vont être 
onvertis en ions H+. Le 
ode 
al
ule toutes les 
ollisions élastiques et inélastiques(résumées par les Equations 34 et 35) que subissent 
es deux espè
es.Ce modèle a permis de 
al
uler les taux d'émission de Ly-α en fon
tion de l'énergie desparti
ules in
identes. La Figure 1.1 présente le taux d'émission pour un �ux de protonsde 1 erg/cm2.s en fon
tion de l'énergie 
inétique des parti
ules pré
ipitées. Ce taux estexprimé en kR (kiloRayleigh) 4 par unité de �ux in
ident.3les taux sont intégrés sur plusieurs lignes de visée di�érentes, dont les angles varient par pas de 10�entre 0�et 90�4Un Rayleigh est égal à un taux d'émission intégré de 106 photons par 
m2 et par se
onde :
1[R] = 106

[cm2]·[sec] . Cette dé�nition suppose que la sour
e est étendue et permet ainsi de ne pas prendre en
onsidération l'éloignement de 
elle-
i par rapport à l'observateur. En e�et, la brillan
e d'une sour
e estinversement proportionnelle au 
arré de sa distan
e à l'observateur. Mais, la région vue par l'observateur
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Fig. 1.1 � Taux d'émission total 
al
ulé pour un �ux de protons de 1 erg/cm2.s en fon
tionde l'énergie 
inétique des parti
ules (trait 
ontinu). La 
ourbe en traits pointillés représentele taux de 
omptage SI12 
orrespondant pour une observation verti
ale.Pour la modélisation des taux de 
omptage WIC dus aux protons, le pro
édé est lesuivant : la méthode de Monte Carlo a permis de 
al
uler le taux de réa
tions entre lesprotons et les 
onstituants ionosphériques et don
 le nombre d'éle
trons se
ondaires pro-duits. Connaissant les taux de produ
tion des éle
trons et leur énergie (liée à l'énergie desprotons in
idents), les émissions dues à 
es éle
trons ont été modélisées 
omme expliquédans le paragraphe pré
édent. Ainsi, la 
ontribution des protons dans les observations WICpeut être soustraite avant d'évaluer les �ux énergétiques des éle
trons pré
ipités à partirdes observations WIC.

est proportionnelle au 
arré de la distan
e entre 
elui-
i et la sour
e. Ainsi, dans la 
as d'une sour
e éten-due, l'augmentation de la brillan
e liée à l'augmentation de l'angle de vue et la diminution de 
elle-
i liéeà l'éloignement se 
ompensent.
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omparisons of FUV aurora1.2 Résumé introdu
tifPeu après le lan
ement du satellite IMAGE, j'ai 
ommen
é mes travaux par une étapede validation et de 
alibration des observations FUV. J'ai 
omparé les observations desinstruments WIC et SI12 ave
 des prédi
tions de modèles 
ouplées à des mesures de par-ti
ules des satellites NOAA-15 et 16. La situation des satellites lors de 
es 
omparaisonsest s
hématisée à la Figure 1.2. Les modèles d'intera
tion des parti
ules aurorales ave
l'atmosphère (dé
rits au paragraphe pré
édent) sont utilisés ave
 les �ux de protons etd'éle
trons mesurés in situ et les énergies 
hara
téristiques des parti
ules a�n de 
al
ulerl'émission aurorale au pied des lignes de 
hamp magnétique le long des traje
toires dessatellites NOAA. Ces satellites sont équipés de 2 types de déte
teurs : l'un mesurant lesparti
ules dont l'énergie est 
omprise entre 50 eV et 20 keV et l'autre, 
elles dont l'énergieest supérieure à 30 keV, de sorte que 
es 
omparaisons in
luent toute la gamme des éner-gies aurorales. En 
onsidérant les résolutions spatiales di�érentes pour les deux déte
teurset le lissage 
orre
t des mesures in situ, le signal observé par WIC est bien modélisé. La
omparaison du signal SI12 observé et du signal modélisé montre un (dés)a

ord de 50% :résultat important puisqu'il aura des réper
utions pratiques pour la suite du travail. Les
omparaisons ont montré les prin
ipaux résultats suivants :� on observe un a

ord satisfaisant tant en morphologie qu'en intensité pour la plupartdes survols des satellites,� la 
ontribution des protons dans le signal WIC peut lo
alement être signi�
ative et nepeut don
 pas être systématiquement négligée,� dans 
ertains se
teurs, les protons de haute énergie dominent le �ux énergétique deprotons et 
omptent pour une fra
tion importante de l'émission Ly-α,� au point de vue de la morphologie, on observe le dé
alage en latitude entre l'ovale deprotons et l'ovale des éle
trons dans le se
teurs du 
répus
ule.Tous 
es résultats sont dé
rits expli
itement dans l'arti
le repris dans les pages suivantes(publié dans la revue Journal of Geophysi
al Resear
h en 2002.)
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IMAGE

NOAA

Fig. 1.2 � S
héma résumant la situation des satelittes IMAGE et NOAA lors de leursmesures respe
tives.
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1.3. IMAGE-NOAA 
omparisons of FUV aurora 891.3 Ele
tron and proton ex
itation of the FUV aurora :Simultaneous IMAGE and NOAA observationsV. Coumans, J.-C. Gérard, B. HubertLaboratoire de Physique Atmosphérique et Planétaire, Université de LiègeD.S. EvansNOAA Spa
e Environment Center, BoulderPublished in Journal of Geophysi
al Resear
h - Spa
e Physi
s (November 6, 2002).



90 1. IMAGE-NOAA 
omparisons of FUV auroraAbstra
t[1℄ The Far Ultraviolet (FUV) imaging system on board the IMAGE satellite provides aglobal view of the north auroral region in di�erent spe
tral 
hannels. The Wideband ImagingCamera (WIC) is sensitive to the N2 LBH emission and NI emissions produ
ed by bothele
tron and proton pre
ipitations. The SI12 
amera images the Lyman-α emission dueto in
ident protons only. We 
ompare WIC and SI12 observations with model predi
tionsbased on parti
le measurements from the TED and the MEPED dete
tors on board NOAA-TIROS spa
e
raft. Models of the intera
tion of auroral parti
les with the atmosphere areused together with the in situ proton and ele
tron �ux and 
hara
teristi
 energy data to
al
ulate the auroral brightness at the magneti
 footprint of the NOAA-15 and NOAA-16orbital tra
ks. The MEPED experiment measures the pre
ipitating parti
les with energyhigher than 30 keV, so that these 
omparisons in
lude all auroral energies, in 
ontrastto previous 
omparisons. A satisfa
tory agreement in morphology and in magnitude isobtained for most satellite over�ights. The observed FUV-WIC signal is well modeled ifthe di�erent spatial resolution of the two sensors is 
onsidered and the in situ measurementsproperly smoothed. The 
al
ulated 
ount rate in
ludes 
ontributions from LBH emission,the NI 149.3 nm line and the OI 135.6 nm line ex
ited by ele
trons and protons. Theproton 
ontribution in WIC 
an lo
ally dominate the ele
trons. The 
omparisons indi
atethat protons 
an signi�
antly 
ontribute to the FUV aurora at spe
i�
 times and pla
es and
annot be systemati
ally negle
ted. The results 
on�rm the shift of the proton auroral ovalequatorward of the ele
tron oval in the dusk se
tor. We also show that in some regions,espe
ially in the dusk se
tor, high-energy protons dominate the proton energy �ux anda

ount for a large fra
tion of the Lyman-α and other FUV emissions.



1.3. IMAGE-NOAA 
omparisons of FUV aurora 911.3.1 Introdu
tion[2℄ The IMAGE (Imager for Magnetopause-to-Aurora Global Exploration) satellite, laun
hedin Mar
h 2000, is a mission for remote sensing simultaneously of all regions of the Earth'smagnetosphere. Its main obje
tive is to determine how the magnetosphere responds glob-ally to the 
hanging 
onditions in the solar wind [Bur
h, 2000℄. On board the IMAGEsatellite, the FUV imaging system globally observes the north auroral region in the farultraviolet [Mende et al., 2000a℄. The imagers are designed to monitor the ele
tron andproton pre
ipitation and dis
riminate between the two types of parti
les. The experimentis 
omposed of three di�erent instruments: the Wideband Imaging Camera (WIC) andtwo Spe
trographi
 Imagers (SI12 and SI13). One 
hara
teristi
 of the FUV imager is its
apability to simultaneously observe in all three spe
tral regions. SI12 is the �rst FUVimager able to dete
t in
ident proton �ux without 
ontribution from ele
trons. The WICpassband 
overs a spe
tral region in
luding emissions ex
ited by both protons and ele
trons.[3℄ Senior et al. [1987℄ used simultaneous data obtained with the Chatanika in
oherents
atter radar and the Dynami
s Explorer 2 (DE 2) and NOAA 6 satellites to relate the lo
a-tions of the pre
ipitating parti
les in the evening-se
tor auroral oval. Auroral luminositiesobserved with the Dynami
s Explorer 1 (DE 1) imager were 
ompared with simultaneousChatanika radar observations [Robinson et al., 1989℄ to determine an empiri
al relationshipbetween the luminosities measured at FUV wavelengths and the Hall and Pedersen 
on-du
tan
es. Østgaard et al. [1999℄ and Østgaard et al. [2000℄ made a similar analysis fromPOLAR UVI satellite data. Comparisons were made between the pre
ipitation patternsof the high-energy (PIXIE) and low-energy (UVI) ele
tron populations, 
orrelated withground-based observations and geosyn
hronous satellite data. Liou et al. [1999℄ 
omparedauroral images from the Polar UVI and simultaneous parti
le observations from the De-fense Meteorologi
al Satellite Program (DMSP) in the afternoon (1300-1600 MLT) se
toralong the oval in the northern hemisphere to determine the magnetospheri
 sour
e regionof postnoon auroral bright spots. Similarly when in situ measurements of 
harged parti-
le �ux and energy are available, one 
an model the responses of the FUV imagers frommodels of the intera
tion of auroral parti
les with atmospheri
 
onstituents. Frey et al.[2001℄ used in situ parti
le data from the FAST satellite along two orbits on June 24 and25, 2000 to model the WIC imager response. A 
omparison between the modeled WICresponse and the observations showed good agreement. It was also demonstrated thatin one 
ase protons 
ontributed signi�
antly to the observed signal. Gérard et al. [2001℄presented a 
omparison with SI12 observations for one of the two FAST over�ights wherethe simulated SI12 response underestimated the latitudinally integrated brightness. Thisdis
repan
y was possibly attributed to high-energy protons above the 30 keV upper limit ofthe FAST dete
tor, suggesting that higher energy protons 
ould be important in produ
ingthis emission. In the present work, we use in situ parti
le measurements from NOAA-15and NOAA-16 satellites to verify this possibility and assess the role of proton ex
itationof FUV emissions. The NOAA measurements o�er the advantage of observing ele
trons inthe energy range 50 eV-1000 keV and protons from 50 eV to 800 keV, in
luding all relevant
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omparisons of FUV auroraauroral energies. We are thus able to analyze separately the 
ontribution of protons andele
trons in the WIC signal and to assess the importan
e of the high-energy protons.[4℄ The statisti
al study by Hardy et al. [1989℄ using the DMSP satellite data set indi-
ated that the highest average proton energies are found in the evening se
tor of the oval,with average energies 
lose to or ex
eeding 30 keV. Even though energeti
 protons arenot an overall dominant energy sour
e in the high-latitude region, they 
an be importantat given lo
ations and times, parti
ularly near the equatorward boundary of the auroraloval in the afternoon and premidnight se
tors as suggested by Hubert et al. [2001℄. TheNOAA-15 orbit is well suited to study the region around 1800 MLT and the evening se
tor.[5℄ In se
tion 1.3.2, we �rst des
ribe the instrumentation 
hara
teristi
s on board IMAGEand NOAA satellites, and the in situ data from whi
h we model the emission rates to be
ompared with the FUV observations. In a se
ond part we des
ribe the models used to
al
ulate the auroral brightness from the parti
le �ux and average energy. Se
tion 1.3.2summarizes the methodology of all the 
omparisons, in
luding the pro
edure used to ex-tra
t FUV information along the NOAA satellite tra
k and the 
omparison of the modeledemission rate based on NOAA data with the FUV observations. In se
tion 1.3.3 we presentsome of the results obtained for WIC and SI12. Se
tion 1.3.4 analyzes the role played byhigh-energy protons in the energy �ux and in FUV signals. We �nally dis
uss possiblesour
es of expe
ted errors and model un
ertainties.1.3.2 Instrumentation and models[6℄ For this work we used two of the FUV instruments on board the IMAGE satellite : WICand SI12. Data from the two di�erent parti
le dete
tors on board the NOAA satelliteswere used as well. We �rst des
ribe those instruments and se
ond the numeri
al modelsthat 
al
ulate the FUV auroral brightness from parti
le measurements.FUV experiment[7℄ The IMAGE satellite is in a highly ellipti
al orbit with an initial perigee altitude of1000 km and an apogee of about 7 Re. The WIC imager has a passband between 140-180nm with a low sensitivity below 140 nm. It is mostly sensitive to the LBH bands and the149.3 nm NI line ex
ited by ele
tron impa
t on N2 and N with a small 
ontribution of theNI 174.3 nm doublet. The WIC response also in
ludes a small 
ontribution from the OI135.6 nm line. NI and OI ex
itations are produ
ed by in
ident primary ele
trons and pro-tons and se
ondary ele
trons 
olliding with neutral atoms. The LBH emission 
an also beprodu
ed by protons and se
ondary ele
trons those protons produ
e. The WIC CCD 
am-era outputs the information digitally in the form of AD 
onverted 8-bit bytes (AD units).The Spe
trographi
 Imager is a narrow-band imager of far ultraviolet auroral emissions at
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omparisons of FUV aurora 93121.8 nm and 135.6 nm. In this study, we only 
onsider the SI12 imager, whi
h measuresthe brightness of the Doppler shifted Lyman-α auroral emission. Pre
ipitating protons
olliding with neutral atmospheri
 
onstituents 
an 
apture an ele
tron and be
ome fasthydrogens. A fra
tion of fast atoms is produ
ed in the H(2p) state and radiates the Ly-αline. The observed line is shifted owing to the relative motion between the emitting atomsand the dete
tor. SI12 e�
iently reje
ts the geo
oronal Ly-α emission at 121.56 nm andonly images proton pre
ipitation [Mende et al., 2001℄.NOAA/MEPED-TED instruments[8℄ The Spa
e Environment Monitor on board the NOAA-TIROS satellites in
ludes two in-struments used for this study. The Total Energy Dete
tor (TED) measures the dire
tionalenergy �ux 
arried towards the atmosphere by ele
trons and positive ions in the energyrange from 50 eV to 20 keV. The measurements are made at two pit
h angles within theatmospheri
 loss 
one. These pit
h angles are transformed along the magneti
 �eld to 120km altitude, and an integration of the dire
tional energy �uxes over pit
h angle is madeto obtain the downward energy �ux 
arried by ele
trons and protons. The energy �uxes
arried by these parti
les are 
al
ulated along the satellite traje
tory every 2 se
onds. TheTED instrument also identi�es the energy band in whi
h the maximum sensor responseo

urred during the energy sweep. Modeling of the instrument response shows that thisenergy band generally 
ontains the maximum in the di�erential energy �ux spe
trum. Thisenergy band, together with the downward energy �ux, is also telemetered every 2 se
ondsfor both types of parti
le. No signi�
ant di�eren
e between the 
hara
teristi
 energies as-so
iated with the two pit
h angles is usually found [Fuller-Rowell and Evans, 1987℄. Table1.1 lists the energy bins from ea
h dete
tor. The 
ombination of the 
hara
teristi
 parti
leenergy and the total energy �ux, assuming a parti
ular energy spe
tral distribution, maybe used to de�ne the initial parti
le energy distribution above the atmosphere. Addition-ally, the sensors' responses in four energy 
hannels are telemetered every 16 se
onds forele
trons and protons. These data have been used to 
he
k the validity of the Maxwellian(ele
trons) or kappa (protons) distributions assumed for the higher time-resolution, butless spe
tral information, data provided every 2 se
onds.[9℄ The Medium Energy Proton and Ele
tron Dete
tor (MEPED) instrument is a setof solid-state parti
le dete
tors sensitive to ele
trons in three integral energy bands, >30keV, > 100 keV, and >300 keV, and to protons in the three di�erential energy bands 30-80 keV, 80-250 keV, and 250-800 keV. The measurements are made with a 2-s resolutionat one parti
le pit
h angle within the atmospheri
 loss 
one and at a se
ond pit
h anglenear 90�. The MEPED 2-s average proton and ele
tron 
ounts are telemetered separatelyfor ea
h energy 
hannel. The 
hara
teristi
s of both dete
tors are summarized in Table 1.1.[10℄ The low-energy observations may be 
ombined with the measurements of the moreenergeti
 parti
les from the solid-state dete
tors to re
onstru
t the parti
le energy spe
trum
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Channel Energy range, Proton Energy, Ele
tron EnergyNumber eV keV keVTED1 50-732 73-1063 106-1544 154-2245 224-3256 325-4737 473-6888 688-10009 1000-145410 1454-211511 2115-307512 3075-447213 4472-650314 6503-945715 9457-1375316 13753-20000 MEPED1 30-80 >302 80-240 >1003 204-800 >300Table 1.1: Chara
teristi
 energies of the TED and MEPED dete
tors
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omparisons of FUV aurora 95over an energy range extending from 50 eV to more than 100 keV. The energy spe
trum isre
onstru
ted providing that (1) the energy �ux in the 50 eV - 20 keV interval mat
hes theTED measurements and (2) the peak energy �ux is rea
hed at an energy 
orresponding tothe 
hara
teristi
 energy identi�ed in the TED measurements. For the ele
tron �ux, weuse a Maxwellian approximation as re
ommended by Stri
kland et al. [1993℄:
f(E) =

Q0

2πE2
0

E

E0
exp (−

E

E0
), (1.14)where E0 is the 
hara
teristi
 energy of the ele
trons and Q0 the total energy �ux (in

mW/m2). Equation (1.14) represents the form of the di�erential �ux we used. TheMaxwellian �ux peaks at the energy Ep = 2E0 = 〈E〉.[11℄ In the 
ase of protons, measurements suggest that a kappa distribution provides abetter �t to the observed proton energy spe
trum. The shape of the kappa fun
tion isrepresented by equation (1.15)
f(E) =

Q0

2πE2
0

(κ − 1)(κ − 2)

κ2

E

E0

(κE0)
κ+1

(E + κE0)κ+1
, (1.15)where E0 is the 
hara
teristi
 energy of the protons, Q0 the total energy �ux. This �ux ismaximal at the energy Ep given by:

Ep = 2E0
κ

κ − 1
= 〈E〉

κ − 2

κ − 1
. (1.16)The kappa index was determined by �tting the average proton energy spe
tra given byHardy et al. [1989℄'s Figure 7 for Kp=3 at four di�erent lo
al times [Hubert et al., 2001℄.A value of 3.5 was adopted as it provides a reasonably good �t to the data.[12℄ Using these approximations, the 
ombination of the measured energy �ux between 50eV and 20 keV and the TED peak energy allows one to extrapolate the total energy �ux upto 30 keV. The total energy �ux is then 
al
ulated by integrating the energy distributions(1.14) and (1.15).

φ(E) =

∫ ∞

0

f(E)EdE (1.17)[13℄ As shown in equations (1.14) and (1.15), the fun
tion f(E) 
an be estimated from thetotal �ux between 50 eV and 20 keV and the TED 
hara
teristi
 energy. The total energy�ux was 
al
ulated with equation (1.17), assuming that the peak energy in the range 50eV - 30 keV is similar to the one in the range 50 eV - 20 keV. The high-energy 
omponentof the energy �ux is obtained by multiplying the parti
le �ux measured by the MEPEDby the mean energy of ea
h 
hannel and summing up the 
ontributions.
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omparisons of FUV aurora[14℄ For the re
onstru
tion of the ele
tron energy spe
trum the Maxwellian �ux is trun
atedat 30 keV and the high-energy tail is repla
ed by the �ux measurements from MEPED.In the 
ase of protons, a kappa distribution is used over the full energy spe
trum. Thedi�eren
e between the kappa �ux and the MEPED measurements in high-energy 
hannelsis added to the kappa �ux. In so doing, we obtain a full energy spe
trum of pre
ipitatingparti
les every 2 se
onds. Figure 1.3 presents the proton energy spe
trum for August 12,2000 at 1013:10 UT (
ase 
 in Table 1.2). We 
ompare the kappa distribution we used witha Maxwellian one with the same peak energy. Figure 1.3 also shows the values measuredin 
hannels 4, 8, 11 and 14, whi
h are telemetered every 16 se
onds. We note that thehigh-energy tail is better reprodu
ed by the kappa �ux than by the Maxwellian one. Themeasured �ux for low energy protons is strongly underestimated by the kappa fun
tion.However, the relative importan
e of 
hannel 4 whose energy band width is only 70 eVis quite small in 
omparison with, for example, 
hannel 14 whose width is 2954 eV. Theenergy �ux in the 
hannel 4 is only about 5 × 10−4mW/m2 while it is approximately 0.05
mW/m2 in 
hannel 14. However, the H(2p) ex
itation 
ross se
tion is signi�
antly largerat low than higher energy.
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Figure 1.3: The proton energy �ux distribution over the energy range 0.1 - 800 keV forAugust 12, 2000 at 1013:10 UT. The solid line shows the kappa (κ=3.5) fun
tion used inthe emission model. The dashed line shows a Maxwellian fun
tion with same peak energyand integral �ux as the NOAA measurements. Also shown are the energy �ux measuredin the 3 high-energy 
hannels and in TED low-energy 
hannels 4, 8, 11 and 14.
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ulation of emission and 
ount rates[15℄ NOAA data are used to re
onstru
t the ele
tron and proton energy distribution in
i-dent at the top of the atmosphere. This distribution serves as an input to auroral emissionmodels to 
al
ulate the emission rate pro�les. These theoreti
al pro�les are integratedalong a line of sight 
onsistent with the viewing geometry of the observations. The instru-ment response is then used to 
ompute the theoreti
al 
ount rates whi
h 
an be 
omparedwith the FUV 
ount rates extra
ted from the observations.[16℄ The 
al
ulation of the volume ex
itation rates of the FUV emissions for 
omparisonwith the FUV observations is based on two transport models des
ribing respe
tively the in-tera
tion of an ele
tron and a proton beam with the atmosphere. The 
al
ulation of auroralele
tron energy degradation and ex
itation by ele
tron-indu
ed pro
esses is based on theGLOW model [Solomon et al., 1988℄ extended to higher energies for auroral 
al
ulations[Hubert et al., 2001℄. The initial ele
tron energy distribution is assumed to be Maxwellianbelow 30 keV with a possible high-energy tail derived from the MEPED measurements asdes
ribed in se
tion 1.3.2. The error resulting from the use of a single Maxwellian distri-bution over the full range of ele
tron energies was dis
ussed by Hubert et al. [2001℄. Anestimation of the error based on the ele
tron spe
tral shape measured with the DMSP de-te
tor shows that when using a Maxwellian approximation for ele
tron distribution insteadof the sum of two Maxwellian distributions the error varies with the emission wavelength.For example, the 
al
ulated LBH emission is 6% higher using the single Maxwellian and
an rea
h up to 30% for OI 135.6 nm emission.[17℄ The proton energy transport 
ode was des
ribed in detail by Gérard et al. [2000℄.It is based on the dire
t Monte Carlo method [Marov et al., 1997℄ whi
h is a sto
hasti
implementation of the solution of the Boltzmann equations for the H+ - H beam. Chargeex
hange 
ollisions of protons with ambient 
onstituents generate a population of fast Hatoms whi
h, in turn, may be 
onverted ba
k to energeti
 protons. The Monte Carlo pro-ton aurora 
ode in
ludes a detailed 
al
ulation of all elasti
 and inelasti
 pro
esses for bothspe
ies. A detailed treatment of the momentum transfer in all 
ollisions makes it possibleto follow the pit
h angle distribution of the simulated parti
les. Ionization of the major
onstituents by 
ollisions with energeti
 H+ and H parti
les generates se
ondary ele
tronswhi
h are treated similarly to the ele
tron-generated se
ondary population. Many of theproton ex
itation 
ross se
tions for FUV emission are still poorly known or undetermined.Although its volume emission rate is isotropi
, the Ly-α line pro�le depends on the rela-tive angle between the magneti
 �eld line and the dire
tion of observation. This e�e
t isa

ounted for in 
al
ulation of the SI12 expe
ted 
ount rate [Gérard et al., 2001℄.[18℄ The temperature pro�le and the O, O2 and N2 densities are 
al
ulated from theMSIS-90 model atmosphere [Hedin, 1991℄. The MSIS input parameters are adapted tothe geophysi
al and geographi
 
onditions of ea
h observation. The ionospheri
 ele
trontemperature and density used in the 
al
ulation of the ele
tron 
ooling term are taken from
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e Atmosphere-1990 (IRI-90) model [Bilitza, 1990℄.[19℄ The volume ex
itation rates for Ly-α, N2 LBH-bands, OI-135.6 nm and NI in the FUVpassbands are integrated with the appropriate view angle to simulate observations by thetwo FUV imagers. We ignore multiple s
attering for the N2 LBH bands but ea
h line isindividually attenuated by O2 for the appropriate view angle to provide the emergent emis-sion rate. These emerging intensities are folded with the absolute spe
tral response of the
ameras to 
al
ulate the expe
ted 
ount rate asso
iated with ea
h auroral pixel. For thispurpose, the view angle of the pixel is determined from the orientation of the opti
al axesof the imagers. The 
orresponding Ly-α line pro�le is integrated over the SI12 
omplextransmission fun
tion [Gérard et al., 2001℄.[20℄ We use the Monte Carlo model to 
al
ulate the e�
ien
y of the high-energy proton
hannels in SI12 signal. We only 
onsider 
hannels in the energy ranges 30-80 keV and80-240 keV sin
e higher energy protons make negligible 
ontribution to SI12 for two rea-sons. First, they produ
e most of the Ly-α photon at very low altitude where the auroralemission is totally absorbed by O2. Se
ond, the e�
ien
y of the Ly-α produ
tion dropssigni�
antly at high proton energy. The 
al
ulation was made with a �xed mean energyin ea
h 
hannel taken as the 
entral value for di�erent view angles. For example, for averti
al observation, the e�
ien
y expressed in 
ount pix−1 s−1 per in
ident mW/m2 inthe energy ranges 30-80 keV is 1.75 and in the energy ranges 80-240 keV, the 
al
ulatede�
ien
y is 1.06. The e�
ien
y 
al
ulation was also made with a random energy in ea
h
hannel. We used the e�
ien
ies 
al
ulated by the se
ond method for this study. For averti
al observation, the 
al
ulated e�
ien
y in the energy ranges 30-80 keV with a randomenergy is 1.5 
ount pix−1 s−1 per in
ident mW/m2.FUV-in situ 
omparisons[21℄ The instrumental 
ount rate was extra
ted for the FUV pixel 
orresponding to thefootprint at 120 km of the magneti
 �eld line at the instantaneous NOAA spa
e
raft posi-tion. An FUV image is obtained every 2 minutes. During this period, the NOAA spa
e
raftmoves about 850 km along its orbit. To a

ount for this, the 
ount rate from ea
h indi-vidual FUV image was extra
ted along the footprint tra
k of NOAA from the position oneminute before to one minute after the 
entral snapshot time. Before extra
tion of FUVpixels, data were �ltered by smoothing by the point spread fun
tion (PSF) of the imagers.The width of the PSF was evaluated from the observation of hot stars 
rossing the �eld ofview: about 3.5 WIC pixels and 2 SI12 pixels. The appropriate FUV pixel from the snap-shot was 
hosen to minimize the di�eren
e of the geographi
 
oordinates of the magneti
�eld line mapped from the NOAA satellite to 120 km and the position of the FUV pixel.[22℄ The spatial resolution of the in situ data is mu
h higher than the FUV instrumentalresolution. To a

ount for this di�eren
e it is ne
essary to smooth the NOAA data before
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omparing the modeled intensity with the FUV observation. The NOAA measurementswere averaged over a time period 
orresponding to the 
ombination of the PSF of theFUV instruments with the displa
ement of the IMAGE satellite along its orbit during theobservation. A 1.5 FMHW (6 WIC pixels, 3 SI12 pixels) smoothing width was 
hosenin 
onsideration of a 66% de
rease of the peak of a Gaussian PSF. In a se
ond step, weempiri
ally estimated the smoothing fun
tion from 
omparisons between NOAA and WICdata from one 
ase where the ele
tron in
ident �ux measured by NOAA was very narrowand intense. This 
omparison provided an upper limit of 120 se
onds of NOAA observationfor the smoothing resolution. The NOAA satellites �y over 6 WIC pixels (i.e. 1.5 FMHW)in about 66 se
onds. We thus estimate that the appropriate time period for smoothingthe NOAA data is between 66 and 120 se
onds for 
omparisons with the WIC data. Thedi�eren
e between the theoreti
al and e�e
tive value may stem from the fa
t that NOAAmeasurements are made along the orbital tra
k, while FUV globally observes the auroralregion. Ea
h FUV pixel in
ludes 
ontributions from emissions adja
ent to the NOAA tra
kdue to its PSF.[23℄ A set of 12 NOAA north polar 
rossings was sele
ted in
luding 7 NOAA-15 and 5NOAA-16 orbits. Table 1.2 lists the dates, UT, MLT and geomagneti
 latitudes of theobserved �rst and se
ond peak of ele
tron pre
ipitation. Figure 1.4 shows the WIC imageswith the tra
k of the NOAA-15 or NOAA-16 satellites mapped at 120 km. The dire
tionof the spa
e
raft motion is indi
ated by an arrow on ea
h image.Date Satellite Kp First peak Se
ond peakCase Year UT GEOLAT MLT UT GEOLAT MLTNumber 2000 deg. hr-min deg. hr-mina Jul. 15 NOAA-15 6 1227:52 72.80 1805 1241:42 57.09 0835b Jul. 15 NOAA-15 6 1409:12 73.29 1836 1423:24 55.41 0802
 Aug. 12 NOAA-15 7 1014:36 66.68 1746 1030:06 58.65 0910d Aug. 12 NOAA-15 7 1158:50 75.66 1739 1211:42 57.02 0843e Sep. 19 NOAA-15 5 0921:44 77.07 1627 0927:52 76.68 1155f Sep. 30 NOAA-15 3 0142:42 59.63 1753 0154:04 77.39 0926g O
t. 03 NOAA-15 4 0033:54 58.45 1817 0046:54 73.92 0842h De
. 07 NOAA-16 3 0519:46 75.23 1144 0531:50 60.65 0343i De
. 07 NOAA-16 2 1854:30 68.47 1151 1906:06 68.81 0253j De
. 23 NOAA-16 4 0558:57 79.73 1117 0609:33 59.48 0329k De
. 23 NOAA-16 4 0740:15 78.05 1220 0753:43 52.54 0242l De
. 25 NOAA-16 3 1405:51 72.64 1347 1416:31 68.39 0156Table 1.2: Chara
teristi
s of the NOAA-TIROS auroral oval 
rossings.
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Figure 1.4: Images taken by the WIC imager. The footprint of the NOAA-TIROS tra
kat 120 km is plotted on ea
h image. For ea
h tra
k the WIC snapshot time was sele
tedto be 
losest to the time of the ele
tron pre
ipitating energy �ux main peak. The arrowsshow the dire
tion of the NOAA spa
e
raft motion.



1.3. IMAGE-NOAA 
omparisons of FUV aurora 1011.3.3 NOAA-FUV 
omparisons[24℄ We now present the results of the 
omparisons, separately for WIC and for SI12.WIC data[25℄ Figures 1.5 and 1.6 show examples of 
omparisons between the observed WIC signaland the WIC signal expe
ted from simulation using NOAA in situ measurements. Theglobal form of the observed signal is well reprodu
ed by the model 
al
ulation, both inmorphology and in intensity. The 
omparisons have been made after removal of the day-glow ba
kground emission by �tting a third degree polynomial to the WIC signal along theNOAA tra
k. The �t is made using WIC data from the region outside the auroral oval,that is inside the polar 
aps and outside the equatorward boundary of the auroral oval.
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1825 1740 1558 1215 0942 0848 0822Figure 1.5: Comparison between the WIC observations (solid line) and a simulated WICsignal based on NOAA parti
le measurements (dashed line) for 
ase f - September 30, 2000.The modeled 
ontribution of ele
trons (dotted line) and protons (dotted-dashed line) tothe simulated signal are also shown. The error bars represent ± one standard deviation ontypi
al observations.[26℄ Figure 1.5 shows the observed and the modeled WIC signals illustrated by Figure1.4-f and whose 
hara
teristi
s are summarized in Table 1.2-
ase f. The �rst oval 
rossingo

urred around 1800 MLT (between 0140 and 0145 UT) and the se
ond oval 
rossingaround 0900 MLT (between 0153 and 0200 UT). The polar 
ap between 0145 and 0153 UTis 
hara
terized by the absen
e of pre
ipitating parti
les. The WIC signal 
orresponding
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to the oval around 0900 MLT was a�e
ted by an important 
ontribution from the dayglow.The di�
ulty in removing this 
ontribution 
an explain the somewhat poor agreement withsimulated signal in the dayside auroral region and the importan
e of the error bar. Theevaluation of the error on ea
h observation was made in 
onsidering the statisti
al error onthe 
ount rates, taking the smoothing of the FUV observation before the pixel extra
tioninto a

ount, and the error indu
ed by the ba
kground removal. In Figures 1.5 and 1.6two representative error bars are illustrated. Figure 1.6 present the 
omparison illustratedby Figure 1.4-
. In Figure 1.6, the NOAA spa
e
raft does not seem to 
ross any region
orresponding to the polar 
ap be
ause of the great extend of the auroral oval and the or-bit of the NOAA satellite footprint rea
hed only 78�magneti
 latitude and barely enteredthe polar 
ap. This example from August 12, 2000 was 
hara
terized by a very intensemagneti
 a
tivity (Kp = 7), whi
h explains the great width of the auroral oval. After 1555MLT, the observed signal shows os
illations not present in the 
al
ulated signal. Thesevariations may also be attributed to the insu�
ient removal of the ba
kground dayglows
ontribution to the WIC signal in the dayside auroral region. Moreover, Figure 1.6 showsthat the modeled signal around 1800 MLT underestimates the observed WIC signal. Thedisagreement 
an lo
ally rea
h a fa
tor 2. In some other 
ases (not shown) the simulatedWIC signal lo
ally overestimates the observation.[27℄ We now statisti
ally 
ompare predi
ted and observed WIC signal. To avoid un
er-tainties due to possible inadequate smoothing, we integrate the observed and predi
ted
ount rates over the width of the auroral oval 
rossings. Figure 1.7 shows the individualdata points. All the polar 
rossing illustrated in Figure 1.4 were used for this analysis,
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ept 
ase b whi
h was removed from the analysis be
ause it was apparently aberrant.The observed 
ount rate was three times larger than the 
al
ulated one. A linear leastsquares �t to these data gives a slope of 0.71± 0.06, implying that the 
al
ulation slightlyunderestimates the observation. We estimated the horizontal error bars on ea
h point, i.e.the error on the observation. They are found to be 
omparable to the width of the plotsymbols. The dashed line represents the bise
ting line 
orresponding to perfe
t agreementbetween simulated and observed signals. Most of the points 
hara
terized by a moderate
ount rate are in quite good agreement with the model. The small dis
repan
y is prin-
ipally 
aused by 
rossings with large 
ount rates. Possible 
auses of this di�eren
e aredis
ussed in se
tion 4. When removing the NOAA-15 data point of 2.25x105 AD units
orresponding to 
ase d in Figure 1.4, the slope be
omes 0.89± 0.08 (thin solid line inFigure 1.7), that is quite 
lose to the perfe
t mat
h.
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Figure 1.7: Observed and simulated WIC AD units summed over oval 
rossing. A least-squares regression (bold solid line) gives a slope of 0.71±0.05. The thin solid line showsthe least-square regression line when removing the data point at 2.25x105 AD units. Theslope is then 0.89±0.08. The dashed line 
orresponds to a perfe
t agreement betweenobservations and simulations. The size of the horizontal error bars is 
omparable to thesize of the symbol.[28℄ We now test to what extent thermospheri
 
omposition 
an in�uen
e the results ofthis study. The semi-empiri
al MSIS-90 model [Hedin, 1991℄ is used in the transport mod-els to 
al
ulate the temperature and neutral density pro�les. This model reprodu
es themean thermospheri
 behavior and does not represent lo
al auroral variations in details.Auroral pre
ipitation produ
es lo
al heating of the atmosphere 
ausing enhan
ement of
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ular-ri
h gas in the upper thermosphere. The result of this upwelling is an in
reasein the N2/O ratio as 
on�rmed by a large number of observations in the auroral region[He
ht et al., 2000℄. As a sensitivity test, we modeled the WIC response assuming the N2density was a fa
tor of 2 greater that the MSIS model, in the same time of a doublingof the O2 density, and 
ompared these results with the outputs using the MSIS model.Figure 1.8 shows that 
hange 
orresponding to 
ase i in Table 1.2. Doubling of the N2and O2 density resulted in an in
rease in the 
al
ulated WIC signal, owing to an in
reasein the N2 LBH emission. The in
rease of O2 enhan
es the absorption of the emission andmoderate the in
rease in the 
al
ulated signal. In a se
ond test, we redu
ed the atomi
oxygen density by a fa
tor of 2. This de
rease in O density had little 
onsequen
e onthe WIC signal. The �nal 
ase illustrated in Figure 1.8 shows the results obtained when
ombining the two perturbations. The result is very 
lose to the doubling N2 and O2 result.
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e of the atmospheri
 
omposition for 
ase i- De
ember 7, 2000. The solid line is the model integrated result using the MSIS-90atmosphere. Halving the O density produ
es no noti
eable e�e
t (dotted line). Doublingthe N2 and the O2 density (dashed line) in
reases the LBH emission The addition of bothprevious perturbations (dashed-dotted line) leads to an in
reased of the observed signal.[29℄ This study also provides an opportunity to quantify the role of pre
ipitating pro-tons on N2 LBH emission. Se
ondary ele
trons generated from 
olliding in
ident protons
ontribute to the ex
itation of N2 and therefore to the WIC signal. The FUV-in situ
omparisons indi
ate that WIC observations 
an be dominated by proton 
ontribution. InFigure 1.6, 
orresponding to the 
ase 
 in Table 1.2, around 1013 UT the 
ontribution ofprotons lo
ally dominates the 
ontribution of ele
trons. This feature was also pointed out
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omparisons of FUV aurora 105by Frey et al. [2001℄. The orientation of the NOAA-15 orbit is well adapted to study the
hara
teristi
s of the parti
le pre
ipitation in the dusk se
tor. As expe
ted from statisti
alpre
ipitation patterns, the proton oval is generally displa
ed equatorward of the ele
tronoval in this se
tor. The proton 
ontribution often explains, in part, the width of the ob-served WIC oval in the region around 1800 MLT. Model 
al
ulations that 
onsider onlythe ele
tron 
ontribution usually underestimate the WIC signal. A study of the proton
ontribution to the WIC signal was made by 
al
ulating the ratio of simulated WIC 
ountsdue to protons to the total WIC 
ounts for the 12 NOAA orbits. The ratios were 
al
u-lated using 20 se
onds-averaged simulated WIC observations, and negle
ting the in situmeasurements whenever the total in
ident energy �ux was lower then 0.05 mW/m2. Thestudy shows the importan
e of protons in the dusk se
tor in the equatorward region of theoval: below 65�N, 57% of ratios ex
eed 0.8 and 82% of the ratios are over 0.1. Above 65�N,only 1% of 
ases have ratios greater than 0.8 but more than 55% of 
ases rea
h 10% ofthe total 
ontribution. Negle
ting the proton 
ontribution in the dusk se
tor to latitudesunder 65�N would introdu
e errors of over 80% in most 
ases. In other se
tors, the proton
ontribution would not be so important but it 
an rea
h more than 10% in 50% of the
ases. We thus 
on
lude that protons 
annot be systemati
ally negle
ted if the WIC signalis to be reliably interpreted in terms of pre
ipitated parti
le energy �ux.SI12 data[30℄ Figures 1.9 and 1.10 show 
omparisons between the simulated SI12 signal based onthe NOAA data and the a
tual SI12 observations. In general, the agreement between ob-servations and modeled SI12 responses is quite good. As for the WIC signal, the shapeof the SI12 signal is also 
hara
terized by �rst a 
rossing of the auroral oval, followed bythe polar 
ap and then a se
ond oval 
rossing. In Figure 1.9, 
orresponding to the 
aseb in Table 1.2 and illustrated in Figure 1.4-b, the polar 
ap 
rossing between 1410 and1420 UT presents a weak 
ontinuous emission. This is probably the signature of the po-lar rain whi
h are low-energy solar-wind parti
les pre
ipitating into the atmosphere alongthe opened magnetospheri
 �eld lines poleward of the auroral zone. Fair�eld and S
udder[1985℄ demonstrated that the more energeti
 
omponent of the polar rain is 
omposed of
harged parti
les from the solar wind "strahl", a �eld-aligned 
omponent of the solar wind.In this 
ase b, the intensity and the width of the oval 
rossing around 0810 MLT are wellreprodu
ed by the simulated signal. However, around 1850 MLT the 
al
ulated signal doesnot 
orre
tly reprodu
e the width of the peak even though the intensity of both signalsseems to be quite well mat
hed. This dis
repan
y was also present in the 
omparisonswith the FAST measurements [Frey et al., 2001; Gérard et al., 2001℄. Figure 1.10 presentsa se
ond example of 
omparison between SI12 
al
ulated and observed signal, illustratedby Figure 1.4-f and whose 
hara
teristi
s are summarized in Table 1.2-
ase f. In Figure8, the agreement around the se
ondary peaks (between 0151 and 0157 UT) is not good.However, the maximum observed 
ount rates are only about 3 while the simulated onerea
hes 1 
ount. Those 
ount rates are very small and 
annot be 
onsidered as signi�
ant
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omparisons of FUV auroraas may be seen from the size of the error bars. The standart deviation on the 
ount rateof these observations is about 1 
ount.
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1904 1850 1826 1701 1111 0840 0802Figure 1.9: Comparison of the observed SI12 (solid line) and the expe
ted SI12 signalsfrom simulations using NOAA in situ measurements (dashed line) for 
ase b - July 15,2000. The error bars represent ± one standard deviation on typi
al observations.[31℄ The integration of both the a
tual and simulated SI12 
ounts over the oval a numberof 
rossings is displayed in Figure 1.11 whi
h shows all the individual data points. Allthe 
ases illustrated in Figure 1.4 were used for this analysis, ex
ept 
ase b whi
h wasremoved from the analysis be
ause it was apparently aberrant. The slope of the regressionline is 0.55± 0.04. This result is 
onsistent with the disagreements between the width ofobserved and simulated auroral oval as illustrated in Figure 1.9. The agreement is not asgood as for WIC (see Figure 1.7), but we 
onsider it is still quite a

eptable in view of allthe un
ertainties as dis
ussed in se
tion 1.3.4.[32℄ In this 
ase varying the ratio O/N2 from the MSIS model does not signi�
antly in-�uen
e the 
al
ulated emission rate be
ause the Ly-α emission is dire
tly produ
ed bypre
ipitating protons. The 
al
ulated Ly-α e�
ien
ies are expe
ted to remain virtuallyun
hanged when altering the density of O and N2 in 
omparison with MSIS. Simulationswith the Monte Carlo model show that the SI12 
ount rate responds only very moderatelyto 
omposition 
hanges. For example, for proton with a kappa distribution with E0 = 1keV, an in
ident �ux of 1 mW/m2 gives an estimated Ly-α brightness of 5.94 kR with theMSIS-atmosphere for a verti
al view, implying about 36 SI12 
ounts per pixels. In dividingthe neutral oxygen density by a fa
tor of 2, whi
h is an extreme 
ase, the evaluated SI12
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ount rate be
omes 33.2. The redu
tion of O density by a fa
tor of 2 and the doubling ofthe N2 density result in a 
ount rate of 32.6.1.3.4 Contribution of high-energy parti
les[33℄ Some previous similar studies [Liou et al., 1999℄ did not take high-energy parti
lesin 
onsideration be
ause most low altitude satellites have only parti
le dete
tors sensitiveto less than 30 keV parti
les. The MEPED experiment provides the possibility to analyzethe importan
e of protons of energy higher than 30 keV in the FUV auroral brightness.Figure 1.12 shows the 
ontributions of protons with energies less and higher than 30 keVin the total energy �ux for a NOAA-15 transit of the polar region on August 12, 2000 (
ase
 in Table 1.2). In this example, the high-energy proton 
ontribution lo
ally dominatesthe low energy one: the mean 
ontribution of low energy protons along this oval 
rossingis 24 %. The 
ontribution of high-energy protons in the total energy �ux as a fun
tionof the MLT se
tor may be statisti
ally analyzed. In order to perform this analysis we
al
ulate the ratio between energy �uxes 
arried by high (>30 keV) and low (<30 keV)energy protons averaged over 20 se
onds of NOAA data. In so doing, we negle
t the in situmeasurements where the proton in
ident energy �ux was lower then 0.05 mW/m2. Figure1.13 displays the 
al
ulated ratios for all 
ases illustrated in Figure 1.4 as a fun
tion ofthe magneti
 latitude in three lo
al time se
tors. The results in Figure 1.13 en
ompassall levels of magneti
 a
tivity. A ratio higher than 1.0 means that the 
ontribution ofhigh-energy protons to the total �ux is over 50%. The three di�erent lo
al time se
torswere determined from the magneti
 footprint 
rossed by the NOAA satellites. One regionextends on the dusk se
tor between 1600 and 2100 MLT, another se
tor in
ludes the post-midnight aurora and the last one 
overs the dayside se
tor between 0600 and 1600 MLT. Inthe dusk se
tor, high-energy protons signi�
antly dominate the pre
ipitating proton �uxnear the equatorward boundary of the auroral oval. Below 65�N the mean 
ontribution inenergy �ux of high-energy protons is 8.2 times larger than the 
ontribution of low energyprotons. Near the polar boundary the mean ratio is 0.93 so the mean energy �ux due tohigh-energy protons is around 50% of the total energy �ux. In the se
tor between 0600 and1600 MLT, the major portion of energy �ux is 
arried by low energy protons, as indi
atedby the mean ratio of 0.43. In the postmidnight se
tor, the relative 
ontribution of thehigh-energy 
omponent is higher than 50% only for the NOAA-16 
rossing around 0609UT on De
ember 23, 2000. This is probably an isolated inje
tion event as the Kp indexover the previous 3-hours was 6. These results are in agreement with the statisti
al modelof ion pre
ipitation by Hardy et al. [1989℄ based on DMSP data. The parti
le dete
tors onboard the DMSP satellites 
overed the energy range 30 eV to 30 keV. When the derivedmean energy is 
lose to 30 keV, it is likely that the real mean energy ex
eeds this limit asthe Maxwellian extrapolation probably underestimated the a
tual value. The study fromHardy et al. [1989℄ also shows that in the dusk se
tor the proton mean energy in
reasesfor de
reasing latitudes. Moreover, the average proton energy is the lowest in the daysidese
tor between 0600 and 1200 MLT.
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 - August 12, 2000. The solid line shows thetotal energy �ux. The dashed line represents the 
ontribution of low-energy protons fromthe TED measurements using an extrapolation up to 30 keV. The dotted line shows theMEPED measurements.
[34℄ We analyzed the 
ontribution of protons of energy greater than 30 keV and less than30 keV to the simulated WIC signal by 
al
ulating the relative 
ontributions of high andlow energy proton to the modeled WIC 
ounts (Figure 1.14). They are quite similar tothose of Figure 1.13 obtained for the energy �ux, but a smaller fra
tion of the WIC ratiosare above the limit of 1.0. This means that the relative 
ontribution of high-energy pro-tons in the WIC signal is less important than in the energy �ux. WIC e�
ien
ies due toin
ident protons vary with proton mean energy but no substantial variation o

urs nearor above 30 keV. However the amount of O2 absorption in
reases for in
reasing energy sothat high-energy protons produ
e emission that is more e�
iently absorbed by O2. Forele
trons, the proportion above 30 keV is insigni�
ant to the WIC signal. Even under veryintense events when the 
ontribution of high-energy ele
trons to the total energy �ux 
anrea
h 30%, the resulting LBH emission is negligible. This is be
ause high-energy ele
tronsrea
h lower altitudes so that the emission they produ
e is strongly absorbed by O2.
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Figure 1.13: Ratio of the high-energy to the low-energy proton energy �ux for all 
aseslisted in Table 1.2 as a fun
tion of the latitude for three di�erent magneti
 lo
al timese
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ates where the 
ontributions of high-energy and low-energyprotons are equal.
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omparisons of FUV aurora1.3.5 Dis
ussion and 
on
lusions[35℄ The results of the 
omparison des
ribed in the pre
eding se
tions (Figures 5 and 9)show statisti
al agreements between observations and model 
al
ulations of about 70% forthe WIC signal and about 55% for the SI12 signal, both of whi
h we 
onsider as very sat-isfa
tory. For WIC - in situ 
omparisons several di�erent explanations for the remainingdis
repan
y 
an be suggested. First, there are un
ertainties asso
iated with the 
alibra-tion of the MEPED and TED instruments. On the basis of pre-�ight 
alibrations and
omparisons between NOAA-15 and NOAA-16 observations at nearly the same lo
ationsand times, the un
ertainty in the TED energy �ux measurements is estimated to about+/- 25% for energy �uxes of above 1 mW/m2 while the error in the mean energy 
an beapproximately one 
hannel. Se
ond, a part of the disagreement 
an be assigned to theassumptions about the pre
ipitating parti
les. The TED instrument measures parti
lesless than 20 keV at two pit
h angles, both within the loss 
one. In 
ontrast, we usedonly the MEPED measurements at the pit
h angle within the loss 
one and 
al
ulated thetotal �ux in
ident on the atmosphere assuming isotropy over the loss 
one. If the in
identenergeti
 parti
les were not isotropi
, this assumption 
ould lead to an underestimate ofthe a
tual in
ident �uxes. When proton �uxes are signi�
ant, their angular distributionis generally isotropi
 and so probably 
annot fully explain the disagreements. Radiationdamage to the MEPED proton solid state dete
tors is another potential sour
e of errorespe
ially for data from the NOAA-15 satellite that had been in operation for over twoyears. The e�e
t of radiation damage is to in
rease the proton energy thresholds over theiroriginal values and, if not taken into a

ount, leads to an underestimate of the >30 keVenergy �ux to the atmosphere. Be
ause 
omparisons with NOAA-16 observations also leadto underestimates of the SI12 signal (Figure 1.11), radiation damage is unlikely to fullya

ount for the dis
repan
ies.[36℄ The models we use 
an also introdu
e some error. As des
ribed in se
tion 1.3.3, theMSIS model that 
al
ulates the atmospheri
 
omposition pro�le 
an introdu
e errors in theWIC-in situ 
omparisons. It is probable that lo
al density variations are not reprodu
edby the model and so the 
al
ulation may underestimate the real emission brightness. Inaddition, errors 
an stem from the 
ross se
tions used in models [Kanik et al., 2000℄. Forexample, previous studies [Eastes and Dentamaro, 1996; Eastes, 2000℄ indi
ate that Ajelloand Shemansky [1985℄'s LBH 
ross se
tion used in the GLOW model for ele
trons may beunderestimated owing to the presen
e of three 
lose-lying states (a1Πg, a′1Σ−
u and w1∆u) ofN2. The a′1Σ−

u and w1∆u states are long-lived and opti
ally forbidden to the ground statebut are opti
ally allowed to the a1Πg state. Cas
ading from these two states 
an indu
e inthe upper atmosphere a 30% additional 
ontribution to the dire
t LBH 
ross se
tion. Inthe 
ase of SI12, the un
ertainties in instrument 
alibration, in 
ross se
tion values used inmodels all 
ontribute to the disagreement. Moreover, spa
e and time averaging, dayglowsubtra
tion, IMAGE dete
tor 
alibration and limited resolution are also potential sour
esof un
ertainties.
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omparisons of FUV aurora 113[37℄ Considering all sour
es of errors, we 
on
lude that the observed FUV intensities arein a

ordan
e with intensities predi
ted from in situ NOAA measurements. The FUV ob-servations from the WIC and SI12 instruments 
an thus be used for quantitative analysesand determination of auroral parti
le pre
ipitation. We have shown that auroral parti
leenergy �ux information may be extra
ted from global observations of the auroral regionseparately for protons and for ele
trons. The WIC and SI12 instruments are shown 
apa-ble of observing the temporal evolution of auroral parti
le inje
tion to the ionosphere on aspatially global basis.[38℄ Chara
terization of proton pre
ipitation using NOAA in situ measurements and FUVobservations gives results in agreement with the Hardy et al. [1989℄ pre
ipitation model.The results 
on�rm that in the dusk se
tor the proton auroral oval is shifted equatorward ofthe ele
tron one and high-energy protons 
ontribution is more important at low latitudes.In the other lo
al time se
tors the high-energy proton 
ontribution does not play su
h animportant role. We have shown that auroral protons lo
ally 
ontribute substantially toionosphere 
hara
teristi
s, in parti
ular ionization and heating at high latitudes.





Chapitre 2The average proton aurora
2.1 Introdu
tion : la morphologie de l'ovale auroral pro-toniqueTrès peu de moyens existent jusqu'à présent pour quali�er de façon globale l'auroreà protons, puisque au
un instrument ne permettait l'observation globale de l'ovale pro-tonique, avant le lan
ement du satellite IMAGE ; 
ependant, quelques études existent. Laprin
ipale est l'étude statistique de Hardy et al. [1989℄. Les auteurs ont utilisé 27 000 survolsdes p�les par les satellites DMSP F6 et F7. Des 
artes statistiques de l'énergie moyenne, du�ux de parti
ules et du �ux énergétique ont été produites pour les éle
trons et les protons,selon le niveau d'a
tivité magnétique mesuré par l'indi
e Kp. Avant 
es études, il était déjà
onnu que la pré
ipitation des protons et des éle
trons se produit dans une région annulairesitué plus ou moins aux mêmes latitudes pour les deux types de parti
ules. Les études pré-
édentes basées sur des mesures au sol [Vallan
e-Jones et al. [1982℄, et référen
es in
luses℄avaient également déjà montré que l'ovale auroral protonique s'intensi�e et se meut versl'équateur lorsque l'a
tivité géomagnétique et aurorale augmente.Hardy et al. [1989℄ ont montré la présen
e d'un minimum dans le �ux énergétique deprotons dans le se
teur avant-midi, alors que la valeur maximale est observée dans le se
-teur avant-minuit pour tous les niveaux d'a
tivité. Ainsi, la pré
ipitation de protons aplut�t la forme d'un "C". Le même type de 
omportement a été observé pour les éle
trons[Hardy et al., 1985℄. Ce motif en forme de "C" pour les protons est globalement la ré�exionpar rapport au méridien midi-minuit du motif de l'ovale éle
tronique. Le minimum pourle �ux éle
tronique se présente dans le se
teur de l'après-midi, alors qu'il est situé dansle se
teur du matin pour les protons. Cette 
ara
téristique est expliquée par les dérivesdues au gradient de B et à la 
ourbure des lignes de 
hamp magnétique (voir Introdu
tiongénérale) subie par 
es parti
ules. Les protons de haute énergie provenant du feuillet deplasma dérivent préférentiellement vers l'ouest, 
'est-à-dire via le se
teur du 
répus
ulevers le se
teur de l'après-midi et ensuite le se
teur juste avant midi. Ils sont don
 absentsd'une grande partie de l'ovale dans le se
teur du matin [Hardy et al., 1989℄. Puisque pour115
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trons, la dérive à lieu préférentiellement vers l'est, ils sont absents dans le se
teurde l'après-midi. Je montre dans 
e 
hapitre que 
ette symétrie par rapport au méridien"midi-minuit" entre les éle
trons et les protons n'est pas parfaite, puisque le maximumdu �ux énergétique pour les deux types de parti
ules est situé dans le même quadrant del'ovale. Comme 
'est la région où les sous-tempêtes débutent, 
e résultat est expliqué parl'inje
tion dire
te de plasma 
haud provenant de la queue de la magnétosphère. Finalement,Hardy et al. [1989℄ ont aussi montré que, dans le se
teur du 
répus
ule, la pré
ipitationmoyenne de protons se lo
alise à des latitudes plus basses que la pré
ipitation des éle
-trons. Ce résultat a également été véri�é au 
hapitre 1 sur base de données instantanées.De plus, d'un point de vue quantitatif et statistique, Hardy et al. [1989℄ ont montré que le�ux énergétique auroral est prin
ipalement transporté par les éle
trons, qui 
ontribuent à85% ou 90% de l'apport total. Les ions, prin
ipalement des protons, transportent le restede l'énergie 1.Plusieurs études ont tenté de quali�er la pré
ipitation aurorale globale d'un point devue quantitatif. La notion de puissan
e hémisphérique a don
 été introduite. La puissan
ehémisphérique totale (hemispheri
 power HP) est une mesure du taux instantané d'inje
-tion d'énergie aurorale dans l'atmosphère d'un hémisphère. Elle a été 
al
ulée à partir demesures au sol [Ahn et al., 1983; Ri
hmond et al., 1990; Lu et al., 1998℄, ainsi que demesures de parti
ules in situ [Fuller-Rowell and Evans, 1987℄. Mais toutes 
es études sontlimitées par l'aspe
t lo
al des mesures. Par exemple, les instruments TED (Total EnergyDete
tor) à bord des satellites NOAA-TIROS fournissent des estimations des puissan
eshémisphériques pour les deux hémisphères. Ces instruments intègrent les �ux d'énergie me-suré séparément pour les éle
trons et les protons qui pré
ipitent, dont l'energie est 
ompriseentre 50 eV et 20 keV. L'estimation est basée sur une 
omparaison entre les intégrationspondérées sur la latitude des �ux d'énergie mesurés le long de la traje
toire du satelliteNOAA et les 
artes 
limatologiques statistiques des �ux d'énergie obtenus par la basede données NOAA. Ces 
artes sont basées sur 10 niveaux de puissan
e hémisphériques.L'intensité des �ux d'énergie qui pré
ipitent mesurée le long de l'orbite NOAA est miseen a

ord ave
 une des 10 
artes pour estimer la puissan
e hémisphérique totale [Fuller-Rowell and Evans, 1987℄. Cette méthode suppose que les apports d'énergie des parti
ulesaurorales suivent les 
ara
téristiques des 
artes 
limatologiques. Cette hypothèse n'est pasvalable durant les périodes dynamiques, telles que les sous-tempêtes, lorsqu'il y a de fortesdi�éren
es lo
ales de �ux énergétique. L'estimation des puissan
es hémisphériques durantde telles périodes peut don
 être erronée.Ave
 la disponibilité des observations de l'instrument SI12, les puissan
es hémisphériquesinstantanées peuvent être obtenues en intégrant la luminosité auroral observée, à 
onditionde 
onnaître la relation entre le taux de 
omptage de l'instrument et le �ux in
ident departi
ules aurorales. Cette estimation est possible puisque 
ette relation a été modélisée,1C'est pourquoi dans l'ensemble de mon travail, je ne fais allusion qu'aux protons auroraux et non auxions.
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tion 117
omme expliqué au 
hapitre 1.1.



118 2. The average proton aurora2.2 Résumé introdu
tifTous les résultats dé
rits 
i-dessus relatifs à la morphologie de l'ovale de protons ont étédé
ouverts à partir de mesures lo
ales. Ils donnent don
 une image statistique de l'ovalebasée sur des données lo
ales non simultanées. Pour la première fois, j'ai pu véri�er toutes
es 
onnaissan
es à partir d'observations globales de l'ovale auroral de protons. J'ai utiliséles observations FUV pour 
onstruire des 
artes statistiques du �ux énergétique des protonsauroraux. Les observations qui ont servi à 
ette statistique se répartissent sur les périodespro
hes des solsti
es d'été 2000 et 2001 et des solsti
es d'hiver 2000-2001 et 2001-2002. Autotal, plus de 69000 observations SI12 ont été utilisées. J'ai montré que la morphologie del'ovale protonique moyen observé par SI12 ressemble fortement à la vue statistique déduitedes données DMSP [Hardy et al., 1989℄. Elle présente un ovale en forme de "C" ave
 un mi-nimum dans le se
teur du matin. La puissan
e hémisphérique moyenne de la pré
ipitationde protons est de l'ordre de 2.2 GW pour une valeur moyenne de Kp égale à 2, 
e qui estégalement en a

ord ave
 les valeurs du modèle empirique de Hardy et al. [1989℄. De plus,j'ai 
omparé pour 
haque valeur de Kp, la puissan
e hémisphérique moyenne des protonsave
 les valeurs de l'étude statistique de Hardy et al. [1989℄. L'a

ord entre les deux esttrès satisfaisant, 
e qui démontre la validité de la méthode utilisée pour évaluer les �ux deprotons à partir du taux de 
omptage de SI12. Finalement, mon étude a également permisde mettre en éviden
e un e�et saisonnier dans la pré
ipitation de protons : globalement,la puissan
e hémisphérique est plus grande en été qu'en hiver. Cet e�et saisonnier est enopposition ave
 
elui observé pour les éle
trons.La base de données 
onstruite pour 
ette étude statistique a également été utilisée pourmettre en éviden
e les relations entre la pré
ipitation de protons, le vent solaire et le 
hampmagnétique interplanétaire (IMF). J'ai 
her
hé l'existen
e de 
orrélations entre l'émissionaurorale produite par les protons et la vitesse, la densité et la pression dynamique du ventsolaire ainsi que l'orientation du 
hamp IMF. En e�et, on sait que les 
ara
téristiques duvent solaire in�uen
ent la re
onnexion entre les 
hamps IMF et magnétosphérique et a ainsiun impa
t sur l'a
tivité aurorale. Cependant, l'e�et de 
ette re
onnexion sur les pro
essusde pré
ipitation ne sont pas en
ore totalement 
ompris, prin
ipalement pour les protons.J'ai montré que les deux fa
teurs qui in�uen
ent fortement la pré
ipitation de protons sontl'orientation de la 
omposante verti
ale de 
hamp IMF ainsi que la pression dynamique duvent solaire. Ces deux fa
teurs jouent un r�le prédominant sur l'e�
a
ité de la re
onnexionsur le front de la magnétosphère et sur l'étirement de la queue de la magnétosphère.Tous 
es résultats sont dé
rits expli
itement dans les deux arti
les repris dans les pagessuivantes (publiés dans la revue Journal of Geophysi
al Resear
h en 2004 et en 2006).



2.3. Proton aurora morphology 1192.3 Morphology and seasonal variations of global auro-ral proton pre
ipitation observed by IMAGE-FUVV. Coumans, J.-C. Gérard, B. HubertLaboratoire de Physique Atmosphérique et Planétaire, Université de LiègeS. B. MendeSpa
e S
ien
e Laboratory, University of CaliforniaS. W. H. CowleyDepartment of Physi
s and Astronomy, University of Lei
esterPublished in Journal of Geophysi
al Resear
h - Spa
e Physi
s (De
ember 10, 2004).



120 2. The average proton auroraAbstra
t[1℄ Observations with the FUV imagers on board the IMAGE satellite have been used tomap the auroral ele
tron and proton energy �uxes during the summer and winter solsti
esof 2000, in order to 
onstru
t a statisti
al view of the global auroral proton pre
ipitation.The distribution for ele
trons 
ompare well both in morphology and in magnitude, withthose obtained previously with the Polar-UVI instruments, and with an empiri
al auroralpre
ipitation model based on DMSP data. The proton morphology also 
losely resemblesthe statisti
al ion oval derived from DMSP data, showing a 'C-shaped' morphology with aminimum lo
ated in the morning se
tor. The pre
ipitation proton auroral power is on theorder of 2.2 GW for an average Kp value of 2, also in 
lose agreement with the values ofthe DMSP empiri
al model. The FUV data also reveal the presen
e of seasonal e�e
ts inthe proton pre
ipitation. Spe
i�
ally, the latitudinal width of the proton oval is larger insummer than in winter, so that the globally pre
ipitated proton power is 1.5 times higher insummer than in winter. The o

urren
e probability of intense proton auroras (with energy�ux > 0.5 mW/m2) is also shown to be nearly three times higher in summer than in winter.This seasonal e�e
t in the proton pre
ipitation 
ontrasts with those observed for ele
trons,where intense ele
tron events o

ur more often in winter than in summer. We dis
ussa me
hanism whi
h may a

ount for these results, based on the presen
e of �eld-alignedpotential drops whi
h a

elerate auroral ele
trons downward in regions of upward-dire
ted�eld-aligned 
urrent, while suppressing the pre
ipitating magnetospheri
 proton �ux. Thepresen
e of su
h �eld-aligned potentials is dependent on the di�ering solar illumination inwinter and summer.



2.3. Proton aurora morphology 1212.3.1 Introdu
tion[2℄ The proton auroral region is lo
ated at the feet of magneti
 �eld lines where protons pre-
ipitate downward into the atmosphere and intera
t with neutral atmospheri
 
onstituentsto produ
e auroral hydrogen emission. The poleward limit of this region 
orresponds tothe boundary between open and 
losed magneti
 �eld lines. The equatorward limit is gen-erally 
oin
ident with the isotropi
 boundary, whi
h is the boundary between regions ofadiabati
 and sto
hasti
 proton motion in the equatorial tail 
urrent sheet [Sergeev et al.,1983℄. The �eld lines 
loser to the Earth are dipole-like, where trapped protons experien
elittle pit
h angle s
attering or other pro
esses that populate the loss 
one under quiet 
on-ditions. Protons in this region are stably trapped. Mende et al. [2002℄ have dis
ussed fourpro
esses that may produ
e signi�
ant pre
ipitation. First, proton aurora 
an be produ
edby pre
ipitation from an isotropi
 proton population inje
ted into a region of 
losed �eldlines, for example by dayside re
onne
tion or nightside substorm pro
esses. Se
ondly, un-der some a
tive 
ir
umstan
es, signi�
ant pre
ipitation from a stably trapped population
an also be produ
ed by pit
h angle di�usion due to parti
le intera
tions with ele
tri
�elds (d
 or wave). The loss 
one is then populated, and trapped parti
les will movedown into the atmosphere. Thirdly, pre
ipitation 
an also be produ
ed when a magneti
re
on�guration 
ompresses the region o

upied by the parti
les, for example, following asolar wind-indu
ed 
ompression of the magnetosphere. Fourthly, proton pre
ipitation alsoo

urs when parti
les are s
attered in a stret
hed �eld line 
on�guration, su
h that theproton motion is no longer adiabati
. Some of these pro
esses o

ur only during substorms,but be
ause of the magneti
 
on�guration of the magnetosphere, weak pre
ipitation at lat-itudes ex
eeding the isotropi
 boundary takes pla
e 
ontinuously.[3℄ To date, the global morphology of auroral pre
ipitation has been analyzed using twodi�erent methods. First, a statisti
al approa
h was used by Hardy et al. [1985, 1989℄, whoemployed in situ data obtained from ∼27000 polar passes by DMSP spa
e
raft. Statisti
almaps of the mean parti
le energy, number �ux, and energy �ux were provided for ele
-trons and protons for 7 di�erent magneti
 a
tivity levels measured by the Kp index. Itwas already known prior to these studies that both proton and ele
tron pre
ipitation o

urwithin annular regions whi
h are roughly 
o-lo
ated. Ground based measurements had alsoshown that the auroral proton pattern intensi�es and moves equatorward with in
reasinggeomagneti
 and substorm a
tivity [Vallan
e-Jones et al., 1982℄, and referen
es therein℄.Hardy et al. [1989℄ emphasized the fa
t that a minimum in the ion energy �ux o

urs inthe pre-noon se
tor, while the maximum value is observed pre-midnight at all levels ofa
tivity. Comparison with results for ele
trons of Hardy et al. [1985℄ also showed that thepeak ion energy �ux is lo
ated equatorward of the peak ele
tron energy �ux in the duskse
tor. The se
ond approa
h was initiated by the Dynami
s Explorer 1 mission [Frank andCraven, 1988℄, whi
h provided global FUV images of the auroral region. Similar global im-ages from the Polar UVI instrument have been analyzed by Liou et al. [2001℄ to determinethe statisti
al 
hara
teristi
s of global auroral pre
ipitation and its seasonal variations.However, no detailed 
omparisons have yet been made with the statisti
al studies based



122 2. The average proton auroraon DMSP data. In addition, no study has been made of proton pre
ipitation using globalFUV images, sin
e the above imagers 
ould not dis
riminate between proton and ele
tronpre
ipitation. A new era started with the laun
h of the IMAGE satellite in Mar
h 2000,whi
h 
arries a multi-spe
tral FUV imaging system in
luding the SI12 
amera sensitiveto Doppler-shifted Lyman-α emission providing snapshots of the global proton pre
ipita-tion. We emphasize that statisti
al maps obtained from in situ measurements and fromIMAGE-FUV global images are based on two very di�erent approa
hes. Parti
les studiesbuild statisti
al maps from a large set of measurements made along the satellite tra
k, andsin
e satellite orbits drift slowly in lo
al time it is often di�
ult to de
ouple lo
al timeand seasonal dependen
es. By 
ontrast, the IMAGE-FUV study dis
ussed here is basedon global images whi
h 
over the entire auroral oval simultaneously. Therefore, the resultsof these two methods do not ne
essarily lead to the same global pi
ture of the auroralmorphology.[4℄ Seasonal e�e
ts in the auroral ele
tron pre
ipitation have been observed in data fromboth the DMSP satellites [Newell et al., 1996b℄ and the Polar images [Liou et al., 2001℄.Liou et al. [2001℄ found that the dayside auroral power is enhan
ed in the summer, whilenightside emission is suppressed. They found that the summer nightside suppression is dueto a de
rease in the average ele
tron energies, while the summer dayside enhan
ement isdue to an in
rease in the ele
tron number �ux. Newell et al. [1996b℄ showed that intenseele
tron events are suppressed under sunlit 
onditions. Su
h events, with energy �uxeshigher than 5 mW/m2, were found to be asso
iated with dis
rete auroral ar
s, based onan examination of ele
tron energy spe
tra. The 'sunlight' e�e
t is also 
learly related tothe seasonal e�e
t, sin
e the time of year determines the amount of sunlight present. In-deed, Newell et al. [2001℄ found that the same 3:1 ratio in the frequen
y of o

urren
eof intense aurora was obtained whether the data were divided by season into winter andsummer solsti
e 
onditions, or by solar zenith angle into 
ases with angles >110�and <85�.These observations were explained in terms of an ionospheri
 
ondu
tivity feedba
k me
h-anism. In this 
on
eptual model, the pre
ipitating auroral ele
trons 
reate an enhan
edionospheri
 Pedersen 
ondu
tivity, the response to whi
h depends on whether the ba
k-ground ionospheri
 
ondu
tivity is high or low. If the ba
kground ionospheri
 
ondu
tivityis high, a polarization ele
tri
 �eld is produ
ed, whi
h redu
es the 
onve
tion ele
tri
 �eldand limits the growth of the 
urrent. On the other hand, if the ba
kground ionospheri

ondu
tivity is low, the enhan
ed ionospheri
 Pedersen 
ondu
tivity indu
es an enhan
edPedersen 
urrent. Through ionosphere-magnetosphere 
oupling, the enhan
ed 
urrents
reate a �eld aligned potential drop whi
h a

elerates the auroral ele
trons downward,whi
h ultimately 
reates the auroral ar
s. Due to EUV solar radiation the ba
kgroundionospheri
 
ondu
tivity on the dayside is higher than on the nightside, thus explainingthe suppression of nightside ele
tron auroral ar
s during the summer. In this pi
ture, theseasonality is due to the seasonal variation of the ionospheri
 illumination by the Sun.[5℄ Here we �rst des
ribe a statisti
al study based on IMAGE-FUV observations that pro-vides maps of the auroral parti
le energy �ux, whi
h 
an be 
ompared with related results



2.3. Proton aurora morphology 123obtained from in situ measurements [Hardy et al., 1985, 1989℄. Results obtained for ele
tronpre
ipitation are 
ompared with those from earlier studies. The ele
tron energy �ux mapsare used to determine the averaged morphology of the ele
tron pre
ipitation separately forwinter and summer, from whi
h the probability of o

urren
e of intense ele
tron aurora isdetermined. The same pro
edure is applied for proton pre
ipitation. Se
ond, we examinethe statisti
al proton energy �ux maps to determine possible seasonal dependen
es. Theresults for protons are 
ompared to those for the ele
trons.2.3.2 Data analysis[6℄ The analysis presented here is based on imaging data from the IMAGE satellite, whi
hhas an e

entri
 orbit with a ∼7 Earth radii apogee and a 1000-km perigee. The IMAGEFUV imaging system provides a snapshot of the global northern auroral region every 2minutes. The Wideband Imaging Camera (WIC) is mostly sensitive to the LBH bandsof mole
ular nitrogen, and the 149.3 nm NI line. The SI12 Spe
trographi
 Imager imagesthe Doppler-shifted Lyman-α emission (121.8 nm) produ
ed by auroral protons, while theSI13 
amera isolates the OI 135.6 nm emission [Mende et al., 2000a℄ with some 
ontribu-tions of the N2 LBH bands. The WIC and SI13 images are 
ontaminated by a dayglowon the dayside, whi
h is subtra
ted using the method des
ribed by Hubert et al. [2002℄.The SI12 images also 
ontain a weak ba
kground 
ontribution that has also been removedfrom ea
h individual image. This ba
kground signal is mainly due to the geo
oronal HLyman-α emission at 121.56 nm, and depends on the illumination and view angles. Avery small 
ontribution also originates from the N 120 nm emission and from some weakN2 LBH emission lines. Moreover, dark 
ounts in the dete
tor are also present over theSI12 images. This ba
kground 
ontribution is small and may be e�
iently removed by amathemati
al method, 
onsisting in a polynomial least squares regression. The regressionis applied to ea
h SI12 image over the region void of auroral emission and the fun
tion sodetermined is then subtra
ted over the full observed disk.[7℄ For this study, we sele
ted a period of 12 days in summer 2000 (14-17 June plus 21-28 June), and 15 days in winter 2000 (15-29 De
ember). This database in
ludes 10,602WIC images and the same number of SI12 and SI13 images, 
orresponding to a total of6.95x108 WIC pixels and 1.73x108 SI12 and SI13 pixels. Thus, although the time period isrestri
ted to intervals 
lose to the solsti
es, the statisti
al study is based on a large numberof individual FUV samples in the north hemisphere. The two time intervals sele
ted forthis study 
orrespond to very similar values of the mean solar �ux, so that the study isnot biased by the level of solar a
tivity. The mean F10.7 index was 184 in the summerinterval, and 191 during the winter interval. The 
orresponding mean Kp index was 2.6 insummer, 
ompared with 1.5 in the winter. Similarly, the mean hemispheri
 power derivedfrom NOAA POES satellite measurements [Lummerzheim et al., 1997℄ was 25.3 GW in thesummer, and 20.2 GW in winter. Both indi
es thus show that the a
tivity level was quite
lose during the two intervals, though being slightly higher in the summer interval than in



124 2. The average proton aurorathe winter interval.[8℄ For ea
h set of three simultaneous FUV images, global maps of the ele
tron averageenergy, the ele
tron energy �ux, and the proton energy �ux were 
al
ulated. The methodand asso
iated un
ertainties were des
ribed previously by Hubert et al. [2002℄ and Meurantet al. [2003b℄. The determination of the ele
tron mean energy is based on the ratio betweensimultaneous WIC and SI13 images [Meurant et al., 2003b; Coumans et al., 2004b℄. Thepre
ipitating ele
tron energy �ux is 
al
ulated from the WIC images using the estimatedmean energy and the WIC e�
ien
y fun
tion. The method used to obtain the proton en-ergy �ux [Gérard et al., 2001℄ is also based on the SI12 e�
ien
y fun
tion. An assumptionis required 
on
erning the proton energy, sin
e it 
annot be determined from the observa-tions. The Hardy et al. [1989℄ empiri
al mean energy model, whi
h was 
onstru
ted fromin situ DMSP measurements, was therefore used for this purpose. For ea
h FUV pixel,the mean proton energy was evaluated from the model, using its geomagneti
 lo
ation andthe 
on
urrent Kp value. The proton energy �uxes are then obtained from the SI12 
ountrate using the relationship between the SI12 signal and the NOAA in situ measurementsof proton pre
ipitation [Coumans et al., 2002℄. The proton �ux so derived is also usedto remove the proton 
ontribution from the WIC and the SI13 images. This method wasvalidated by 
omparisons with in situ measurements of the auroral parti
le energy �ux ob-tained from the FAST [Frey et al., 2001; Bisikalo et al., 2003℄, NOAA [Hubert et al., 2002;Coumans et al., 2002; Meurant et al., 2003b℄, and DMSP [Bisikalo et al., 2003; Coumanset al., 2004b℄ satellites.[9℄ The determination of the statisti
al parti
le energy �ux patterns requires the FUVobservations to be mapped into geomagneti
 
oordinates. The mapping te
hnique is basedon the 
lassi
al Delaunay triangulation method, 
onstru
ted in a manner to avoid informa-tion loss. The magneti
 latitude system employed is the modi�ed apex 
oordinate systemde�ned by Ri
hmond [1995℄. The statisti
al models derived by Hardy et al. [1985, 1989℄,on the other hand, are de�ned in 
orre
ted geomagneti
 
oordinates. However, Ri
hmond[1995℄ emphasized the fa
t that magneti
 apex 
oordinates are very similar to 
orre
ted ge-omagneti
 
oordinates for magneti
 �eld lines interse
ting the ionosphere at high latitudes.Spe
i�
ally, Gasda and Ri
hmond [1998℄ noti
ed that at auroral latitude (∼68�MLAT),the maximum di�eren
e between the apex magneti
 latitude at 110 km and 
orre
tedgeomagneti
 latitude at ground level is 0.17�, whi
h is smaller than the IMAGE-FUV res-olution. Therefore, in this paper, we thus use the term 'magneti
 latitude' to mean eitherapex or 
orre
ted magneti
 latitude.2.3.3 Ele
tron �uxes and probability of intense ele
tron aurora[10℄ The averaged pre
ipitating ele
tron energy �ux was 
al
ulated for the summer andwinter intervals given above using the method outlined. As mentioned before, the daysidese
tor of the WIC and SI13 images is 
ontaminated by dayglow, mainly in the summer.



2.3. Proton aurora morphology 125The dayglow subtra
tion method in these imagers, however, is not su�
iently a

uratefor our purposes, so that reliable statisti
s on summer ele
tron pre
ipitation 
annot beobtained. At winter solsti
e, a large part of the northern hemisphere is in darkness, thusallowing ele
tron pre
ipitation parameters to be derived free of dayglow 
ontamination.Figure 2.1a thus shows results for the nightside winter data only, where the region aroundnoon up to 77�MLAT has been omitted sin
e 
ontamination is still present following ba
k-ground subtra
tion. The maximum value of the mean winter ele
tron energy �ux pattern islo
ated in the pre-midnight se
tor, between 2100 and 2400 MLT, at around 70�MLAT, andrea
hes 1.6 mW/m2. The auroral oval is seen to extend between 65�and 75�MLAT in thepre-midnight se
tor, between 60�and 75�MLAT in the post-midnight se
tor, and between65�and 80�MLAT in the morning se
tor. The energy �ux de
reases with de
reasing MLTsin the dusk se
tor and rea
hes a value below 0.5 mW/m2 in the afternoon se
tor around
∼1730 and 73�MLAT.
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Figure 2.1: Maps of the mean ele
tron energy �ux (a) from our statisti
al study usingIMAGE-FUV data in winter 2000 for all Kp values, and (b) from the Hardy et al. [1985℄model with a weighted Kp index but without seasonal dis
rimination.[11℄ We now 
ompare our winter ele
tron energy �ux map with the Hardy et al. [1985℄statisti
al model, whi
h was derived from DMSP measurements and binned by Kp level.Figure 2.1b shows the Hardy et al. [1985℄ energy �ux map using a weighted Kp indexevaluated for our winter 2000 interval. A weighting fa
tor was 
al
ulated for ea
h Kpvalue from the ratio of the number of images obtained for that Kp value and the totalnumber of images obtained during the interval. Ea
h DMSP pre
ipitation pattern wasthen multiplied by the asso
iated weighting fa
tor and added together to obtain Figure2.1b. It 
an be seen that the shape of the pattern and the range of ele
tron energy �uxvalues are quite similar to those found here, in the region without dayglow 
ontamination.



126 2. The average proton auroraThe pattern is 
hara
terized by a C-shaped morphology with a minimum in the afternoonse
tor. The maximum is lo
ated in the post-midnight se
tor and rea
hes ∼1.4 mW/m2.A di�eren
e is that the pre
ipitation region determined from the in situ parti
le data issomewhat narrower than the FUV oval. This is possibly a seasonal di�eren
e and/or dueto the di�eren
e of the spatial resolution of the DMSP and IMAGE instruments. It shouldalso be borne in mind that the Hardy et al. [1985℄ statisti
al model does not di�erentiatebetween seasons, while the IMAGE-FUV map in Figure 2.1a was derived spe
i�
ally fromwinter observations. Overall, however, the general agreement between these two sets ofresults is quite satisfa
tory, 
onsidering the di�erent resolution and approa
h used to buildthe statisti
al SI12 and DMSP global map.[12℄ Related results were also obtained by Liou et al. [2001℄ using Polar-UVI measure-ments. The averaged pre
ipitating ele
tron energy �ux derived for winter 
onditions fromPolar-UVI images also exhibits a C-shaped pattern, with a minimum in the afternoonand a maximum pre-midnight, similar to Figure 2.1a. The magnitude of the pre-midnightmaximum was 25% higher than in Figure 2.1a, rea
hing 2 mW/m2. This small di�eren
eis within the un
ertainties in the 
alibration of the instruments. In addition, part of thedi�eren
e may also stem from the di�erent level of solar a
tivity in the two databases. Wealso note that the Polar UVI images in
lude a 
ontribution due to proton pre
ipitationwhi
h 
ould not be removed, whi
h also plays a role in the energy �ux di�eren
e notedabove.
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2.3. Proton aurora morphology 127[13℄ In Figure 2.2a we also show the o

urren
e probability distribution for observingintense ele
tron aurora in the IMAGE data. For ea
h pixel we have 
al
ulated the ratiobetween the number of 
ases where the energy �ux is higher than 5 mW/m2 and the totalnumber of 
ases. The region between 0730 and 1630 MLT has been masked out to avoiddayglow 
ontamination. Within the region shown, the probability pattern is C-shaped,with a maximum of about 7% in the 2100-2400 MLT se
tor at around 70�MLAT. Theprobability de
reases on se
tors going to the dayside, around 1700 MLT and 70�MLATand around 0430 MLT and 68�MLAT. In the post-midnight se
tor between 0230 and 0600MLT and 60�-70�MLAT the probability rea
hes ∼3.5%. At around 0200 MLT and 65�MLAT, however, the probability lo
ally drops to 3%. In Figure 2.2b we show related re-sults obtained by Newell et al. [1996b℄ from DMSP data, spe
i�
ally the probability ofobserving a

elerated ele
tron distributions asso
iated with the dis
rete aurora. The 
om-parison shows very good agreement with our results, both in morphology and in magnitude.The maximum probability is around 6% in the 2000-2300 MLT se
tor, while the minimumprobability is lo
ated near noon, with a se
ondary lo
al minimum in the post-midnightse
tor. We note, however, that the peak value in the post-midnight se
tor between 0230and 0600 MLT is 1.5% in the DMSP study, whi
h is lower than that in Figure 2.2a. Thisdi�eren
e may be related to the fa
t that the DMSP study used 9 years of measurements,almost en
ompassing a 
omplete solar 
y
le, while we have only in
luded FUV observationsobtained in a period 
lose to solar maximum. In addition, the DMSP methodology usedto obtain this map also employed additional 
riteria based on the evolution of the ele
tronenergy spe
tra along the orbit.[14℄ Overall, we 
on
lude from the results shown in this se
tion that our winter ele
tronstatisti
al pre
ipitation pattern is in adequate agreement with earlier in situ and remotesensing observations. We now apply the same pro
edure to the proton pre
ipitation, usingSI12 images.2.3.4 Proton energy �ux[15℄ Sin
e the SI12 images are only minimally 
ontaminated by dayglow whi
h may bee�
iently removed, the method des
ribed above may be used to obtain statisti
al mapsof the pre
ipitating proton energy �ux during both summer and winter. The maps de-rived for the summer and winter intervals employed here are shown in Figures 2.3a and2.3b respe
tively, showing C-shaped morphologies during both seasons. The minimum islo
ated in the morning se
tor near 1000-1100 MLT, while the maximum is observed in themidnight region. In summer the statisti
al maximum �ux is 0.28 mW/m2 lo
ated in thepost-midnight se
tor, while in winter the maximum is 0.24 mW/m2 lo
ated just before mid-night. The magnitude of the proton energy �ux is seen to be quite similar in summer andwinter, while the latitudinal extent of the pre
ipitation is greater in summer than in winter.[16℄ For 
omparison, Figure 2.4 shows the Kp-weighted statisti
al proton energy �ux pat-
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Figure 2.3: Averaged energy �ux maps for protons evaluated from IMAGE-FUV observa-tions, for (a) our summer, and (b) our winter intervals, displayed in geomagneti
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Figure 2.4: Proton energy �ux from the Hardy et al. [1989℄ empiri
al model, using a Kpweighting evaluated for (a) our summer 2000 interval, and (b) our winter 2000 interval.



2.3. Proton aurora morphology 129terns obtained from DMSP data by Hardy et al. [1989℄, using the method outlined above.Figures 2.4a and 2.4b show results for the summer and winter intervals, respe
tively, wherewe note that the di�eren
e arises solely from the di�erent Kp values whi
h o

urred duringthe intervals, and not from seasonal di�eren
es in the empiri
al model input. The C-shapedpattern is similar to that found here, with a minimum in the pre-noon se
tor, and a maxi-mum lo
ated in the 2300-2400 MLT se
tor rea
hing 0.35 mW/m2 for the summer intervaland 0.24 mW/m2 for winter.[17℄ To verify that our statisti
al results are not unduly in�uen
ed by the di�eren
e in theKp values between the two seasons, we analyzed the seasonal variation in the proton energy�ux separately for two ranges of Kp, namely Kp ≤ 3 and Kp ≥ 4. Results are summarizedin Table 2.1. The energy �uxes were integrated over the 
omplete auroral region (between60� and 80�MLAT) for both ranges of Kp, and the ratio of the summer to the winterpowers were evaluated. As 
an be seen in Table 2.1, the ratios are found to be 1.2 forboth Kp ranges, indi
ating that overall, the area integrated proton energy �ux in summeris ∼20% larger than in winter. The seasonal di�eren
e thus exists independent of the Kpvalue. When all Kp values are taken together, the summer-winter total proton power ratiois found to be 1.5, this higher value being due to the distribution of samples with Kp inthe two intervals. This value 
an also be obtained by weighting the averaged energy �uxmaps divided into the two Kp ranges for summer and winter (not shown) by the ratiobetween the number of 
ases in those Kp ranges and the total number of 
ases. Overall,the results for both ranges of Kp suggest that the di�eren
e in the magneti
 a
tivity duringthe two seasons is not the 
ause of the observed seasonal di�eren
e in the proton energy �ux.Kp Nsummer Nwinter φsummer φwinter

≤3 3526 5423 2.00 1.65
≥4 1400 253 4.32 3.73Table 2.1: Summary of the 
hara
teristi
s of the summer and winter samples for two rangesof Kp. The �rst 
olumn gives the Kp range, while the se
ond and third 
olumns indi
atethe number of 
ases in ea
h range over the summer and winter periods respe
tively. Thefourth and �fth 
olumns then give (in GW) the proton power integrated over the wholeauroral oval for both seasons.[18℄ Observation of Figures 2.3a and 2.3b indi
ates that the seasonal di�eren
e in theproton energy �ux 
omes mainly from the latitudinal extent of the pre
ipitation. A 
on�r-mation of these �ndings was obtained through a parallel study 
onsisting in studying thewidth of the proton oval observed by SI12 in two spe
i�
 MLT se
tors: 2200 ± 0.5 and0200 ± 0.5 MLT. The poleward and the equatorward boundaries were de�ned by taking the1/10th of the total 
ount number of the emission peak in the se
tor 
onsidered. This studywas made in both MLT se
tors separately for November 2000 and June 2001. It shows thatthe equatorward boundary of the oval is globally lo
ated at lower latitude in summer than



130 2. The average proton aurorain winter, while the poleward boundary is lo
ated at higher latitude in summer than inwinter. The average latitudinal width in June 2001 is 13.5�± 2.9�, while it is 8.3�± 1.9�inNovember 2000. These results, obtained over another time period, are in agreement withthose des
ribed before. We also used boundaries determined from DMSP spe
trograms[Newell et al., 1996a℄, to verify whether the seasonal di�eren
e in the width of the protonoval is also present. The B5i boundary is de�ned as the poleward boundary of the auroraloval, determined by an abrupt drop in the ion energy �ux, and B1i as the "zero-energy"ion boundary. We evaluated the latitudinal di�eren
e between those two boundaries andanalyzed their seasonal variations. The DMSP oval 
rossings were sele
ted in the 1630and 2200 MLT se
tors, where the proton oval is wider in summer a

ording to our results.We �rst use the same time period as in this study, that is 12 days in summer 2000 and15 days in winter 2000, 
orresponding to 181 and 317 DMSP oval 
rossings respe
tively.The average latitudinal di�eren
e is 9.4�± 3.0�in summer and 6.9�± 1.5�in winter. In ase
ond test, to extend the time period and 
on�rm our results, we evaluated the averagedlatitudinal di�eren
e between B5i and B1i over the months of June and July 2000 and overDe
ember 2000 and January 2001. The values are 8.8�± 2.9�and 7.3�± 1.6�respe
tively.This result shows that the proton auroral oval is 19% wider in summer than in winter.[19℄ To analyze the in�uen
e of the assumed proton energy on the seasonal e�e
t, a testwas made where the proton mean energy was set to 8 keV rather then using the statis-ti
al values from Hardy et al. [1989℄. The 8-keV energy value is the mean energy of themidnight number �ux maximum for a Kp value between 0 and 1 and is approximatelyhalf the value of the highest average energy of the entire auroral region in the same Kprange [Hardy et al., 1989℄. Results show that the morphology of the proton average energy�ux pattern is very similar to Figure 2.3 for both seasons. The maximum in the protonenergy �ux is 
onsistently lo
ated in the night se
tor and the minimum in the pre-noonse
tor in winter and summer. The proton power, evaluated on the region between 60�and80�MLAT, is ∼3.2 GW in summer and ∼1.7 GW in winter, while it was ∼2.6 GW and
∼1.7 GW respe
tively when using the Hardy et al. [1989℄'s mean energy. The seasonaldi�eren
e is still present with a higher ratio of 1.9 between the summer and winter powers.Sin
e parallel ele
tri
 �elds that a

elerate ele
trons downward and produ
e dis
rete ar
sare weaker in summer than in winter, it is expe
ted that protons would be more ener-geti
 during this season. We test the in�uen
e of an in
rease in the summer proton meanenergy by evaluating the average energy �ux pattern using a �xed energy of 15 keV and
omparing with the 
al
ulation with the 8-keV energy. The 15-keV energy is the averageenergy 
hara
teristi
 of the midnight number �ux maximum and around half the valueof the average energy maximum for Kp ∼ 3 [Hardy et al., 1989℄. The morphology of thehigh latitude summer average energy �ux is similar to the one showed in Figure 2.3a, witha maximum value of 0.43 mW/m2 and a total auroral power of 4.4 GW. The ratio be-tween summer power with <Epr>=15 keV and winter power with <Epr>=8 keV is 2.6.This result shows that the seasonal di�eren
e is enhan
ed if the proton mean energy isalso in�uen
ed by season. This trend may be expe
ted sin
e the Lyman-α e�
ien
y fun
-tion de
reases with in
reasing proton mean energy [Gérard et al., 2001℄. The energy �ux



2.3. Proton aurora morphology 131produ
ing a given Lyman-α emission rate is 
onsequently higher for higher proton energies.[20℄ Comparing the winter energy �uxes for protons and ele
trons shown in Figures 2.3band 2.1a, respe
tively, we �nd that the maximum proton energy �ux is ∼0.3 mW/m2 
om-pared with 1.6 mW/m2 for ele
trons. The ele
tron power over the un
ontaminated se
torbetween 60�and 80�MLAT is 19.4 GW and the proton power over the same region is 1.6GW. Protons thus provide ∼8% of the total pre
ipitating parti
le energy �ux. The C-shaped pattern for protons is roughly the mirror re�e
tion in the noon-midnight meridianof the pattern for ele
trons. The minimum in ele
tron �ux is expe
ted in the afternoonse
tor from Figure 2.1b, while for protons it is lo
ated in the morning se
tor, as previouslynoted by Hardy et al. [1989℄. This feature 
an be explained by the grad-B and 
urvaturedrifts experien
ed by these parti
les. High-energy ions from the nightside plasma sheetdrift preferentially westward via dusk into the afternoon and the late morning se
tors,and are thus ex
luded from mu
h of the morning-side oval [Hardy et al., 1989℄. On theother hand the plasma sheet ele
trons drift eastward, and are hen
e ex
luded from mu
hof the afternoon-side oval. The noon-midnight re�e
tion symmetry between the ele
tronand proton ovals is not perfe
t, however, sin
e the maximum energy �ux for both spe
ies islo
ated in the same quadrant, around 2100 MLT for ele
trons and 2300 MLT for protons.This is the region where substorms are usually initiated, resulting in the dire
t inje
tion ofheated auroral plasma from the magnetotail. It 
an also be seen that in the dusk se
tor,the proton pre
ipitation is lo
ated equatorward of the ele
tron pre
ipitation, as observedin previous studies [e.g., [Hardy et al., 1989; Coumans et al., 2002℄. Comparison of Figures2.1a and 2.3b also shows that the winter ele
tron oval is narrower than the proton oval inthe se
tor between 1500 and 1800 MLT, while it is wider at later magneti
 lo
al times.2.3.5 Probability of intense proton aurora[21℄ We next 
al
ulate the o

urren
e probability of intense proton aurora, de�ned by theo

urren
e of a proton energy �ux higher than 0.5 mW/m2. This value 
orresponds to 10%of the limit used for intense ele
tron aurora, in approximate proportion to the fra
tional
ontribution of protons to the total parti
le energy �ux. Results are shown in Figures 2.5aand 2.5b for our summer and winter intervals, respe
tively. The patterns again show aC-shaped morphology, with a minimum 
onsistently in the morning se
tor between 0600and 1200 MLT. The maximum probability in summer is lo
ated just after midnight witha value of ∼15%, while in winter it is lo
ated just before midnight with a value of ∼9%.When the probability distributions are integrated over the whole auroral region, the sum-mer to winter ratio is found to be 2.9, implying that the global probability of o

urren
eof intense proton auroras is nearly 3 times higher in summer than in winter.[22℄ We have also 
al
ulated the ratio of summer to winter mean probabilities in individual1-hr se
tors of MLT, shown (as inverse winter to summer ratios) in Figure 2.6. It 
an beseen that values are less than one in ea
h se
tor, meaning that the probability of o

urren
e
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Figure 2.5: Probability of o

urren
e of intense proton aurora in (a) our summer, and(b) our winter intervals, plotted in geomagneti
 
oordinates. An intense proton aurora isde�ned by a pre
ipitating energy �ux ex
eeding 0.5 mW/m2.of intense proton events is higher in summer than in winter at all lo
al times. Ratios arelower than 0.1 from 0500 to 1500 MLT, and are essentially zero from 0800 to 1200 MLT,where no intense events were observed in winter. Ratios between 0.1 and 0.3 are observedfrom 1500 to 2100 MLT and from 0300 to 0500 MLT, while values are between 0.4 and 0.6in the midnight se
tor from 2200 to 0200 MLT. We thus �nd that the probability is nearlytwi
e as high in summer than in winter even in the se
tor where the winter probability isa maximum.2.3.6 Dis
ussion[23℄ In this paper we have used IMAGE-FUV data to derive maps of the mean pre
ipi-tating energy �ux for ele
trons in winter and for protons in both summer and winter. Ourresults for ele
trons show good agreement with previous results derived from in situ DMSPparti
le data and from Polar-UVI observations, both in morphology and in magnitude.For protons, the agreement with previous results obtained from in situ DMSP data is verygood. Thus we �nd that statisti
al maps based on DMSP overpass data that are not 
ol-le
ted simultaneously at ea
h MLT, and those from global images of the auroral region arein fa
t 
omparable. The results obtained here on auroral proton pre
ipitation have thenbeen 
ompared with previous ele
tron observations obtained from DMSP and Polar UVIdata.[24℄ Our proton results show that the total pre
ipitating power integrated over the 
om-
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12 14 16 18 20 22 0 2 4 6 8 10 12Figure 2.6: Histogram of the ratio between the integrated probabilities of o

urren
e ofintense protons events in winter and summer evaluated for ea
h 1-hour MLT se
tor. Aratio lower than one, as observed, means that the probability is higher in summer than inwinter. The average ratio for all MLT se
tors is 0.35.plete auroral oval is higher in summer than in winter. This is a 
onsequen
e of the largerlatitudinal extent of the proton oval in summer than in winter, while the peak value ofthe energy �ux is quite similar for the two seasons. The o

urren
e probability of intenseproton auroras, whose energy �ux is higher than 0.5 mW/m2, is also higher in summerthan in winter, while intense ele
tron pre
ipitation is enhan
ed in the winter, as found inprevious studies.[25℄ In the following se
tion, we �rst dis
uss the origins of auroral protons and what a
-
eleration pro
ess is asso
iated with the intense events where the protons energy �ux ishigher than 0.5 mW/m2. To address to this question we have examined in situ parti
lemeasurements obtained by the ion and ele
tron ele
trostati
 analyzers on board the FASTspa
e
raft [Carlson et al., 1998℄, during simultaneous 
rosses of su
h events observed bySI12. Protons produ
ing emission observed by SI12 
an either originate from the magne-tospheri
 tail, or from the ionosphere. Se
ondly, we 
onsider several possible explanationsfor the seasonal di�eren
e emphasized in the proton pre
ipitation: a seasonal variationin the geometry of the geomagneti
 tail or seasonality in the modulation of ele
tri
 �eldsa

elerating protons downward into the atmosphere or retarding proton a

ess to the at-mosphere.[26℄ The analysis of in situ parti
le measurements gives information about the energyspe
tra of proton during intense proton events. Instruments on board the FAST spa
e
raft[Carlson et al., 1998℄ provide ion and ele
tron energy-time spe
trograms measured in thepit
h angle range 0� - 30�, and pit
h angle-time distributions for parti
les with energieshigher than 1 keV. We sele
ted 
ases where FUV observations showed a proton �ux higher



134 2. The average proton aurorathan 0.5 mW/m2 and simultaneous FAST measurements were available. Seven 
ases werefound in winter 2000, when the FAST orbit was ideally lo
ated, 
rossing the auroral regionin the 2200 MLT se
tor. The FAST data show that the intense proton aurora 
orrespondsto pre
ipitation of high-energy protons with energies above 1 keV, often up to at least25 keV, whi
h is the dete
tor limit. The pit
h-angle distribution of the pre
ipitating ionduring su
h events is isotropi
. We also observed that, as expe
ted, the ion �ux de
reasesduring ele
tron inverted-V events. The empiri
al proton pre
ipitation model derived byHardy et al. [1989℄ also shows that in the se
tor where intense proton aurora are morefrequent, in the midnight se
tor around 63�MLAT, the mean proton energies lie between5 and 30 keV for all Kp values.[27℄ In a re
ent study, Hultqvist [2002℄ has analyzed Freja observations of downward night-side ion a

eleration events at auroral latitudes, in ion spe
tra at energies up to 3.5 keV. Heshowed, among other things, that the ion pit
h-angle distributions are generally somewhat�eld aligned but not far from isotropi
, that all ion spe
ies (H+, O+, and He+) are a

eler-ated to the same energy, and that su
h ion pre
ipitation is generally not observed in regionswith primary auroral Birkeland 
urrents asso
iated with ele
tron inverted-V distributions.He 
on
luded that a potential drop along the magneti
 �eld lines 
an provide the observedkineti
 energies, and that the a

elerated parti
les originated in the ionosphere. However,if su
h a

elerated parti
les are limited to energies less than ∼3 keV, this me
hanism willprodu
e only a small 
ontribution in the overall proton energy �ux. Moreover the resultsof the 
omparison with the FAST spe
trograms have shown that the intense proton eventsare usually due to pre
ipitation of protons with higher energy. The ionospheri
 origin ofthe protons 
an thus be reje
ted.[28℄ Possible me
hanism of the observed seasonality may be due to variations in the geom-etry of the Earth magneti
 environment. A seasonal variation of the magnetotail stret
hingmay explain the seasonal variation in the proton pre
ipitation. It has been shown that themain me
hanism for proton pre
ipitation is related to the nightside geometry of stret
hedmagneti
 �eld lines and its non-adiabati
 e�e
ts on the ion motions[Sergeev et al., 1983℄.The auroral region 
an be subdivided into di�erent zones whose boundaries may be de-termined from DMSP spe
trograms [Newell et al., 1996a℄. The proton isotropy boundarydes
ribed by Sergeev et al. [1983℄ is a good approximation to the earthward edge of the tail
urrent sheet. In the DMSP automated 
lassi�
ation, a proxy (b2i) for the ion isotropyboundary is de�ned as the pre
ipitating energy �ux maximum of high-energy (3 keV) ions[Newell et al., 1996a℄. Proton isotropy poleward of this boundary is a 
onsequen
e of pit
hangle s
attering in the 
urrent sheet where the gyroradius is 
omparable to the magneti
�eld line 
urvature. The region lo
ated just poleward of the isotropy boundary is the mainse
tor where intense proton aurora should o

ur. The level of stret
hing of magneti
 �eldlines thus in�uen
es the degree to whi
h ions are s
attered. It is well known that themagnetotail 
on�guration depends on the dipole tilt towards and away from the Sun, andis thus partly 
ontrolled by the seasons. However, ion s
attering within the 
urrent sheetunder any given 
onditions will produ
e the same isotropi
 population on both sides of
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e the same 'sour
e' ion population on both 'summer' and'winter' hemisphere �eld lines during solsti
e 
onditions. Therefore the magnetotail e�e
tsthemselves will not produ
e a seasonal e�e
t on the ion pre
ipitation.[29℄ Another possible me
hanism explaining the seasonal variations of the proton pre-
ipitation is a variation in parallel ele
tri
 �elds. Downward ele
tri
 �eld would in
reasethe proton energy �ux into the atmosphere and produ
e downward-dire
ted ion beams.This type of events has been observed in the auroral zone by the FAST satellite [Klumparet al., 2000℄. Individual events are narrowly 
on�ned in latitude and display a latitudepro�le similar to ele
tron inverted-Vs. The a

eleration pro
ess o

urs at altitude abovethe FAST satellite (∼4000 km), and is thought to be a quasistati
, downward-dire
ted,parallel potential stru
ture. Klumpar et al. [2000℄ showed that these downward-dire
tedion beams o

ur predominantly in the post-midnight se
tor, 
lose to the region of thesummer maxima in the proton energy �ux and o

urren
e probability of intense protonaurora found in this work (Figures 2.3a and 2.5a). Su
h events may thus 
ontribute to theintense events observed here in the summer data but would not be dominant as Klumparet al. [2000℄'s des
ription of the spe
tral distribution does not agree with the results of the
omparisons with FAST measurements des
ribed before. Peak 
hara
teristi
 energies ofthose downward-dire
ted ion beams often rea
h only 1 keV and the pit
h angle distributionis not isotropi
.[30℄ Variations of the upward ele
tri
 �elds whi
h downward a

elerate auroral ele
trons,
reating inverted-V events, and whi
h would also in�uen
e the proton pre
ipitation is also apossible 
ause of the seasonality of proton aurora. Based on measurements from the DMSPsatellites, Newell et al. [1996b℄ has emphasized the suppression of dis
rete ele
tron aurorain sunlit regions. As mentioned above, they interpreted the observations in terms of anionospheri
 
ondu
tivity feedba
k me
hanism [Lysak , 1986℄. We suggest that this me
ha-nism may also play an important role in the seasonal 
ontrol of proton pre
ipitation. In thispi
ture the ionospheri
 'ba
kground 
ondu
tan
e', the approximately 
onstant ionospheri

ondu
tan
e due largely to solar ionization, plays a role in the formation of the aurora. Alarge-s
ale ele
tri
 �eld is present in the ionosphere asso
iated with magnetospheri
 plasma
onve
tion, whi
h drives a large-s
ale system of ele
tri
 
urrent. The Pedersen 
omponentof these 
urrents will 
lose in the magnetosphere via large-s
ale �eld-aligned (Birkeland)
urrents. Pre
ipitating parti
les 
reate a density perturbation, and thus in
rease the Ped-ersen 
ondu
tivity. As mentioned in the introdu
tion, the rea
tion of the ionosphere thendepends upon its state. If the ba
kground 
ondu
tivity is too high (i.e. on the dayside),the ionosphere responds by produ
ing a polarization ele
tri
 �eld whi
h redu
es the large-s
ale 
onve
tion ele
tri
 �eld and limit the 
urrent. If the ba
kground 
ondu
tivity is low(i.e. on the nightside), the ionosphere responds with an in
rease in the Pedersen 
urrent,whi
h must be 
losed by �eld-aligned 
urrents �owing at the 
ondu
tivity gradient. Alarger 
urrent then �ows between the magnetosphere and ionosphere, requiring a larger�eld-aligned potential drop to a

elerate ele
trons downward from the low-density magne-tosphere. A 
onsequen
e of the positive feedba
k, whi
h 
ouples the enhan
ed 
urrent with



136 2. The average proton aurorathe magnetosphere through �eld-aligned 
urrents, is the formation of high-energy ele
tronpre
ipitation and intense ele
tron auroral ar
s. In addition to the downward a

elerationof magnetospheri
 ele
trons, the �eld-aligned ele
tri
 �elds will also a

elerate ionospheri
ions upward into the magnetosphere, while down-
oming magnetospheri
 ions will be de-
elerated. Observations of seasonal variations in the upward ion beams whi
h 
orrespondto the ele
tron results of Newell et al. [1996b℄ were found by Collin et al. [1998℄ usingdata from the TIMAS instrument onboard the Polar satellite Shelley et al. [1995℄. FASTobservations have also been used to study the upward-dire
ted ion beams a

elerated bythe �eld-aligned potential di�eren
e [M
Fadden et al., 1999℄. Sin
e these �eld-aligned po-tentials will also suppress proton pre
ipitation from the magnetosphere, less intense protonauroras may be expe
ted in winter.
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Figure 2.7: Variation of the pre
ipitating ele
tron and proton energy �uxes (Q0(ϕ‖)) withthe �eld-aligned voltage (ϕ‖), for a plasma sheet 'sour
e' population with a number densityof 0.5 
m−3 and proton and ele
tron thermal energies (equal to kT ) of 5 and 0.5 keV,respe
tively. A positive voltage implies an upward-dire
ted ele
tri
 �eld. The solid lineshows the ele
tron energy �ux, while the dashed line shows the proton energy �ux.[31℄ We now quantitatively examine how proton and ele
tron pre
ipitation from the mag-netosphere is a�e
ted by the presen
e of a �eld-aligned ele
tri
 �eld. We use the kineti
theory due to Knight [1973℄, whi
h has been employed in numerous studies of terrestrialauroral ele
tron pre
ipitation [e.g. [Lyons et al., 1979℄, and has been applied more re
entlyto jovian 
onditions as well [e.g. [Cowley and Bun
e, 2001℄. We 
onsider the ele
trons�rst, and assume that the magnetospheri
 plasma sheet 'sour
e' population is an isotropi
Maxwellian of number density N and thermal energy Wth = kT . If these ele
trons area

elerated downward by an upward-dire
ted parallel ele
tri
 �eld through a (positive)voltage ϕ‖ , their pre
ipitating energy �ux Q0(ϕ‖) is
Q0(ϕ‖) = Q0(0)[1 +

eϕ‖

Wth
+

1

2
(
eϕ‖

Wth
)2], (2.1)
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tron 
harge, and Q0(0) is the pre
ipitating ele
tron energy �ux for zero�eld-aligned voltage, given by
Q0(0) = 2NWth(

Wth

2πme
)1/2. (2.2)This expression for Q0(ϕ‖) was �rst derived by Lundin and Sandahl [1978℄. It is basedon two simple assumptions, the �rst being that the a

eleration region is su�
iently 
om-pa
t along the �eld lines that no parti
les mirror before experien
ing the full �eld-alignedpotential. The se
ond is that the a

eleration region lies at a su�
ient altitude that

(Bi/Bϕ‖
) > (eϕ‖/Wth) , where Bi is the magneti
 �eld strength in the ionosphere and

Bϕ‖
is the �eld strength in the a

eleration region. For the 
ase of plasma sheet ele
tronsde
elerated by a downward-dire
ted ele
tri
 �eld through a (negative) potential ϕ‖ , theexpression be
omes modi�ed to

Q0(ϕ‖) = Q0(0) exp(
eϕ‖

Wth
). (2.3)With a 
hange in the sign of the 
harge, similar expressions also apply to proton pre
ipita-tion from the plasma sheet, where the upper expression for Q0(ϕ‖) then be
omes valid fornegative voltages whi
h a

elerate protons downward into the ionosphere, while the lowerexpression is valid for positive voltages whi
h de
elerate the pre
ipitating protons. Figure2.7 then shows the variation of the ele
tron (solid line) and proton (dashed line) energy�uxes as fun
tion of the �eld-aligned voltage ϕ‖, using realisti
 values for the plasma sheetnumber density and parti
le thermal energies. Spe
i�
ally we have used N = 0.5 
m−3, and

Wth = 0.5 keV for ele
trons and 5 keV for protons [Baumjohann et al., 1989℄. It 
an be seenthat for positive voltages 
orresponding to upward-dire
ted ele
tri
 �elds, the pre
ipitatingele
tron energy �ux in
reases rapidly with the voltage, while the energy �ux of the hottermagnetospheri
 protons more gradually de
lines. For example, if the potential di�eren
edoubles from 5 to 10 kV, then with these plasma sheet parameters the a

elerated ele
tron�ux in
reases from 20 to 66 mW/m2, while the proton energy �ux de
reases from 0.08 toless than 0.03 mW/m2. For negative voltages 
orresponding to downward-dire
ted ele
tri
�elds, however, the ele
trons are de
elerated and the energy �ux rapidly falls to very smallvalues, while the proton energy �ux steadily in
reases. It 
an thus be seen that if the aboveionospheri
 
ondu
tivity feedba
k pro
ess seasonally modulates the ele
tron-a

eleratingvoltage as explained above, then a seasonal e�e
t of the opposite sense will also o

ur inpre
ipitating protons, as observed here.[32℄ In view of the di�erent points dis
ussed above, the results of this study suggest thatseasonal variation in proton pre
ipitation probably originates mainly from seasonal varia-tions in the �eld-aligned ele
tri
 �elds that a

elerate parti
les from the magnetospheri
tail, in ea
h hemisphere, as a 
onsequen
e of the variation of solar illumination.
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140 2. The average proton auroraAbstra
t[1℄ The brightness of proton aurora observed near solar maximum at summer and wintersolsti
es with the FUV-SI12 global imager on board the IMAGE satellite has been 
orre-lated with the solar wind and the interplanetary magneti
 �eld 
hara
teristi
s measured byACE satellite instruments. By 
ontrast to the ele
tron aurora, we �nd a strong 
orrela-tion both on night- and day-sides between the proton pre
ipitated power and the solar winddynami
 pressure 
al
ulated with one hour averaged solar wind data. For both southwardand northward IMF, the proton power in
reases with |Bz|, but mu
h more rapidly on thenightside for southward IMF orientation. Correlations for the nightside aurora were also
al
ulated with a series of solar wind-magnetosphere 
oupling fun
tions. We �nd highest
orrelation 
oe�
ients for expressions 
ontaining the dynami
 pressure or involving the so-lar wind ele
tri
 �eld in the Y-Z plane. The in�uen
e of the solar wind dynami
 pressureon the proton aurora is tentitatively explained by the e�e
t of the pressure on the shape ofthe magnetosphere, generating stret
hing of the magnetotail and proton pre
ipitation, butalso by other 
oupling pro
esses between the solar wind and the magnetosphere. AddingFUV-WIC and SI13 ele
tron aurora images in the study, we determine how proton andele
tron pre
ipitations simultaneously rea
t to solar wind and IMF 
hara
teristi
s and Kp.Results shows that protons are more rea
tive to dynami
 pressure variations than ele
tronswhen Bz is positive, while the in�uen
e on of both types of parti
les is similar for negativeBz. The pre
ipitating proton �ux is found proportionally larger 
ompared to the ele
tron�ux when the total auroral �ux in
reases for low a
tivity level. Instead, for high a
tivitylevel, the proportion of the proton and the ele
tron powers are similar when auroral powerin
reases. Consequently, it is suggested that similar me
hanisms 
ause proton and ele
-tron auroral pre
ipitation for high a
tivity levels, while they appear somewhat de
oupled forlower a
tivity 
onditions.



2.4. Solar wind in�uen
e on proton aurora 1412.4.1 Introdu
tion[2℄ Variations in the solar wind have an important in�uen
e on the magnetosphere and onthe 
hara
teristi
s of the aurora. It is well known that abrupt solar wind variations su
has pressure pulses asso
iated with CMEs 
an indu
e signi�
ant auroral pre
ipitation [Zhouand Tsurutani , 1999; Chua et al., 2001; Hubert et al., 2003; Meurant et al., 2003a℄. Themorphology of the aurora has also been extensively studied as a fun
tion of the IMF orien-tation. For example, Lasen and Danielsen [1978℄ studied quiet time ar
s observed from theGreenland all-sky 
amera network. They showed that the oval ar
 pattern is prominentfor southward IMF, and pra
ti
ally vanished as steady IMF is shifted toward a northwarddire
tion. They also showed a 
ontra
tion of the oval pattern depending the sign of By:for positive By, the 
ontra
tion takes pla
e in essentially the evening se
tor of the oval,while for negative By, the morning se
tor is more a�e
ted. The lo
ation of the ele
tronauroral oval had also been studied in di�erent MLT se
tors in relation with the IMF andthe solar wind 
hara
teristi
s. Kamide and Winningham [1977℄ made a statisti
al studyof the 'instantaneous' nightside auroral oval, using measurements from the ISIS 1 and 2satellites. They showed that the north-south 
omponent of the IMF plays a dominantrole in 
ontrolling the motion of the equatorward boundary of the nightside oval. Makitaet al. [1983℄ studied the shift of the auroral ele
tron boundaries in the dawn-dusk se
torin asso
iation with the IMF, from measurements of DMSP-F2 satellite. They showed thatthe lo
ations of the poleward and the equatorward boundaries are both 
ontrolled by theBz orientation. The dayside aurora is also in�uen
ed by 
hanges in the solar wind as shownby Ja
obsen et al. [1995℄. Using ground-based observations, they found that the pre-noonaurorae morphology is dependent on the IMF Bz and the solar wind density.[3℄ The brightness of the aurora and its 
ontrol by the solar wind parameters and theIMF have been investigated by Liou et al. [1998℄, using global UVI images from Polarand the solar wind measurements from the Wind satellite. They showed that the after-noon aurora is more a
tive for large IMF 
one angle and large solar wind ele
tri
 �eld.The nightside auroral brightness is moderately 
orrelated with the orientation of the Bz
omponents of the IMF and the solar wind velo
ity, while no e�e
ts are indu
ed on thenightside aurora by the solar wind dynami
 pressure. They explained the dayside resultsby a partial penetration of the IMF into the dayside 
losed magneti
 �eld and the solarwind ele
tri
 �eld entering into the magnetosphere via �eld line re
onne
tions in di�er-ent lo
ations. The nightside pro
esses 
ontrolling the aurora are due to re
onne
tion andvis
ous-like intera
tions me
hanisms. Using similar data, Shue et al. [2002℄ examined therelationship between auroral brightness and solar wind and IMF 
hara
teristi
s, on thebasis of the IMF Bz orientation and the season. They found that both winter and summerpre
ipitation powers are mostly 
ontrolled by solar wind density and velo
ity for southwardIMF on the nightside. Globally, these studies indi
ate that the ele
tron aurora morphologyand brightness are strongly in�uen
ed by the IMF orientation but also by the solar wind
onditions.



142 2. The average proton aurora[4℄ The transfer of energy from the solar wind to the magnetosphere, whi
h is the ulti-mate sour
e of the nightside auroral pre
ipitation, has been the obje
t of extensive stud-ies. Arnoldy [1971℄ used the north-south 
omponent of the IMF as a signature in theinterplanetary medium for substorms. Gonzales and Mozer [1974℄ suggested that the en-ergy transfer through the re
onne
tion depends on the magnetospheri
 ele
tri
 �eld in thetransverse plane. Akasofu [1981℄ suggested a �rst approximation expression for the solarwind-magnetosphere energy 
oupling fun
tion ε. This expression, already des
ribed byPerreault and Akasofu [1978℄, 
orrelates well with the total energy 
onsumption rate of themagnetosphere. They showed that ε is the primary fa
tor 
ontrolling the time developmentof the magnetospheri
 substorms and storms. This expression indi
ates that the solar windand the magnetosphere work together as a dynamo, by whi
h the solar wind 
ouples itsenergy with the magnetosphere. Other empiri
al fun
tions were suggested to des
ribe thestrength of the solar wind-magnetosphere 
oupling. Vasyliunas et al. [1982℄ sear
hed for afun
tional dependen
e on solar wind parameters of the rate of energy transfer from dimen-sional analysis 
onstraints. They found that the energy transfer depends on the solar winddynami
 pressure, velo
ity, and transverse IMF orientation. Wygant et al. [1983℄ used S3-3measurements of the polar 
ross polar 
ap ele
tri
 potential, and 
ompared them with there
onne
tion ele
tri
 �elds predi
ted by several theoreti
al and experimental models. Theyfound best agreement for a dependen
e on θc, the angle between the transverse 
omponentof the IMF and the Earth's magneti
 �eld at the magnetopause, with a fourth power of
sinθc . Other fa
tors in�uen
ing the re
onne
tion e�
ien
y are the solar wind velo
ityand the absolute value of the transverse 
omponent of the IMF. Liou et al. [1998℄ madea 
orrelative study of the auroral power derived from Polar UVI observations with the
on
urrent solar wind and IMF observations from the Wind satellite. Their 
on
lusion wasthat the response fun
tion for nightside aurora is best represented by V Btsin

4(θc/2) or
P 1/6V Btsin

4(θc/2) transfer fun
tions.[5℄ Pro
esses leading to the proton aurora are mu
h less known than for ele
tron pre-
ipitation. Mende et al. [2002℄ listed four pro
esses identi�ed as the 
ause of the protonpre
ipitation. First, proton aurora 
an be produ
ed by pre
ipitation from an isotropi
proton population inje
ted into a region of 
losed �eld lines, for example by dayside re-
onne
tion or nightside substorm pro
esses. Se
ondly, under some a
tive 
ir
umstan
es,signi�
ant pre
ipitation from a stably trapped population 
an also be produ
ed by pit
hangle di�usion due to parti
le intera
tions with ele
tri
 �elds (d
 or wave). The loss 
oneis then populated, and parti
les that were previously trapped then pre
ipitate. Thirdly,pre
ipitation 
an also be produ
ed when a magneti
 re
on�guration 
ompresses the regiono

upied by protons, for example, following an abrupt solar wind-indu
ed 
ompression ofthe magnetosphere. Finally, proton pre
ipitation also o

urs when parti
les are s
atteredin a stret
hed �eld line 
on�guration, su
h that the proton motion violates the adiabati
invariants.[6℄ Morphologi
al and quantitative 
hara
teristi
s of the proton aurora have been thesubje
t of several studies, based on ground-based or in situ measurements, but never on



2.4. Solar wind in�uen
e on proton aurora 143global observations as no global imager of proton aurora was available before FUV-SI12.Hardy et al. [1989℄ employed in situ data obtained from ∼27000 polar passes by DMSPspa
e
raft to build statisti
al maps of the mean parti
le energy, number �ux, and energy�ux that were provided for protons for 7 di�erent magneti
 a
tivity levels measured by theKp index. They emphasized the fa
t that a minimum in the ion energy �ux o

urs in thepre-noon se
tor, while the maximum value is observed pre-midnight at all levels of a
tivity.Coumans et al. [2004a℄ used IMAGE-FUV observations to map the auroral ele
tron andproton energy �uxes during the summer and winter solsti
es of year 2000, and to 
onstru
ta statisti
al view of the global auroral proton pre
ipitation. They 
on�rmed the 'C-shaped'distribution of the proton pre
ipitation with a minimum lo
ated in the morning se
tor, al-ready des
ribed by Hardy et al. [1989℄. They also found that the latitudinal width of theproton oval is larger in summer than in winter, so that the globally pre
ipitated protonpower is 1.5 times higher in summer than in winter. Moreover, the o

urren
e probabilityof intense proton aurora (with energy �ux > 0.5mWm−2) was also shown to be nearlythree times as high in summer as in winter. By 
ontrast, Newell et al. [2005℄ investigatedthe seasonality of the ion aurora using one solar 
y
le of DMSP satellite parti
le data. Oneof the results of their study was that the ion aurora is approximately equal in the summerand winter hemispheres in the dusk-midnight se
tor, while in the se
tors from midnight todawn, the ion pre
ipitating energy �ux is higher in winter than in summer.[7℄ Using the set of IMAGE-FUV instruments, Frey et al. [2002℄ studied the signature ofthe proton aurora in the 
usp and its 
ontrol by the solar wind magneti
 �eld and plasmaparameters. They showed that a 
usp signature separated from the auroral oval appears inthe Lyman-a images only when the IMF has a northward Bz 
omponent, but the intensityof the pre
ipitation is not 
ontrolled by the magnitude of Bz. Strong 
orrelations betweenthe UV intensity and the dynami
 pressure were found, likewise between the lo
ation inlo
al time and the IMF By 
omponent. However, this study 
on
entrated on a lo
alizedand spe
i�
 proton auroral pre
ipitation, 
hara
terized by the dire
t 
onne
tion betweenthe ionosphere and the interplanetary medium through magneti
 re
onne
tion at the high-latitude magnetopause.[8℄ The purpose of this study is to determine how the global proton aurora is in�uen
ed byvariations in the solar wind and to analyze possible 
orrelations between the auroral protonpre
ipitation power and the 
hara
teristi
s of the solar wind and the IMF orientation. Weuse observations of proton aurora from IMAGE-SI12 and measurements of the solar windparameters from the ACE satellite. Se
tion 2.4.2 explains how the data from both satelliteswere sele
ted and pro
essed for 
orrelation studies. The solar wind measurements wereaveraged over the pre
eding hour, 
onsidering the solar wind - magnetosphere 
ouplingas a loading-unloading system. The 
hoi
e of the time averaging is explained in Se
tion2.4.2. Se
tion 2.4.3 des
ribes results of 
orrelation between the pre
ipitating proton �uxand the solar wind 
hara
teristi
s. Sin
e both proton and ele
tron aurora are observedsimultaneously, we analyze the simultaneous behavior of both types of pre
ipitation withvariations in the solar wind and present results in Se
tion 2.4.4. Se
tion 2.4.5 dis
usses the



144 2. The average proton auroraresults and suggests how the response of proton aurora to 
hanging a
tivity levels may beunderstood. Finally, Se
tion 2.4.6 summarizes the results and the dis
ussion.2.4.2 Data analysisPre
ipitating proton power[9℄ The IMAGE satellite has an e

entri
 orbit with a ∼7 Earth radii apogee and a 1000-km perigee. The IMAGE FUV imaging system in
ludes three instruments whi
h providesnapshots of the global northern auroral region every 2 minutes. The Wideband ImagingCamera (WIC) is mostly sensitive to the LBH bands of mole
ular nitrogen, and the 149.3nm NI line. The SI12 Spe
trographi
 Imager images the Doppler-shifted Lyman-a emission(121.8 nm) produ
ed by auroral protons, while the SI13 
amera isolates the OI 135.6 nmemission [Mende et al., 2000a℄ with some 
ontributions from the N2 LBH bands. The WICand SI13 images are 
ontaminated by dayglow on the dayside, whi
h is subtra
ted usingthe method des
ribed by Hubert et al. [2002℄. The SI12 images also 
ontain a weak ba
k-ground 
ontribution that is also removed from ea
h individual image. This ba
kgroundsignal is mainly due to the geo
oronal H Lyman-α emission at 121.56 nm, and depends onthe illumination and view angles. A very small 
ontribution also originates from the N 120nm emission and from some weak N2 LBH emission lines. Moreover, dark 
ounts in the de-te
tor are also present in the SI12 images. This ba
kground 
ontribution is small and maybe e�
iently removed by a mathemati
al method, 
onsisting of a polynomial least squares�t [Hubert et al., 2002℄. The �t is applied to ea
h SI12 image over the region void of au-roral emission and the fun
tion so determined is then subtra
ted over the full-observed disk.[10℄ For ea
h northern hemisphere observations with IMAGE-FUV, the ele
tron energyand energy �ux 
an be 
al
ulated from WIC and SI13 images. The proton energy �ux 
anbe evaluated from SI12 depending on an assumption on the proton energy, whi
h 
annot bedetermined from the observations. In this study, the proton energy is taken from the Hardyet al. [1989℄'s empiri
al model. The method used to 
al
ulate the parti
le energy �ux andasso
iated un
ertainties were fully des
ribed by Hubert et al. [2002℄, Meurant et al. [2003b℄and Coumans et al. [2004b℄. It is based on FUV instrument e�
ien
y fun
tion, evalu-ated from transport and energy degradation models of parti
les in the Earth atmosphere[Solomon et al., 1988; Gérard et al., 2000℄. The proton energy �uxes are obtained from theSI12 
ount rate using the relationship between the SI12 signal and NOAA in situ measure-ments of proton pre
ipitation �uxes [Coumans et al., 2002℄.[11℄ This work is a statisti
al study extending the morphology and seasonal variationstudy of global auroral proton pre
ipitation by Coumans et al. [2004a℄. The statisti
alproton energy �ux is studied in 
onne
tion with the solar wind 
hara
teristi
s and theIMF orientation. The time period of the study is extended over summer June 1 to July10, 2000 and winter De
ember 3, 2000 to January 8, 2001, whi
h time periods are very
lose to the solar a
tivity maximum. This 
orresponds to a total of 30,184 FUV snapshots,



2.4. Solar wind in�uen
e on proton aurora 145in
luding 15,878 summer 
ases and 14,306 winter 
ases. The two sele
ted time intervals
orrespond to very similar values of the mean solar �ux, so that the study is not biased bythe level of solar a
tivity. The mean F10.7 index was 178 in the summer interval, and 171during the winter interval. Table 2.2 shows the distribution of the number of 
ases sortedby Kp value. The 
orresponding mean Kp index was 2.4 in summer, 
ompared with 1.7in the winter. The di�eren
e is not important and, as it is shown hereinafter, does nothave a major in�uen
e on the seasonality. The power asso
iated with ea
h FUV image isa
tually dependent on the previous observations be
ause of the integrated time responseof the magnetosphere in relation with the solar wind. Therefore, the statisti
al analysisis not based on 30,184 independent data point. This suggests that the individual imagesshould be in some way time-averaged. In our treatment, this time averaging is repla
edby binning the auroral powers into intervals of hourly averaged solar wind 
hara
teristi
svalues. Sin
e one hour of observations 
orresponds to ∼30 FUV snapshots, the statisti
sin this work are thus based on about 1000 independent hourly averaged samples.Kp 0 1 2 3 4 5 6Summer 374 4443 4529 3559 1769 937 267Winter 1265 5623 3976 2734 628 0 80Total 1639 10066 8505 6293 2397 937 347Table 2.2: Kp distribution of data (used in this study) of summer 2000 and winter 2000-2001 observations.[12℄ Using the data base built for this present work, a 
omparison between the averagedproton auroral power from SI12, evaluated from the 30,184 FUV snapshots, and the oneevaluated from the Hardy et al. [1991℄ model of proton �ux and energy is presented inFigure 2.8. The power was 
al
ulated between 60�and 80�MLAT over all MLT se
tors.Moreover, to test the importan
e of the assumption on the proton energy, the proton powerwas also dedu
ed from SI12 observations using a �xed averaged mean energy (8 keV) forall geographi
 lo
ations. The results are plotted in Figure 2.8 with triangle symbols. Theagreement between the power derived from SI12 and from the empiri
al model is, at worst,within 20% for Kp = 1. It is within 5% for Kp = 2 or 3 and 10% for higher Kp. Theagreement assuming a �xed proton energy is within 15% ex
ept for Kp = 0 where it is
∼2% and for Kp ≥ 6 where it is ∼22%. Remembering that the empiri
al model was builtover 9 years of data while we use observations near the solar a
tivity maximum, and allother sour
es of un
ertainties, as dis
ussed by Coumans et al. [2004a℄, we 
onsider theagreement as very satisfa
tory. It demonstrates the validity of the methodology appliedto derive proton �uxes from the SI12 
ount rate. The global 
alibration of the methoduses the relationship between the SI12 signal and NOAA in situ measurements of protonpre
ipitation from Coumans et al. [2002℄. Moreover, 
hanging the assumption over theproton energy indu
es a mean di�eren
e of 15%, that is the same order of magnitude asthe model un
ertainties.
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Figure 2.8: The averaged proton auroral power from SI12 (stars) and evaluated from theHardy et al. [1991℄ proton �ux model (diamonds) as a fun
tion of the Kp index. Thepower was 
al
ulated between 60 and 80 MLAT over all MLT se
tors. The proton powerwas also dedu
ed from SI12 observations using a �xed averaged energy (8 keV) whateverthe geographi
 lo
ation of the pre
ipitation(triangles).[13℄ The study by Coumans et al. [2004a℄ was based on observations 
overing a period of12 days in summer 2000 and 15 days in winter 2000. This database in
luded 10,602 FUVsnapshots. This study in 
ontrast to in situ satellite measurements gives a global pi
tureof the aurora and are equivalent to many orbits of in situ satellite data. In the presentstudy, the database was extended over 40 days in summer 2000 (1 June to 10 July) and37 days in winter 2000-2001 (3 De
ember to 8 January), 
orresponding to a total of 30,184FUV snapshots. As a �rst step, we veri�ed the seasonal variation of the proton pre
ipi-tation using IMAGE-FUV observations in summer 2001 and winter 2001-2002. We used39,129 FUV snapshots, with 20,004 over the period between 1 June and 12 July 2001 and19,125 between 1 De
ember 2001 and 9 January 2002 respe
tively. This new database istotally independent of that used in our previous work and, in the way the data were used,FUV snapshots are 
onsidered as independent from one another. The averaged Kp indexover the summer period is 1.79, while it is 1.77 over the winter period. The averaged Kpindex over the full observation period is 1.78, indi
ating that the magneti
 a
tivity in bothperiods was very similar. Panels in Figure 2.9 show maps of the winter and the summeraveraged proton pre
ipitating �uxes. Figures 2.9a and 2.9b are the statisti
al pre
ipitating�ux over summer 2000 and winter 2000-2001, whi
h is the sample of the present work.Figures 2.9
 and d show results for the summer 2001 and winter 2001-2002 seasons. Aseasonal di�eren
e is seen in both panels. The averaged proton oval is wider in latitude insummer than in winter. The �ux maximum around 0100 MLT is also higher in summerthan in winter, rea
hing 0.27 mWm−2 and 0.30 mWm−2 in summer 2000 and 2001 respe
-tively, 
ompared to 0.23 mWm−2 and 0.22 mWm−2 in winter 2000-2001 and 2001-2002



2.4. Solar wind in�uen
e on proton aurora 147respe
tively. Unlike Newell et al. [2005℄, the IMAGE data show a peak in energy �ux inthe post-midnight se
tor in summer, rather than in winter. The pre
ipitated proton powerintegrated between 60�and 80�MLAT over the entire oval still shows seasonal di�eren
es,rea
hing 2.6 GW and 3.0 GW in summer 2000 and 2001 respe
tively, and 1.4 GW and1.3 GW in winter 2000-2001 and 2001-2002 respe
tively. Therefore, the summer averagedpower is respe
tively 1.9 and 2.3 times as high as the winter one. These results thus 
on�rmour previous study based on a smaller database over the year 2000.
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Figure 2.9: Maps of the (a and 
) winter and the (b and d) summer averaged protonpre
ipitating �ux. In Figures 2.9a and 2.9b the statisti
al pre
ipitating �ux was 
al
ulatedwith data from the summer 2000 and winter 2000-2001 solsti
es, 
orresponding to 30,184IMAGE-FUV snapshots. In Figures 2.9
 and 2.9d, 39,129 IMAGE-FUV snapshots aroundsummer 2001 and winter 2001-2002 seasons solsti
es were used.[14℄ We also analyze our database to 
hara
terize the proportion of proton energy �uxin the region of the 
usp 
ompared with the entire oval. The 
usp is not apparent onthe averaged energy �ux map (Figure 2.9 ). As it will be dis
ussed more extensively inse
tion 2.4.5, the relatively low energy of proton 
usp pre
ipitation 
auses the 
usp to beobservable by SI12 only under spe
i�
 
onditions. The Hardy et al. [1989℄ spe
trograms ofthe averaged integral number �ux shows that the 
usp region is lo
ated in a se
tor aroundnoon, 1 to 2 MLT hours wide, and varying in latitude with the Kp index. The 
usp is
entered on ∼80�MLAT for Kp = 0 and ∼72� for Kp = 5. However, be
ause of the low
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ipitating protons in the 
usp, the spe
trograms of the proton integral energy�ux do not show any dayside 
usp signature. From the Hardy et al. [1989℄ maps of theaverage integral number �ux, we de�ned an averaged region for the 
usp (between 72�and 82�MLAT and between 1115 and 1245 MLT), and 
al
ulated from our data base thefra
tion ratio of the energy �ux in this region relative to the entire oval. We �nd that theproton energy �ux in this se
tor represents ∼1.3% of the entire oval. However, the 
usp isnot always dete
ted by SI12 be
ause of the low proton average energy.Solar wind data[15℄ The IMF and solar wind measurements from the Advan
ed Composition Explorer(ACE) satellite have been used to investigate the solar wind 
ontrol of the proton auroralpre
ipitation. ACE orbits the L1 libration point about 1.5 million km from Earth and148.5 million km from the Sun. The propagation time of the solar wind between the ACEsatellite and the Earth was taken into 
onsideration using the ACE-Earth distan
e andthe measured bulk velo
ity. The time of the solar wind 
hara
teristi
s measured by ACEwas delayed by adding the propagation time evaluated from the solar wind speed measure-ment. Ea
h FUV image was thus related to the 
hara
teristi
s of the solar wind rea
hingthe magnetosphere when the image was taken. The solar wind-magnetosphere system maybe viewed as a loading-unloading system. The magnetosphere has a memory of past eventsand rea
ts a

ording to this ba
kground history as suggested by Liou et al. [1998℄. We
ompared the 
orrelation 
oe�
ient between the auroral power and Bz, using various delaytime: instantaneous 
hara
teristi
s (averaged over 1 minute), delayed by 5, 10, 20, 30, 45,60 or 90 minutes, and averaged over 60 or 90 minutes before the FUV observations. Forthe ele
tron aurora, the 
orrelation 
oe�
ient between the power and Bz > 0 was -0.10,-0.23 and -0.17 respe
tively for instantaneous Bz values, for 60 minutes time-lag and for60 minute averaged, while the values are -0.28, -0.35 and -0.37 for 
orrelation with Bz < 0.A negative 
orrelation 
oe�
ient implies a negative slope of the linear regression. For pro-tons, the values of the 
orrelation 
oe�
ient are 0.24, 0.20 and 0.15 for Bz > 0 and -0.41,-0.43 and -0.43 for Bz < 0 respe
tively for the same time delay. These results indi
ate thatusing solar wind data with a time lag of 60 minutes or averaging over 60 minutes presentsimilar 
orrelations. Therefore, we present only 
orrelation studies on solar wind and IMF
hara
teristi
s averaged over 60 minutes prior to ea
h observation, with the appropriatetime shifting for solar wind propagation between the ACE satellite and the Earth. Thispoint will be dis
ussed further in Se
tion 2.4.3.[16℄ Inter
orrelation between solar wind and the IMF 
hara
teristi
s may a�e
t the 
or-relation between the auroral power and these parameters and in�uen
e the interpretationof the results. Table 2.3 shows the 
ross-
orrelation matrix between the 3 
omponents ofthe IMF and the solar wind velo
ity, density and dynami
 pressure for the time periodof our sample. The 
oe�
ients were 
al
ulated for Bz > 0 (below the main diagonal inTable 2.3) and Bz < 0 (above the main diagonal in Table 2) separately. A total of 15,322
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ases 
orrespond to positive Bz and 14,862 to negative Bz. The density and the dynami
pressure appear as highly 
orrelated, with r = 0.78 for Bz < 0 and 0.84 for Bz > 0 respe
-tively. This result is not unexpe
ted sin
e the dynami
 pressure depends linearly on thesolar wind density. The transverse IMF 
omponents, Bxx and By, are 
orrelated at ∼50%(r = -0.50 for Bz < 0 and r = -0.43 for Bz > 0). This result is the signature of the solarwind 'garden hose' 
on�guration. The density is also moderately 
orrelated (r = 0.48)with Bz > 0, but weakly 
orrelated with Bz < 0 (r = 0.21). A weak negative 
orrelationis obtained between the solar wind velo
ity and its density (r = -0.28 / -0.32 for Bz <0 / Bz > 0). The 
orrelation between Bx and Bz for southward 
ondition and betweenBy and the velo
ity for northward 
ondition are not signi�
antly di�erent of zero. Ex
eptbetween Bx and By, between positive Bz and the density, and between the velo
ity and thedynami
 pressure, the 
orrelations between the IMF and the solar wind 
hara
teristi
s areweak and should not a�e
t the 
orrelation with the auroral power. Finally, the averagedKp index was evaluated for both signs of Bz. For positive Bz, the averaged Kp is 1.9 and2.2 for negative Bz. This indi
ates that there is a small di�eren
e in the magneti
 a
tivityfor the two north-south orientations of the IMF. This is expe
ted sin
e a southward IMForientation is itself frequently asso
iated with enhan
ed substorm a
tivity.Bx By Bz V3 N P dynBx . -0.495 ± 0.006 -0.001 ± 0.008 -0.048 ± 0.008 0.138 ± 0.008 0.141 ± 0.008By -0.427 ± 0.007 . -0.032 ± 0.008 -0.086 ± 0.008 -0.045 ± 0.008 -0.089 ± 0.008Bz 0.068 ± 0.008 0.026 ± 0.008 . -0.045 ± 0.008 -0.212 ± 0.008 -0.210 ± 0.008V -0.035 ± 0.008 -0.018 ± 0.008 -0.129 ± 0.008 . -0.285 ± 0.007 0.251 ± 0.008N 0.179 ± 0.008 -0.107 ± 0.008 0.481 ± 0.006 -0.321 ± 0.007 . 0.780 ± 0.003P dyn 0.188 ± 0.008 -0.098 ± 0.008 0.367 ± 0.008 0.128 ± 0.008 0.838 ± 0.002 .Table 2.3: Inter
orrelation 
oe�
ients of the solar wind and IMF 
hara
teristi
s for Bz>0(15322 
ases below the prin
ipal diagonal) and for Bz<0 (14862 
ases - above the prin
ipaldiagonal).2.4.3 Control of proton pre
ipitation by the solar wind and IMF[17℄ The dependen
e of the proton auroral power, 
al
ulated from IMAGE-SI12 obser-vations, with the solar wind 
hara
teristi
s and the IMF 
omponents is now analyzed.Figures 2.10 and 2.11 summarize the proton power versus the IMF and the solar wind
hara
teristi
s for the 2200 - 0200 MLT nightside se
tor and the 1000 - 1400 MLT daysidese
tor respe
tively. The power data were binned by the three 
omponents of the IMF,solar wind density, speed and dynami
 pressure and averaged. Bins for the B 
omponentsare 2 nT wide between -8 nT and +8 nT, and the extreme ones in
lude all data pointsfor Bz < -8 nT and Bz > 8 nT. The solar wind density bins are 2 
m−3 between 0 and
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m−3, the velo
ity bins are 50 km s−1 between 350 and 700 km s−1 and the dynami
pressure bins range between 0 and 8 nPa in 1 nPa bins. The verti
al error bars show onestandard deviation of the proton pre
ipitation power asso
iated with the averaged value inea
h bin. Figure 2.10 shows that on the nightside, the power is independent of Bxbetween-5 and 5 nT. For Bx less than -5 nT, it is di�
ult to dis
riminate between the s
atter ofthe data and a low and non linear in
rease of the power with Bx intensity. Finally, thepower in
reases with positive values of the X 
omponent of the IMF higher than 5 nT.A quasi similar behavior is observed for By. The power does not vary with By between-7 and 7 nT, while it in
reases for extreme values. The nightside proton power positivelyresponds to an in
rease of the Bz magnitude, but mu
h more rapidly for southward IMFthan for northward IMF. The minimum is for Bz between 0 and 2 nT, where the statisti
alpower rea
hes 0.50 GW. For southward IMF, it rea
hes a maximum of 1.37 GW, while fornorthward IMF the maximum is 0.73 GW. The power shows a moderate in
rease with thesolar wind density. The maximum power is in the density range between 12 and 14 
m-3and rea
hes twi
e the minimum value. The solar wind velo
ity does not appear to 
ontrolthe proton power, while a dynami
 pressure in
rease produ
es a nearly linear in
rease ofthe power. The slope of the regression is 0.15 GW/nPa or 150×1015 W/Pa. The plotfor the dynami
 pressure is not a mix of the density and the velo
ity 
urves, even thoughthe dynami
 pressure is NV2. The produ
t of the two quantities is 
al
ulated for ea
hindividual 
ase, before binning in dynami
 pressure range. On the dayside, the trends areglobally similar to the nightside. Figure 2.11 shows that the power is only 
ontrolled byextreme values of Bx and By. The dayside proton power in
reases slightly with the solarwind density, while the velo
ity does not exert any real in�uen
e. The major di�eren
ewith nightside is for Bz. The power in
reases for both positive and negative Bz values.The trend is more symmetri
 about Bz = 0, so that the regression slopes for Bz>0 andfor Bz<0 are both 0.01 GW/nT. Moreover, the power in
reases quasi linearly with thedynami
 pressure but shows a more moderate dependen
e (0.054 GW/nPa or 54×1015W/Pa) than on the nightside.[18℄ Be
ause of the quasi linearity between the proton power and the dynami
 pressureor Bz observed in Figures 3 and 4, the 
orrelation 
oe�
ients were 
al
ulated. They were
al
ulated over the full sample of data (not binned) for both seasons, i.e. over a 30,184sample data set. The 
orrelation 
oe�
ients are summarized in Table 3. These were ob-tained separately for nightside, between 2200 and 0200 MLT, and dayside, between 1000and 1400 MLT, with solar wind 
hara
teristi
s averaged over 1 hour. For northward IMF,the 
orrelation is fair on both sides, while for southward IMF, the 
orrelation is negativeand fairly low on the dayside (r = -0.18) but high on the nightside (-0.43). For the dynami
pressure, the 
orrelation 
oe�
ients are high and are slightly higher on the nightside thanon the dayside. In the light of these results, one would suspe
t that the solar wind kineti
energy �ux NV 3

2
(or PV

2
) would in�uen
e the proton pre
ipitation pro
esses. The 
orrela-tion 
oe�
ients of the solar wind kineti
 energy �ux with the proton auroral pre
ipitationare 0.50 and 0.46 respe
tively for nightside and dayside aurora. The same 
al
ulation
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Figure 2.10: Pre
ipitated proton power versus IMF and SW 
hara
teristi
s on the nightsidefor both seasons. The power was averaged in SW ranges �xed in width. The proton powerwas evaluated in the se
tor between 2200 and 0200 MLT and between 60 and 80 MLAT.The left 
olumn panels show the dependen
e with the IMF orientation (Bx, By, and Bz),and the right panels are the dependen
e with the solar wind density, velo
ity, and dynami
pressure, respe
tively.
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Figure 2.11: Pre
ipitated proton power versus IMF and SW 
hara
teristi
s on the daysidefor both seasons. The power was averaged in SW ranges �xed in width. The proton powerwas evaluated in the se
tor between 1000 and 1400 MLT and between 60 and 80 MLAT.The left 
olumn panels show the dependen
e with the IMF orientation (Bx, By, and Bz),and the right panels are the dependen
e with the solar wind density, velo
ity, and dynami
pressure, respe
tively.
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e on proton aurora 153was made with the IMF magneti
 energy �ux, (V B2)
8π

. Correlation 
oe�
ients are slightlyless than for the kineti
 energy �ux: 0.39 and 0.42 on nightside and on dayside respe
tively.Nightside DaysideBz> 0 0.147 ± 0.006 0.141 ± 0.006Bz< 0 -0.430 ± 0.005 -0.178 ± 0.006P 0.483 ± 0.004 0.435 ± 0.005Table 2.4: Correlation Coe�
ients Between the Proton Power and the IMF North-SouthComponent and the Solar Wind Dynami
 Pressure for Nightside (Between 2200 and 0200MLT) and Dayside (Between 1000 and 1400 MLT)[19℄ It was also shown that the nightside proton power in
reases for extreme values of pos-itive and negative Bx. This in�uen
e of Bx is a priori di�
ult to understand as this 
om-ponent has no in�uen
e on the re
onne
tion pro
ess, nor on the magnetosphere stret
hing.However, we have shown in se
tion 2.4.2 that the Bx 
omponent is fairly strongly 
orre-lated with By (r = -0.50/-0.43 for Bz < 0/Bz > 0) owing to the solar wind 'garden hose'
on�guration. Moreover, values of Bx < -6 nT are strongly 
orrelated with the solar windvelo
ity (r = -0.83) and fairly highly with the By 
omponent of the IMF (r = 0.54). Thevalues of Bx > 6 nT are weakly 
orrelated with By (r = -0.25), and moderately with thesolar wind density (r = 0.35) and dynami
 pressure (r = 0.40). These 
orrelations probablyexplain the apparent in�uen
e of extreme Bx values on the proton and the ele
tron power.Solar wind dynami
 pressure 
ontrol[20℄ The apparent linearity and the strong 
orrelation found with the solar wind dynami
pressure suggest to analyze this relation in more detail. Figure 2.12 shows the slope of thelinear regression between these two quantities in ea
h 2-hour MLT se
tor. The regressionwas 
al
ulated separately by season and orientation of Bz, as it is known that these twoparameters have an e�e
t on the proton power Coumans et al. [2004a℄. The slope wasdetermined for proton power between 60�and 80�MLAT in all MLT se
tors. The errorbars plotted in the panel show the 
on�den
e interval of the linear regression. Figure 2.12shows that the linear �t slope is globally higher in summer than in winter whatever thesign of Bz. This implies that the dynami
 pressure in�uen
e is more a
tive in summer. Inboth seasons, the regression slope is highest for southward IMF 
onditions on nightside.We note a lo
al time dependen
e of the slope: a limited slope in the morning se
tor anda steeper slope over the dusk and the midnight se
tors, indi
ating that the power in
reasewith the dynami
 pressure is largest in the night and dusk se
tors. For all 
ases, a lo
alminimum in the slope is observed in the evening se
tor. The lower slope values in this se
-tor stem from the lower value of the proton power in the dynami
 pressure range between7 and 8 nPa. In this domain, the number of observations is substantially less than in the



154 2. The average proton auroraother bins. The error bars in this se
tor are thus larger, at least in winter.
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Figure 2.12: Slope (GW/nPa) of the linear regression between the proton power and thesolar wind dynami
 pressure, in summer (upper panels) and in winter (lower panels),for northward IMF (left panels) and for southward IMF (right panels). The slope wasevaluated with the proton power separately in ea
h 2-hours MLT se
tor.
Solar wind - magnetosphere 
oupling[21℄ We now analyze the energy 
oupling relation between the solar wind and the magne-tosphere to understand how the intera
tion between them 
ontrol the proton pre
ipitation.A list of 
oupling fun
tions was summarized by Liou et al. [1998℄ together with their phys-i
al interpretation. Su
h empiri
al solar wind-magnetosphere energy 
oupling fun
tionshave been used as proxies of the energy input into the magnetosphere. Table 2.5 summa-rizes the 
orrelation 
oe�
ient between the proton power and the value of the 
ouplingfun
tion. Bt is the transverse 
omponent of the IMF and is equal to √

B2
y + B2

z ; θc is the
lo
k angle, i.e. the angle of the 
omponent of B in the Y-Z plane given by θc = arccos Bz

Bt
.The 
orrelations were 
al
ulated over the full database, for the nightside. The highest
orrelations are for P 1/3V B2

t sin4(θc/2) [Vasyliunas et al., 1982℄ and P 1/6V Bt sin
4(θc/2)[Vasyliunas et al., 1982℄, but large values are also found with V Bt sin(θc/2) [Gonzales andMozer , 1974℄ and V Bt sin

2(θc/2) [Kan and Lee, 1979℄. The �rst two fun
tions assume thatthe amount of energy whi
h is transferred from the solar wind to the magnetosphere isproportional to the amount of solar wind kineti
 energy inter
epted by an energy '
olle
-tion' region on the magnetopause [Vasyliunas et al., 1982℄. The two others involve the



2.4. Solar wind in�uen
e on proton aurora 155magnetospheri
 ele
tri
 �eld in the Y-Z plane. Nightside
V Bz -0.210 ± 0.005
V Bt 0.417 ± 0.005
V 2Bz -0.225 ± 0.005
V B2

z 0.246 ± 0.005
V Bt sin(θc/2) 0.465 ± 0.005
V Btsin

2(θc/2) 0.457 ± 0.005
V Btsin

4(θc/2) 0.434 ± 0.005
V B2sin4(θc/2) 0.397 ± 0.005
P 1/2V Bz -0.187 ± 0.006
P 1/3V B2

t sin4(θc/2) 0.486 ± 0.004
P 1/6V Btsin

4(θc/2) 0.477 ± 0.005Table 2.5: Correlation Coe�
ient Between Proton Power and 11 Coupling Fun
tions onNightside. The solar wind 
hara
teristi
s were averaged over 60 min before the IMGE-FUVsnapshot.Solar wind data delay[22℄ As mentioned in Se
tion 2.4.1, the solar wind measurements from ACE satellite were�rst delayed by the propagation time between the satellite and the Earth using the ve-lo
ity measurement. They were subsequently averaged over 1 hour before the IMAGEobservation to 
onsider the magnetosphere as a loading system. This 1-hour averaging wassele
ted following a 
orrelation analysis between the proton power and Bz. For their studyof the solar wind 
ontrol of the ele
tron auroral pre
ipitation, Liou et al. [1998℄ used solarwind data delayed by 1-hour. As a 
he
k, we 
al
ulated 
orrelations between proton poweron nightside and solar wind data or 
oupling fun
tions separately with solar wind dataaveraged over one hour and delayed by one hour. The 
orrelation 
oe�
ients for hourlyaveraged solar wind 
hara
teristi
s are higher or, at the most, 1% lower (ex
ept for Bz >0, where the di�eren
e is ∼35%). In the 
ase of the 
oupling fun
tions, the 
orrelation
oe�
ients are also larger, ex
ept for V B2
z , where the di�eren
e is about 20% but the 
o-e�
ient is moderate (0.30 / 0.25). Figure 2.13 shows the 2200-0200 MLT nightside protonpower versus dynami
 pressure for 3 di�erent treatments : the triangles show the 1-houraverage dynami
 pressure dependen
e, the diamonds the 1-hour delayed pressure and the
rosses the instantaneous pressure (in fa
t, one minute averaged). The error bars showsthe statisti
al s
atter of the powers by one standard deviation, for the 1-hour averageddynami
 pressure. The s
atter is not shown for the other delayed pressures for 
larity ofthe �gure. The standard deviation is of the same order of magnitude for the other points.Figure 2.13 shows that the 
hoi
e is not 
riti
al for dynami
 pressure bins up to 5-6 nPa.



156 2. The average proton auroraUsing the instantaneous, or 1-hour delayed or 1-hour averaged dynami
 pressure yieldssimilar results. In the 6-7 nPa bin, the di�eren
e is less than 10% and about 30% in the7+ nPa bin. The small di�eren
e between the results for the 3 delay times probably stemsfrom the low statisti
al probability of high dynami
 pressure events. Thus the probabilityfor a same order of magnitude pressure 1 hour later or for the 1-hour averaging is high.The behavior for the 3 delay times is thus quite similar, ex
ept for high dynami
 pressureswhere the di�eren
es are maximum.
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Figure 2.13: Pre
ipitated proton power versus the solar wind dynami
 pressure for threedi�erent delay times. The triangles show the 1-hour average dynami
 pressure dependen
e,the diamonds show the 1-hour delayed pressure, and the 
rosses show the instantaneouspressure (in fa
t, 1-min averaged). The error bars show the statisti
al 1-s s
atter of thepower, for the 1-hour averaged dynami
 pressure. The standard deviation for the othertwo 
ases (not shown for 
larity) is on the same order of magnitude.
2.4.4 Fra
tional ele
tron and proton power[23℄ The IMAGE-FUV instruments allow the study of the ele
tron and proton auroralpre
ipitation globally, simultaneously and distin
tly. It is thus possible to 
ompare thesimultaneous rea
tion of the pre
ipitation of the two types of parti
les with 
hanges in thesolar wind and determine if this dependen
e is similar for both parti
les.[24℄ First, a study of the solar wind 
ontrol of the nightside and winter ele
tron pre
ipita-tion power, made in parallel of the proton pre
ipitation one, has shown that the strongest
orrelations are for the north-south 
omponent of the IMF and for the solar wind velo
-ity. The behavior of the ele
tron power with Bz is nearly linear. The power is maximumfor large negative Bz and de
reases with in
reasing Bz. The orientation of Bz exerts themain 
ontrol on the nightside pre
ipitating ele
tron power. Moreover, the power slowlyin
reases with the velo
ity, but the s
atter is high. The analysis of the 
oupling fun
tionresponse of the nightside ele
tron power has shown that the strongest 
orrelation is found



2.4. Solar wind in�uen
e on proton aurora 157for P 1/6V Bt sin
4(θc/2) [Vasyliunas et al., 1982℄ and V Bt sin

4(θc/2) [Wygant et al., 1983℄.These two fun
tions were also found by Liou et al. [1998℄ to be best 
orrelated with theauroral brightness.[25℄ The ratio between the proton and the ele
tron power was evaluated and averaged oversolar wind density, velo
ity and dynami
 pressure ranges. Figure 2.14 shows the binnedratio as a fun
tion of the solar wind 
hara
teristi
s in winter, on nightside (between 2200and 0200 MLT) and separately for positive and negative Bz. A ratio in
rease implies thatthe proton power in
reases more than the ele
tron power with the solar wind parameters.Results show that the proton power is more dependent on the solar wind density than theele
tron power, whatever the sign of Bz. The regression slope values are quite 
lose (within10%). The velo
ity 
ontrol of the parti
le pre
ipitation shows a negative slope, for bothsigns of Bz, meaning that ele
trons are more rea
tive to variations of the velo
ity thanprotons. For negative Bz, the slope is lower than for positive Bz. In fa
t, the regressionslopes for both parti
les separately are lower for negative Bz than for positive Bz. Finally,the most 
ontrasted result is for dynami
 pressure. The slope of the regression is mu
hhigher for positive Bz than for negative Bz. Moreover, the slope is 
lose to zero for south-ward IMF. These results show that the protons are more in�uen
ed by a dynami
 pressurein
rease than the ele
trons when Bz is positive while the e�e
t is similar for both parti
lesfor negative Bz values.[26℄ Finally, we investigate the slope of the regression between the proton and the ele
tronpower. Figure 2.15 shows the slope evolution as a fun
tion of the Kp index. A regressionwas 
al
ulated between the proton and the ele
tron powers in the night se
tors, over thefull range of data, separately for ea
h range of Kp values. A high slope value implies thatthe pre
ipitating proton �ux is proportionally larger 
ompared to the ele
tron �ux whenthe total auroral �ux in
reases. A nearly null slope shows that the proton proportion inthe total �ux is similar when the �ux in
reases. Figure 2.15 shows that the slope is higherfor Kp < 4. This result was expe
ted sin
e, for low a
tivity, the proton 
ontribution inthe total �ux is higher, for example before substorms [Hubert et al., 2002; Coumans et al.,2004b℄. The bla
k 
olumn for Kp = 5 
orresponds to the absen
e of data for this Kp value.2.4.5 Dis
ussionProton pre
ipitation pro
esses[27℄ As des
ribed earlier, one of the me
hanisms of nightside proton pre
ipitation is linkedto the magneti
 �eld line stret
hing in the magnetotail. The ions traveling through themagnetotail magneti
 �eld reversal are submitted to s
attering of their magneti
 moment,whi
h 
an be viewed as an impulsive 
entrifugal for
e perturbing the parti
le gyromotion[Del
ourt et al., 1996℄. As a result of magneti
 damping in the �eld reversal, the loss 
one
an be �lled. This sto
hasti
 pit
h angle distribution appears when the magnitude of the
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Figure 2.14: Variation of the ratio of proton to the ele
tron powers with the solar winddensity (upper panels), velo
ity (medium panels) and dynami
 pressure (lower panels).The ratios were 
al
ulated in winter, on the nightside (between 2200 and 0200 MLT) andseparately for positive Bz (left panels) and negative Bz (right panels). A linear �t is addedand the slope is indi
ated for ea
h 
ase.
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entrifugal for
e is on the order of the Lorentz for
e of the magneti
 �eld. This 
ondition isespe
ially ful�lled in regions where the magneti
 �eld varies signi�
antly within a 
y
lotronradius, in the near-Earth tail, and forms an asso
iated sharp transition from dipole-liketo tail-like magneti
 �eld. For weakly 
urved �eld lines (dipole approximation), the ionmotion in the magneti
 �eld is adiabati
 (with the 
onservation of the magneti
 momentas a �rst-order invariant of motion). When the 
urvature is on the order of magnitude ofthe gyromotion radius, 
haos be
omes strong, leading to the inje
tion of the ions into theloss 
one, hen
e their pre
ipitation into the ionosphere. Sergeev et al. [1983℄ found frommagnetospheri
 magneti
 �eld model simulations that the sto
hastization pro
ess of pro-tons is limited for stret
hed �eld lines where Rc/ρ > 8, where Rc is the �eld line 
urvatureradius at the equator and ρ the Larmor gyroradius. Sin
e this sto
hasti
 pre
ipitationtakes pla
e in the absen
e of wave-parti
le intera
tions, it o

urs even during very quietgeomagneti
 
onditions. A 
hange in the shape of the magnetosphere, e.g. due to a 
hangein the solar wind 
onditions, will modify the sour
e region of the pre
ipitating ions. Anin
rease in the dynami
 pressure produ
es a modi�
ation of the topology of the magne-tosphere, 
ompressing the �eld lines of the dayside magnetosphere and stret
hing the �eldlines on the opposite side, leading to variations of the intensity of the pre
ipitation proton�ux on the nightside [Tsyganenko℄. Parti
les that were trapped on dipolar �eld lines arenow on stret
hed �eld lines and 
an pre
ipitate into the ionosphere. Thus, variations ofthe amount of stret
hing a�e
t of the nightside proton pre
ipitation 
hara
teristi
s withthe dynami
 pressure variations.[28℄ The me
hanisms 
ausing proton pre
ipitation on the dayside are di�erent from thenightside. A modi�
ation in the dynami
 pressure and in the 
ompression level of the day-side �eld lines was shown to in�uen
e proton pre
ipitation. On the dayside, the dependen
eof the proton power on the dynami
 pressure is not so high as on the nightside. The lesspronoun
ed e�e
t on the dayside supports the idea that the me
hanisms are di�erent fromthe nightside. The dayside auroral pre
ipitation originates from di�erent plasma sour
es,whi
h 
an be of solar wind/magnetosheath or of inner magnetosphere origin. The dayside
usp is the area where magnetosheath plasma 
an most easily a

ess the ionosphere. Statis-ti
al studies 
on�rmed the lo
alized nature of the 
usp near lo
al noon [Newell and Meng ,1994℄. However, magnetosheath protons that pre
ipitate in the 
usp have typi
al energiesof ∼1 keV. The FUV-SI12 
amera is mostly sensitive to pre
ipitating protons with initialenergies of 2-8 keV [Gérard et al., 2000℄. Consequently, only energeti
 protons observedduring periods of enhan
ed solar wind dynami
 pressure produ
e emissions measured bySI12 [Fuselier et al., 2001℄. Observability of 
usp proton pre
ipitation by SI12 is thus ex-pe
ted to be strongly in�uen
ed by variations of dynami
 pressure. Consequently, in thisstatisti
al study, 
usp pre
ipitation is not the main 
omponent on the dayside over thetime period we analyzed. Other me
hanisms for dayside proton pre
ipitation have beenproposed by Sergeev et al. [1997℄. They showed, using magnetospheri
 models, that a weakmagneti
 �eld in the outer 
usp inevitably 
ontributes to regular s
attering of energeti
protons on 
losed �eld lines in a ∼2-3 hour wide MLT se
tor 
entered on noon. Theyalso emphasized a se
ond zone of dayside proton pre
ipitation, formed by s
attering on
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losed �eld lines 
rossing the nightside equatorial region near the magnetopause. Su
h�eld lines have their footprint in the dayside se
tor and are 
urled toward the nightsidewhere they 
ross the equatorial plane. This me
hanism provides isotropi
 pre
ipitation ina se
tor lo
ated ∼1.5-2 hours MLT from noon, whi
h smoothly 
onne
ts with the pre
ip-itation originating from the tail 
urrent sheet. Their model 
omputations showed that,moving away from noon in magneti
 lo
al time, the outermost 
losed �eld line remainapproximately in the meridian plane until they rea
h the outer 
usp latitude, where theysharply turn tailward and 
ross the equatorial region near the magnetopause. Centralplasmasheet protons inje
ted in the night se
tor, whi
h subsequently drift to the daysidealso 
ontribute to proton dayside pre
ipitation. Finally, proton pre
ipitation on the day-side may also be 
aused by plasma turbulen
e [Sergeev et al., 1997; Clemmons et al., 2000℄.Role of solar wind dynami
 pressure[29℄ We previously dis
ussed how solar pressure 
ontrols the nightside proton pre
ipita-tion through the stret
hed magnetotail. Our results suggest that 
ompression due to adynami
 pressure in
rease also in�uen
e proton pre
ipitation on the dayside. It is likelythat the shape of the 
losed �eld lines 
rossing the nightside equatorial region near themagnetopause [Sergeev et al., 1997℄ is not so stret
hed as the tail ones when the dynami
pressure in
reases. But other me
hanisms also operate. The dynami
 pressure plays animportant role for aurora generated by a sudden in
rease of dynami
 pressure. Fast andhigh dynami
 pressure jumps generate Alfvén waves and pit
h angle s
attering indu
ingdayside auroral enhan
ements, respe
tively at high and low latitudes. The role of theseme
hanisms was 
on�rmed by in situ measurements [Zhou et al., 2003; Meurant et al.,2003a℄. In addition to the above pro
esses, strong 
ompressions of the magnetopause andthe outer magnetosphere also lead to parti
le pre
ipitation due to lowering of the mirrorpoints of trapped parti
les to altitudes below 100 km [Spann et al., 1998℄. Adiabati
 
om-pression leads to loss 
one instability, wave growth and enhan
ed pit
h angle s
attering[Zhou and Tsurutani , 1999; Tsurutani et al., 2001℄. These me
hanisms may also be presentfor high dynami
 pressure not resulting from sho
ks.[30℄ Complementary analysis shows that the in
rease in the power with Pdyn is due to anin
rease of the latitudinal width of the pre
ipitation region and to an enhan
ed brightnessof the proton aurora. For di�erent 
lasses of solar wind dynami
 pressures, we 
al
ulatedmaps of the average pre
ipitating proton �ux. The result was that the power in
rease isdue to both a widening and an intensi�
ation of the proton auroral region. The questionis then whether �eld line stret
hing 
an be the 
ause of both types of in
rease. It is easyto explain the widening of the pre
ipitation region. If the magnetotail is more stret
hed,more magneti
 �eld lines ful�ll the 
riterion of the proton s
attering. The sto
hastizationarea be
omes larger, extending 
loser to the Earth, and the footprints of these �eld linesspread over a larger ionospheri
 region. Stret
hing of the magnetotail may also in�uen
ethe brightness of the proton emission and thus the intensity of pre
ipitating �ux. The �eld
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e on proton aurora 161lines whi
h are more stret
hed following an in
rease of the solar wind dynami
 pressure
ross the equatorial plane of the magnetotail in a region di�erent than before the in
rease ofstret
hing. If the plasma sheet density of this region is higher or if the plasma is hotter, theproton pre
ipitating �ux would in
rease. This plasma sheet proton density or temperature
hange may be either intrinsi
 to the plasmasheet distribution, or due to a simultaneousin
rease of the density or variation of the temperature 
aused by new plasma inje
tion forexample. This se
ond explanation would imply that more 
omplex dynami
al pro
essesthan a simple in
rease of the stret
hing take pla
e in the magnetosphere, involving thetransfer from the solar wind to the magnetosphere and the transfer to the tail. The 
orre-lation 
oe�
ients are larger using 
oupling fun
tions than for solar wind parameters alone.This result is one additional 
lue suggesting that a number of di�erent me
hanisms 
ontrolparti
le pre
ipitation. Auroral pre
ipitation is not the e�e
t of one isolated 
hange in thesolar wind dynami
 pressure or in the velo
ity. A 
olle
tion of parameters a
ts together to
ontrol parti
le pre
ipitation and the aurora. The fa
t that the 
orrelation 
oe�
ients areglobally quite low, always below 0.55, is another eviden
e showing the multipli
ity of thepro
esses 
ontrolling the parti
le pre
ipitation.Solar wind-magnetosphere 
oupling[31℄ Re
onne
tion between the IMF and the magnetospheri
 �eld lines also plays a role onproton pre
ipitation. Our results have shown that the dynami
 pressure has more in�uen
eon the proton pre
ipitation for southward IMF than for northward IMF, espe
ially on thenightside. It is established that re
onne
tion takes pla
e at the front of the magnetopausefor antiparallel 
on�guration, i.e. for southward IMF, while the merging region is lo
atedat higher latitude for northward IMF. The antiparrallel re
onne
tion indu
es a large freshplasma inje
tion from the solar wind to the magnetosphere. This plasma rea
hes the plas-masheet through magnetospheri
 
onve
tion. The dynami
 pressure 
ontrol on the tailstret
hing is then more e�
ient sin
e more plasma is pre-
onditioned to be a

elerated. Itis possible that the di�erent dependen
e of the proton power on the dynami
 pressure a
-
ording to the IMF north-south orientation is due to an in�uen
e of the dynami
 pressureon the re
onne
tion e�
ien
y. It was shown in Se
tion 2.4.2 and Table 2.3 that the 
orre-lation between the dynami
 pressure and the intensity of Bz a

ording its sign was weak,but stronger for Bz > 0.1. The e�e
ts on the re
onne
tion e�
ien
y of the orientation ofthe Bz 
omponent and the pressure intensity may be 
oupled.[32℄ Our 
oupling fun
tion study shows that the proton power mostly responds to the solarwind kineti
 energy that is inter
epted by the magnetopause. This kineti
 energy dependson the dynami
 pressure whi
h 
ontrols the magnetotail stret
hing as des
ribed above. The
orrelation with the 
oupling fun
tion in this 
ase may not be 
hara
teristi
 of the energytransferred from the solar wind to the magnetosphere via the magnetopause. The in�u-en
e 
ould also result from the modi�
ation of the magnetospheri
 shape due to 
hangesin the solar wind kineti
 energy. The stret
hing rate of the magnetosphere may be de-



162 2. The average proton aurorapendent of the energy transfer between the solar wind and the magnetosphere. However,magnetospheri
 stret
hing is probably the main 
ause of proton nightside pre
ipitationduring quiet a
tivity level. In this 
ase, the solar wind in�uen
e on the auroral proton pre-
ipitation is indire
t and mainly due to the solar wind 
ontrol of the magnetospheri
 shape.Response of ele
trons and protons to solar wind 
hara
teristi
s[33℄ Our study of the ratio of the nightside proton and ele
tron simultaneous pre
ipitationshowed that the regression slope is lower for high Kp values, meaning that for high a
tivitylevel, the proportion of the proton power remains un
hanged when total auroral powerin
reases. For low a
tivity levels, the pre
ipitating proton �ux proportionally in
reases inrelation to the ele
tron �ux. The similar behavior of protons and ele
trons for high a
tiv-ity levels may be a 
onsequen
e of identi
al me
hanisms of energization for both types ofparti
les, espe
ially during substorms. Fresh plasma is inje
ted from the solar wind to theplasma sheet by re
onne
tion me
hanisms. During quiet a
tivity periods, the pre
ipitationme
hanisms are probably di�erent and bear di�erent signatures of the solar wind in�uen
e.As explained before, during quiet periods, proton aurora is dominated by 
haotization ofthe proton distribution on the stret
hed �eld line, a me
hanism whi
h is not e�
ient forele
trons. By 
ontrast, during a
tive periods, pre
ipitation of both parti
les is due to newplasma inje
tion into the plasmasheet or to a 
ompressed magneti
 re
on�guration. In thislast 
ase, parti
les whi
h were stably trapped, are pre
ipitated following 
ompression ofthe magnetosphere and re
on�guration of the shape of the guiding lines.[34℄ In addition, we have also shown that an in
rease in the solar wind density in
reasesthe proton power proportion in the total auroral pre
ipitation while an in
rease in the solarwind velo
ity in
reases the ele
tron proportion, whatever the Bz orientation. Morevover,the nightside protons are more in�uen
ed by a dynami
 pressure in
rease than ele
tronswhen Bz is positive while the e�e
t is similar for both types of parti
les for negative Bz.This last result reinfor
es the above-des
ribed me
hanisms, sin
e a southward IMF orien-tation is favorable to substorm development. The pre
ipitation me
hanisms are similarand the e�e
t of the dynami
 pressure is then attenuated. For northward IMF, the pro-tons are more in�uen
ed by the dynami
 pressure 
ontrolling the levels of magnetospheri
stret
hing and the e�
ien
y of proton pre
ipitation via the 
haotization me
hanism in themagnetotail.2.4.6 Summary[35℄ The main result of the 
orrelation study between the proton auroral power and thesolar wind 
hara
teristi
s is that the power of the pre
ipitated protons is mainly 
ontrolledby the solar wind dynami
 pressure, at least during periods of solar a
tivity maximum.The main 
ause of this 
ontrol on the nightside appears related to dynami
 pressure e�e
t
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e on proton aurora 163on the shape of the magnetosphere and thus the amount of magnetotail stret
hing. Onthe dayside, the dynami
 pressure also plays a role, although the pre
ipitation me
ha-nisms are di�erent from those on the nighside. We have shown that the magnitude of thesouthward IMF 
omponent has more 
ontrol on the nightside proton power than on thedayside. Moreover, the orientation of the IMF has an in�uen
e on the dynami
 pressuree�e
t mainly on the nightside power. These results 
on�rm the multipli
ity of the pro
esses
ontrolling auroral proton pre
ipitation.[36℄ The 
orrelation is higher between the nightside proton power and the 
oupling fun
-tions P 1/3V B2
t sin4(θc/2) and P 1/6V Bt sin

4(θc/2) [Vasyliunas et al., 1982℄ than with otherproposed solar wind 
oupling formulae. These assume that the amount of energy trans-ferred from the solar wind to the magnetosphere is proportional to the solar wind kineti
energy inter
epted by the magnetopause. The presen
e of the dynami
 pressure fa
torin these fun
tions suggests that the 
hanges in the solar wind kineti
 energy exerts some
ontrol on the shape of the magnetotail and thus on the proton sto
hastization pro
ess.We have also shown that signi�
ant 
orrelations are found with V Bt sin(θc/2) [Gonzalesand Mozer , 1974℄ and V Bt sin2(θc/2) [Kan and Lee, 1979℄, two alternative proxies for themagnetospheri
 ele
tri
 �eld in the Y-Z plane.[37℄ Results des
ribed above were obtained with 1-hour averaged solar wind data, whi
hpre
ludes analysis of short-term 
orrelations. Nevertheless, we also showed that 
orrela-tions between proton power and instantaneous, 1-hour averaged or 1-hour delayed dynami
pressure yields very similar results. This indi
ates that the 
hoi
e of the averaging timeis not 
riti
al, a result explained by the rather rare o

urren
e of high dynami
 pressureevents.
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2.5. Dis
ussion sur la saisonnalité 1652.5 Dis
ussion sur la saisonnalité de la pré
ipitation deprotonsNos re
her
hes ont montré que la pré
ipitation des protons auroraux présente des dif-féren
es saisonnières. La puissan
e hémisphérique moyenne est plus élevée en été qu'enhiver. Cette di�éren
e est prin
ipalement due au fait que la largeur en latitude de l'ovaleauroral de proton est plus grande en été qu'en hiver. Ces résultats ont été mis en éviden
esur un é
hantillon de 69313 observations SI12, réparties sur un total de 159 jours durantles mois de juin et juillet 2000 et 2001 et les mois de dé
embre 2000 et 2001 et janvier 2001et 2002.En parallèle, Newell et al. [2005℄ mettaient en éviden
e des résultats 
ontradi
toires.Leur étude utilise des mesures de parti
ules par le satellite DMSP réparties sur un 
y
lesolaire. Ils montrent que le �ux énergétique des ions pré
ipités est 15 à 40 % plus granden hiver qu'en été dans les se
teurs entre minuit et 6h lo
al. Pour eux, 
e 
omportementsaisonnier est la 
onséquen
e de 
hamp élé
triques divergents 2, a

élérant les ions vers laTerre, sont plus intenses en hiver.Il est légitime de se demander qui a raison. Il pourrait sembler logique de donner le plusde poids à l'étude basée sur une période plus longue, et don
 de supposer que les résul-tats de Newell et al. [2005℄ sont plus 
rédibles. Pourtant, bien que notre étude porte surune plus 
ourte période d'observation, par la nature des observations, l'information 
on-tenue dans 
haque 
arte statistique est plus importante. En e�et, 
haque passage DMSPpermet de 
onnaître le �ux de proton sur une très faible portion de l'oval auroral, alorsque 
haque observation SI12 fournit le �ux sur la totalité de l'oval. Ainsi, l'informationapportée par 
haque passage DMSP ne 
ouvre que quelques pixels d'une image SI12 etl'ensemble de toutes les mesures DMSP ne permet pas de faire une moyenne de plus de30000 informations pour 
haque pixel. D'autre part, notre étude porte sur une périodepro
he du maximum d'un 
y
le solaire. Cette donnée peut in�uen
er les résultats. Il fautdon
 être 
ons
ient que les di�éren
es saisonnières mises en éviden
e dans nos re
her
hessont valables pour 
ette période du 
y
le solaire.Une étude supplémentaire étaie nos résultats. Emery et al. [2007℄ (l'arti
le soumis aumois de juin 2003 est joint en annexe) 
omparent les données de plusieurs satellites in situsur plusieurs années. Ils analysent le rapport de la puissan
e hémisphérique des ions del'hémisphère sud et de l'hémisphère nord et montrent que la puissan
e en été est entre20 et 50% plus élevée en été qu'en hiver. Plus pré
isément, pour Kp 1 et 2, la puissan
ehémisphérique due aux ions est 30% plus élevée en été qu'en hiver, et pour Kp 4, elle est10% plus élevée en été. Rappelons que nos résultats montrent une augmentation saison-2Les 
hamps éle
triques divergents ou 
hamps éle
triques dirigés vers le bas sont fréquemment situésdans la région "après minuit" de l'oval auroral, alors que les 
hamps éle
triques 
onvergents ou dirigés versle haut dominent dans le se
teur avant minuit [Marklund et al., 1994, 1997; Ergun et al., 1998℄.
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Chapitre 3Proton pre
ipitation during substormgrowth phase
3.1 Résumé introdu
tifLe travail dé
rit 
i-dessous a été réalisé en 
ollaboration ave
 Caroline Blo
kx. Nousavons ensemble séle
tionné les 
as que nous avons analysés. J'ai développé et analysépersonnellement prin
ipalement deux parties :

• l'analyse de la relation entre la des
ente en latitude de l'ovale auroral et les 
ara
téris-tiques du vent solaire et du 
hamp magnétique interplanétaire. Ce travail 
omprendégalement l'étude de la 
orrelation entre le mouvement en latitude de l'ovale et lesfon
tions de 
ouplage ave
 le vent solaire. Il s'ins
rit dans la 
ontinuité de la se
tion2.4 : je véri�e si les résultats obtenus lors de l'étude de la dépendan
e de la pré
ipi-tation aurorale de protons ave
 les 
ara
téristiques du vent solaire et l'orientation du
hamp IMF s'appliquent également pour le 
as parti
ulier des phases de 
roissan
e.
• l'étude de l'aspe
t lo
al ou global du mouvement des frontières de l'ovale auroralde protons. Pour 
haque 
as séle
tionné, le mouvement des frontières dans 
haquese
teur no
turne a été lissé à l'aide d'une régression linéaire, 
e qui a permis de
lasser 
haque 
as selon la nature du mouvement : global (
'est-à-dire ave
 un tauxde mouvement identique dans tous les se
teurs), lo
al (
'est-à-dire ave
 un taux demouvement nul dans tous les se
teurs, ex
epté dans 4 se
teurs 
ontigus au plus). J'aimis en éviden
e un autre type de 
omportement : une superposition des deux autres
omportements (
'est-à-dire un mouvement dans tous les se
teurs no
turnes ave
 destaux de des
ente di�érents).Ces résulats sont dé
rits dans un arti
le que nous avons soumis à la revue Journal ofGeophysi
al Resear
h le 7 février 2007 et qui a été a

epté pour publi
ation en juillet 2007.La version qui est sous presse est jointe 
i-après.167



168 3. Proton pre
ipitation during substorm growth phase



3.2. Growth phase morphology 1693.2 Global morphology of substorm growth phases ob-served by the IMAGE-SI12 imagerV. Coumans, C. Blo
kx, J.-C. Gérard, B. HubertLaboratoire de Physique Atmosphérique et Planétaire, Université de LiègeM. ConnorsAUGO, Athabas
a University, CanadaJournal of Geophysi
al Resear
h - Spa
e Physi
s (in press).



170 3. Proton pre
ipitation during substorm growth phaseAbstra
t[1℄ We present 
ase studies and a statisti
al summary of opti
al observations of protonpre
ipitation made during substorm growth phases. Our analysis is based on observationsof the Doppler shifted Lyman-α auroral emission obtained with the SI12 Spe
trographi
Imager on board the IMAGE satellite. These images are used to determine the morphologyand dynami
s of the auroral oval and of the polar 
ap boundary on a global s
ale, as wellas the total open magneti
 �ux and its time evolution. We also investigate the relationshipwith the solar wind and the IMF 
hara
teristi
s measured by the ACE satellite, and withthe magneti
 elevation angle measured by GOES-8. The statisti
al study shows that these
tor of maximum proton pre
ipitation during the growth phase is on average 
enteredaround 2200 MLT, and rapidly shifts in lo
al time by about 1.2 hours toward midnight atthe time of the onset. The open magneti
 �ux in
reases by 33% on average during thegrowth phase. The mean value of the open �ux immediately before the substorm onset isabout 0.66 GWb for substorms triggered by a northward turning of Bz and 0.74 GWb fornon-triggered substorms. The averaged open �ux at the substorm onset is smallest whenthe substorm is triggered by a sudden reversal of Bz, suggesting that the a

umulation ofenergy by the magnetosphere is perturbed by 
hanges in Bz. The open magneti
 �ux 
on-tinues to in
rease during the 20 minutes following the onset, for a large number of events.The rate of equatorward displa
ement of the auroral oval boundaries during growth phaseis typi
ally ∼3 deg/hour. It is statisti
ally 
orrelated (r = 0.40) with the magnitude of theBz 
omponent of the IMF measured by the ACE satellite. It is also 
orrelated, with higher
oe�
ient (r = 0.54), with fun
tions des
ribing the e�
ien
y of solar wind energy transferinvolving the transverse ele
tri
 �eld 
arried by the solar wind. The equatorward motionmay be global, restri
ted to lo
al time se
tors or a 
ombination of both. At no nightside lo
altime se
tor does the motion of the equatorial boundary appear more pronoun
ed than atothers, but the maximum displa
ement of the polar boundary is statisti
ally lo
ated aroundmidnight MLT.



3.2. Growth phase morphology 1713.2.1 Introdu
tion[2℄ A

ording to Akasofu [1964℄'s de�nition, the substorm development was divided intotwo main phases: an explosive expansion phase whose beginning de�nes the onset of thesubstorm, and a more gradual re
overy phase. A third stage, the growth phase, usuallylasting between 30 and 60 minutes, was �rst des
ribed by M
Pherron [1970℄. This is theinitial phase of many substorms, whi
h starts following a southward turning of the inter-planetary magneti
 �eld (IMF). The main 
hara
teristi
s of growth phases are (1) mergingof geomagneti
 and interplanetary magneti
 �eld lines on the dayside, 
reating new openmagneti
 �ux, (2) an in
rease of the size of the polar 
ap, (3) an in
rease of the 
ross-tail ele
tri
 �eld, 
ausing energization of the parti
les of the plasma sheet and earthwarda

eleration, (4) an in
rease of the 
ross-tail 
urrent in the equatorial plane of the mag-netosphere, (5) tailward stret
hing of the magneti
 �eld lines and thinning of the plasmasheet [Kaufmann, 1987; Sergeev et al., 1990℄, and (6) an equatorward motion of the auroraloval.[3℄ Sin
e the energy stored in the magnetotail originates from the solar wind throughre
onne
tion between the magnetospheri
 �eld and the IMF, the orientation of the north-south 
omponent of the IMF is a key fa
tor in�uen
ing the e�
ien
y of this energy transfer[Arnoldy , 1971℄. However, several studies show that other fa
tors also 
ontrol re
onne
-tion. Perreault and Akasofu [1978℄ and Akasofu [1981℄ suggested a �rst approximationexpression for the solar wind-magnetosphere energy 
oupling fun
tion ε, involving the so-lar wind speed, magneti
 �eld strength and orientation, whi
h 
orrelates well with the totalenergy a

umulation rate of the magnetosphere. This 
oupling being the primary fa
tor
ontrolling the time development of magnetospheri
 substorms and storms indi
ates thatthe solar wind and the magnetosphere work together as a dynamo, by means of whi
h thesolar wind ex
hanges its energy with the magnetosphere. Other empiri
al fun
tions weresubsequently suggested to des
ribe the strength of solar wind-magnetosphere 
oupling, andsome are examined below.[4℄ During the last three de
ades, growth phase 
hara
teristi
s have been studied usingground based or spa
e observations. Ground based studies of growth phases are based ondata from sets of meridian s
anning photometers and magnetometers su
h as the CANO-PUS network or radar measurements su
h as SuperDARN [Voronkov et al., 1999; Jay-a
handran et al., 2005℄. Su
h studies made it possible to determine 
hara
teristi
s ofgrowth phases su
h as, for example, that the proton aurora intensi�es during the growthphase toward the onset of the substorm intensi�
ation [Voronkov et al., 1999℄. Jaya
han-dran et al. [2005℄ used ground-based instruments to follow the temporal evolution of theequatorial boundary of the ion auroral oval during growth phases a
ross several hours inlo
al time. They analyzed 68 growth phases with the SuperDARN radar network over theCanadian se
tor to explore whether magnetotail stret
hing is a lo
al or a global phenom-enon. They noti
ed two types of latitudinal motion of this boundary on the nightside: aglobal motion su
h that the boundary retained its shape throughout the growth phase, and
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ipitation during substorm growth phasea lo
al motion limited to a few hours of lo
al time bra
keting the onset region. They inter-preted these results by dividing the substorms into two 
lasses. In the �rst one, the growthphase involves stret
hing in the inner magnetosphere that is most pronoun
ed around theonset meridian. In the se
ond one, the stret
hing extends many hours in lo
al time awayfrom the onset meridian. However, these studies were based on data 
overing only a limitedse
tor of the auroral oval and did not provide a global view of growth phase dynami
s.The SI12 auroral imager is the �rst instrument allowing global observation of the protonaurora and further investigation of these intriguing results.[5℄ Some previous studies analyzed the relations between what happened in the solar windand the growth phase 
hara
teristi
s. Brittna
her et al. [1999℄ determined the boundariesof the auroral oval and area of the polar 
ap as a fun
tion of lo
al time and substorm phaseusing images from the Polar UVI for di�erent IMF orientations during three substorms inJanuary 1997. They observed that the polar 
ap region 
lears of pre
ipitation during thesubstorm growth phase, whi
h expands the size of the polar 
ap but is not ne
essarilyrelated to an expansion of the open �ux region. They also found that the in
rease inpolar 
ap area prior to onset 
an be independent of the strength of the southward IMF
omponent. The region designed as the 'polar 
ap' in the study of Brittna
her et al. [1999℄is not equivalent to the region of open �ux tubes that usually de�nes the polar 
ap. It isinstead the region 
ontained within the boundaries of auroral luminosity, determined by astatisti
ally signi�
ant threshold of auroral luminosity measured in terms of a photon �uxat the 
amera of 4 photons 
m−2 s−1 (the minimum instrument sensitivity is about 0.5photons 
m−2 s−1). All regions poleward of the auroral oval that are below this thresh-old are in
luded in the polar 
ap region but oval-aligned ar
s or theta auroral stru
turesare not. Newell et al. [2007℄ used the OVATION system [Newell et al., 2002℄ to identifythe equatorward and poleward boundaries of the auroral oval. This system uses DMSPparti
le boundaries as a starting point and 
alibrates other measurements, parti
ularlythe SuperDARN radar measurements, to these boundaries, using a di�erent statisti
allydetermined o�set at ea
h 1 hour MLT. The polar 
ap size was one of the ten variableswhi
h 
hara
terize the state of the magnetosphere, whi
h were 
orrelated with more than20 
andidate solar wind 
oupling fun
tions. Shukhtina et al. [2004, 2005℄ analyzed themagnetotail magneti
 �ux at substorm onset as a fun
tion of solar wind parameters. Theyshow that the tail magneti
 �ux, stored during the growth phase, mainly depends (CC =0.95) on the merging ele
tri
 �eld Em = VSWBtsin
3(θ/2) (VSW is the solar wind velo
ity,

Bt =
√

B2
y + B2

z , θ is the 
lo
k angle). It implies the la
k of a threshold magneti
 �uxat substorm onset. We 
annot 
ompletely substantiate this latter result as is dis
ussed inmore detail below.[6℄ The present study improves on these previous attempts sin
e the SI12 images usedallow global determination of ion auroral boundaries with good time resolution and mini-mal dayglow 
ontamination. We �rst examine in detail two examples of growth phase. Wethen do a statisti
al study of the morphology of the auroral oval and thus of the polar 
apboundary (the open/
losed �eld line boundary) on the global s
ale as des
ribed by Hubert
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al
ulate the total open magneti
 �ux and its time evolution, the timeevolution of the brightest MLT se
tor, the relation between the latitudinal motion andthe IMF and SW 
hara
teristi
s, and the di�eren
es between global or lo
al equatorwardmotion during growth phases.3.2.2 Instrumentation and methodology[7℄ Until the availability of the IMAGE satellite, no 
apability existed for global remotesensing of the proton aurora. Sin
e its laun
h in Mar
h 2000, its FUV spe
trographi
proton imager (SI12) provides snapshots of proton pre
ipitation with a 2-min resolution.This imager dete
ts Doppler shifted Ly-α auroral emission by isolating a narrow (0.2 nm)spe
tral region near 121.8 nm, allowing imaging of global-s
ale proton pre
ipitation. Itin
ludes a grill system to reje
t the intense (>10 kR) geo
oronal Ly-α emission at 121.6nm, whi
h would otherwise appear as a bright di�use glow [Mende et al., 2000a℄. Numer-ous fa
tors in�uen
e the Ly-α line pro�le, on whi
h the response of the SI12 instrumentdepends [Gérard et al., 2001℄. For present purposes, this response is well understood, andwas validated by laboratory and daily in-�ight 
alibrations using hot stars [Frey et al.,2003a℄. The sensitivity threshold of SI12 is estimated to be on the order of ∼ 100 R.[8℄ We 
onsidered all 2437 substorms listed by Frey et al. [2004℄, sele
ting those whi
ho

urred at least 2 hours after the previous listed onset, and whose auroral oval is entirelyvisible with IMAGE-FUV from at least 1 hour before the onset to 20 min. after. Based onthese 
riteria, we sele
ted 1118 events between June 2000 and De
ember 2002. The FUVSI12 images were used to determine the equatorial and polar boundaries of the protonauroral oval follow their evolution during the growth phase. A threshold was determinedon a statisti
al basis to dis
riminate between the auroral signal and the image ba
kground.This threshold had to be a

urately determined, as the boundary sought 
orresponds to thelimit where the auroral emission drops to zero as was des
ribed by Hubert et al. [2006℄. Asmentioned before, the advantage of using the SI12 images of the proton aurora to estimatethe lo
ation of the proton oval equatorial limit and the open/
losed �eld line boundaryis the absen
e of dayglow 
ontamination (despite limitations des
ribed by Hubert et al.[2006℄). Then the open magneti
 �ux is given by
Φ =

∫

S

~B · ~nds (3.1)where ~n is the ve
tor normal to the area S inside this boundary, and ~B the Earth's mag-neti
 �eld. The poleward boundary estimated from the SI12 images is taken to be theopen/
losed �eld line boundary and the integral is 
al
ulated over the area delimited byit.[9℄ Sin
e the aim of this study is to 
hara
terize the slow stret
hing of the magneti
 �eldlines during the growth phases, we only sele
ted events exhibiting a signi�
ant equatorward
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ipitation during substorm growth phasemotion of at least one of the boundaries during the growth phase in the midnight se
tor. Atotal of 55 growth phase intervals between June 2000 and De
ember 2002 were sele
ted onbased of this 
riterion, but this sele
tion is not exhaustive. Many other substorm growthphases exhibited some equatorward motion of one or both boundaries, but this motionwas not regarded as obvious, thus they were not in
luded in this study. The length of thegrowth phases ex
eeds 60 minutes in 36 
ases, between 40 and 60 minutes in 12 
ases, andless than 40 minutes for the last 7 
ases. The onset of 26 substorms took pla
e in themidnight se
tor, 13 in the 2230-2330 MLT se
tor, 7 in the 2030-2230 MLT se
tor, and 8between 0030 and 0330 MLT.[10℄ The IMF data used in this study were obtained by the Magneti
 Field Experiment(MAG) on the Advan
ed Composition Explorer (ACE) satellite [Smith et al., 1998℄ witha time resolutions of 16 s. Plasma data were 
olle
ted by the Solar Wind Ele
tron ProtonAlpha Monitor (SWEPAM) on ACE [M
Comas et al., 1998℄ with time resolutions of 64 s(these data are 
ourtesy of the NASA CDAWeb site). ACE measures far from the Earth, atthe L1 libration point (∼220 RE upstream of Earth). ACE data are propagated to the bowsho
k using the Weimer et al. [2002, 2003℄ and Weimer [2004℄ pseudo-minimum varian
ete
hnique. A delay of 4 minutes was added to 
onsider the propagation to the ionosphere.Ea
h FUV image was thus related to the 
hara
teristi
s of the solar wind rea
hing themagnetosphere at the time the image was taken.[11℄ The sele
ted substorm onsets were separated into two 
ategories: those for whi
h we
ould identify a trigger in the solar wind parameters and/or IMF 
omponents, a

ording tothe 
riteria given below (
alled 'triggered' events later in this paper), and those for whi
hwe 
ould not (
alled 'non-triggered' events). The 
on
ept of external triggers of auroralsubstorms has been extensively dis
ussed [Lyons, 1996; Henderson et al., 1996; Hsu andM
Pherron, 2003℄. In this study we 
onsider as triggers:
• a sudden reversal of the Bz 
omponent to positive values,
• a sudden in
rease of the density, velo
ity, and/or dynami
 pressure (by 1 nPa ormore),
• a sudden reversal of By from positive to negative values (see Henderson et al. [1996℄),
• a sudden redu
tion in the magnitude of By as des
ribed by Lyons [1995, 1996℄. Aminimum de
rease of 2 nT was 
onsidered to be signi�
ant.To be 
onsidered as triggers, these 
hanges must take pla
e during the few minutes (≤6 min) before the onset time observed by SI12. In this way, from the 55 sele
ted events,we identi�ed 22 substorms as triggered by a solar wind 
hanges. The other 
ases do notappear to show any eviden
e of a solar wind trigger.[12℄ The magnetospheri
 magneti
 �eld measurements are from GOES (GeostationaryOperational Environmental Satellite). These satellites are on geostationary orbits and are
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omponents of the Earth's magneti
 �eld.We 
on
entrate on GOES 8 and 10 measurements sin
e one or the other of these satelliteswas favorably lo
ated in the midnight se
tor at the time of the onset.3.2.3 Case studies[13℄ The methodology des
ribed above is illustrated by two examples. The �rst is typ-i
al of most 
ases in
luded in this study. It o

urred on 28 August 2000 while the BzIMF 
omponent measured by the ACE satellite was 
ontinuously oriented southward. Inthe se
ond one, whi
h o

urred on 26 November 2000, the growth phase started while Bzturned southward. After ∼10 minutes, Bz be
ame positive until the substorm onset, whilethe open �ux still in
reased and the boundaries 
ontinued their equatorward motion.First 
ase: 2000, day 241 (2000/08/28)[14℄ We present here an example of a substorm onset pre
eded by a growth phase, thato

urred on August 28, 2000. The onset is observed on SI12 images at 0936 UT and 2230MLT. We 
onsider the time period of one hour pre
eding the onset. During this interval,the SI12 images showed a 
lear latitudinal motion of the equatorial and polar boundariesof the auroral oval. Figure 3.1 shows the keogram of the SI12 
ount rate in the MLTse
tor of the substorm onset (�gure 3.1a, between 2130 and 2230 MLT in this 
ase) andin the midnight se
tor (�gure 3.1b, between 2330 and 0030 MLT) versus magneti
 lati-tude and UT. The equatorward motion of both boundaries is 
learly visible, as well asthe motion of the maximum of Lyman-α emission. Figure 3.2 shows the tra
e of the ovalboundaries and of the emission maximum in the onset se
tor. The linear regression �ts tothe boundaries' motion are also plotted to show the average equatorward motion duringthe growth phase period. The slopes in this 
ase are respe
tively -2.5 deg/hour for thepolar boundary and -3.8 deg/hour for the equatorial boundary in the onset se
tor, and-3.6 and -2.3 deg/hour in the midnight se
tor (not shown). Figure 3.3 shows that the open�ux in
reases during the whole growth phase, meaning that magneti
 re
onne
tion opensmagneti
 �ux on the dayside of the magnetosphere. The number of magnetospheri
 �eldlines 
onne
ted to the IMF in
reases during the entire growth phase time. After the on-set, the open �ux de
reases, as a 
onsequen
e of �eld line re
onne
tion in the magnetotail.The re
onne
tion rate in the tail at that time ex
eeds the re
onne
tion rate on the dayside.[15℄ Growth phase stret
hing is generally agreed to be a 
onsequen
e of the loading ofmagneti
 �ux into the tail, whi
h in turn is a 
onsequen
e of energy entering the mag-netospheri
 system through dayside merging at a rate greater than it 
an be transportedthrough the nightside magnetotail via the standard 
onve
tion 
y
le (see, e.g., Baker et al.[1999℄, and referen
es therein). This stret
hing has been observed by magnetometers onboard satellites 
rossing the magnetotail su
h as GOES. Figure 3.4 shows the elevation
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Figure 3.1: Keogram of SI12 
ount rate for the substorm growth phase pre
eding the onsetof August 28, 2000 at 0936 UT (
ase study 1). Figure 3.1a is the keogram in the onsetse
tor (between 2130 and 2230 MLT in this 
ase) and �gure 3.1b in the midnight se
tor(between 2330 and 0030 MLT).
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Figure 3.2: Equatorward motion of the polar boundary (+), the equatorial boundary (△)and the maximum of emission (♦) in the onset se
tor for the growth phase of 
ase study1. The abs
issa axis is the time before the onset expressed in minutes. Dashed lines showbest �ts to the motion of the polar and equatorial boundaries before onset.
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Figure 3.3: Open magneti
 �ux 
al
ulated from SI12 images obtained during the growthphase of 
ase study 1.angle, whi
h is de�ned here as the angle between the geographi
 equatorial plane andthe geomagneti
 �eld dire
tion. Consequently, Figure 3.4 shows that the elevation anglede
reases during the growth phase, indi
ating that the tail �eld line stret
hing in
reasesduring this period. Following the onset, the observed in
rease of the elevation angle showsthat the tail �eld lines progressively retrieve their original morphology. The dashed line inFigure 3.4 at 66� represents the value of the average elevation angle 
al
ulated from the
omplete set of GOES 8 and GOES 10 orbits during the time period between O
tober 2000and July 2001.[16℄ M
Pherron [1970℄ showed that the beginning of the growth phase is in most 
ases
ontrolled by the IMF Bz orientation. One goal of the present study is to determine inwhi
h way the solar wind 
hara
teristi
s and the IMF 
onditions determine the growthphase. Figure 3.5 presents the evolution of the IMF 
omponents and the solar wind den-sity, velo
ity and dynami
 pressure measured by ACE during the hour before the onsetof the substorm on August 28, 2000. This is an example of a triggered onset where thesolar wind 
onditions 
hanged during the minutes pre
eding the onset. A 2 to 6 minuteun
ertainty around the onset time is a possible error due to the propagation time of thesolar wind between the satellite and the ionosphere. Figure 3.5 shows that the velo
ityin
reased from 500 km/s to more than 520 km/s while the dynami
 pressure also in
reasedfrom ∼5 to ∼7 nPa. Simultaneous 
hanges are also observed in the IMF. The magnitudeof the (negative) Bz de
reased from -4 to -2nT. As expe
ted, Bz was negative during thetime of the growth phase, a favorable situation for dayside re
onne
tion and growth phasedevelopment. During this period, Bx was negative while By was positive (ex
ept duringthe 10 minutes before the onset). Solar wind density, velo
ity and dynami
 pressure varied
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Figure 3.4: Elevation angle (+) measured in the 2300-0020 MLT se
tor by the GOES10satellite during the growth phase of 
ase study 1. The dashed line represents the meanelevation angle at the 
orresponding MLT measured by GOES10 on all the orbits (1 perday) from O
tober 2000 to July 2001.only slowly until the last few minutes prior to the onset.Se
ond 
ase: 2000, day 331 (2000/11/26)[17℄ The growth phase des
ribed here after took pla
e on 26 November 2000. The onsetis observed on SI12 images at 1548 UT and 0000 MLT. The growth phase started around1522 UT as was identi�ed from the polar boundary equatorward motion (Figure 3.6) andfrom open �ux in
rease (Figure 3.7). ACE measurements show that Bz turned southward5 minutes before this time, as shown by Figure 3.8. We 
onsider this 
hange of orientationas the trigger of the growth phase. The 5 minute delay is 
onsidered as the rea
tion time ofthe magnetosphere, to whi
h un
ertainties of the propagation time 
ould be added. Fiveminutes later, when Bz was most negative, By also turned negative. About 15 minutesbefore the substorm onset, Bz be
ame positive again, while the open �ux 
ontinued toin
rease and the boundaries 
ontinue to move equatorward. This example shows a 
ase ofa growth phase o

urring with a mainly northward Bz. Finally, 5 minutes before the onsettime, ACE measurements showed that |By| de
reased in magnitude by 2 nT, whi
h is atriggering fa
tor a

ording to our 
riteria.[18℄ Petrukovi
h et al. [2000℄ studied properties of substorms o

urring during northwardIMF Bz. They showed that the rate of the solar wind energy a

umulation in the mag-netosphere was low due to azimuthal IMF orientation with dominating IMF By and small
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Figure 3.5: Solar wind and IMF 
hara
teristi
s measured by the ACE satellite during 
asestudy 1.
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Figure 3.6: Equatorward motion of the polar boundary (+), the equatorial boundary (△)and the maximum of emission (♦) in the onset se
tor for the growth phase of 
ase study 2happening on 26 November 2000. The abs
issa axis is the time before the onset expressed inminutes. Dashed lines show best �ts to the motion of the polar and equatorial boundariesbefore onset.
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Figure 3.7: Open magneti
 �ux 
al
ulated from SI12 images obtained during the growthphase of 
ase study 2.
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Figure 3.8: Solar wind and IMF 
hara
teristi
s measured by the ACE satellite during 
asestudy 2.
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tuating IMF Bz. In their sample of 43 substorms with northward Bz, they analyzedthe average values of IMF and found that either the magnitude of By was larger than thatof Bz or both By and negative Bz were small, ex
ept in two 
ases where positive Bz wasvery large, with By also very large. Here, Bz has a positive value over the growth phase of2.4 nT. The average value of By is negative but the magnitude is mu
h higher (-7.9 nT).This example is thus in agreement with Petrukovi
h et al. [2000℄'s work.[19℄ We now pro
eed to examine the ensemble properties of the growth phases studied.3.2.4 Statisti
al studyEvolution of the maximum brightness MLT se
tor during growth phases.[20℄ Figure 3.9 shows the MLT se
tor where the SI12 
ount rate is largest, when averagedover the growth phases (1 hour UT before the onset until 20 min after) for the 55 events.The verti
al line indi
ates the time of the syn
hronized onsets. Statisti
ally, the mostintense MLT se
tor is lo
ated at ∼2200 MLT during the growth phase period and rapidlymoves towards midnight (sim23.2 MLT) following the onset development. On average, thesubstorm expansion remains 
lose to midnight (∼23.5 MLT) at least ∼15 minutes afterthe onset. This is 
onsistent with previous studies showing that the lo
al time distributionof the onsets observed with the WIC 
amera on board IMAGE is 
on
entrated between2000 and 0200 MLT with a median at 23.4 MLT [Gérard et al., 2004; Frey et al., 2004℄.During the 10 minutes pre
eding the onset, the largest observed 
hange in the lo
ation ofthe most intense MLT se
tor was 6.2 MLT hours (from 19.6 to 1.8 MLT in this 
ase). Wealso observed a displa
ement of 5.9 MLT hours in the opposite dire
tion (from 2.7 to 20.8MLT). On average, the most intense MLT se
tor is shifted by 1.2 MLT hour during the 10minutes before the onset (from 22.0 to 23.2 MLT). The distribution of the lo
ation of thebrightest MLT se
tor at the time of the onset is quasi Gaussian with a peak at 23.2 MLT,a median at 23.3 MLT and a standard deviation of 1.3 MLT.Evolution of the open magneti
 �ux during the growth phase.[21℄ The opening of magneti
 �ux at the dayside 
reates the ne
essary 
onditions to pro-du
e substorms via an a

umulation of open magneti
 �ux and hen
e �eld energy in themagneti
 tail. The growth phase is thus 
hara
terized by an in
rease in radius of the auro-ral oval. During subsequent substorm expansions, magneti
 �eld lines that have previouslybeen opened on the dayside and 
onve
ted downtail by the solar wind re
onne
t withinthe tail plasma sheet, 
ausing a substantial �ux 
losure whi
h releases a

umulated �eldenergy to the plasma parti
les. This re
on�guration of the tail magneti
 �eld takes pla
etogether with poleward expanding auroral parti
le pre
ipitation, and modi�
ation of theele
tri
 �eld, plasma �ow, and 
urrents �owing in the 
oupled magnetosphere-ionosphere
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Figure 3.9: MLT se
tor of the maximum SI12 brightness averaged on the growth phasesof the 55 sele
ted events. The verti
al line is the time of the onsets, the events have beensyn
hronized on their onset time. The abs
issa axis is the time before the onset expressedin minutes. The verti
al bars indi
ate the estimation of the standard error of the mean(1-σ dispersion / sqrt(n)) every 18 minutes.
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ipitation during substorm growth phasesystem.[22℄ The poleward and equatorward boundary lo
ations have been determined from allSI12 images available in the 55 growth phase dataset des
ribed before. Their time variationhas been determined every 2 minutes for all sele
ted time sequen
es during and followingthe growth phases. We then applied a superposed epo
h analysis where all substorm onsetshave been syn
hronized at t = 0 to analyze the statisti
al properties of the open magneti
�ux and its time evolution. Figure 3.10 shows the time evolution of the open magneti
 �uxaveraged over the growth phases (from 1 hour UT before the onset until 20 min after) ofthe 33 non-triggered substorms. Also shown are the evolution of the 9 substorms triggeredby a sudden reversal of Bz towards positive values, the 6 substorms triggered by a suddenredu
tion in the magnitude of By, and the 5 substorms triggered by a sudden reversal ofBy from a positive towards a negative value. In our sele
tion of 55 events, the two remain-ing substorms were triggered by a dynami
 pressure in
rease, but they are not shown inthis �gure. The verti
al bla
k line indi
ates the time of the onsets. On the average, theopen �ux 
ontinuously in
reases during the growth phase for all 
ategories of events as themagnetosphere a

umulates open magneti
 �ux. This is 
onsistent with expe
tations andwith the events dis
ussed in Se
tion 3.2.3. As in those events, immediately following thesubstorm onset, during the expansion phase, the open �ux is expe
ted to de
rease as a
onsequen
e of the �eld line 
losure in the magnetotail. However, on average during the 20minutes after the onset, this de
rease is not signi�
ant, and sometimes the open �ux keepsin
reasing. The mean open �ux at onset is smallest for events triggered by a sudden rever-sal of Bz towards positive values (0.66 GWb). It is essentially the same for non-triggeredevents (0.74 GWb) and events triggered by By, i.e., it is 0.75 GWb for substorms triggeredby a sudden redu
tion in the magnitude of By, and 0.77 GWb for substorms triggered bya sudden reversal of By from a positive towards a negative value. The maximum in
reaseover 60 min. or less of the open magneti
 �ux of the non-triggered events is 0.34 GWb,and the highest rate of in
rease is 0.29 GWb during 25 min (0.7 GWb/hour). On aver-age, the in
rease of the magneti
 �ux is 0.16 GWb (0.19 GWb/hour). At the onset time,the maximum and the minimum open �ux observed were respe
tively 1.01 GWb and 0.53GWb, whereas at the beginning of the growth phase the open �ux was between 0.82 GWb(max) and 0.36 GWb (min). The distribution of the open �ux value of the non-triggeredevents at the time of the onset is quasi Gaussian with a peak at 0.74 GWb, a median at0.73 GWb and a standard deviation of 0.09 GWb (full width at half maximum of 0.19GWb).Relation between the latitudinal motion and the IMF and SW 
hara
teristi
s.[23℄ The growth phase is the phase of substorm during whi
h the magnetosphere storesmagneti
 energy in the tail. This energy originates from the solar wind through re
onne
-tion at the front of the magnetosphere and a signature of the storage is the in
rease inthe tail stret
hing. The orientation of the IMF Bz 
omponent is expe
ted to 
ontrol this
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Figure 3.10: Superimposed epo
h analysis of the evolution of the open magneti
 �uxaveraged over the growth phases of the 33 non-triggered substorms (thi
k solid line), ofthe 9 substorms triggered by Bz 
hanges (thin solid line), of the 6 substorms triggered bya sudden redu
tion in the magnitude of By (dashed line), and of the 5 substorms triggeredby a sudden reversal of By from positive towards negative value (dotted line). The verti
albla
k line is the time of the onsets, the events having been syn
hronized 
ompared to theonset. The horizontal axis is the time from the onset in minutes. The verti
al bars indi
atethe estimation of the standard error of the mean (1-s / sqrt(n)) at 18 minute intervals.



186 3. Proton pre
ipitation during substorm growth phaseenergy storage and its time evolution. We thus now analyze the relation between the lati-tudinal motion of the proton oval polar boundary and the verti
al orientation of the IMF.Figure 3.11 shows the slope of the linear regression of the equatorward motion of the polarboundary versus Bz integrated over the growth phase time period. For the majority ofthe substorms analyzed, the time integrated Bz is between 10000 and -20000 nT.s (Figure3.11). A linear regression (
orrelation 
oe�
ient r = 0.4) on the sample shows that theequatorward motion tends to in
rease for low negative values of Bz, 
on�rming that theintensity of Bz 
ontrols the energy storage. A similar result was previously pointed out byKullen and Karlson [2004℄. From a statisti
al study of substorms using 3 months of PolarUV images, they showed that the majority of large substorms appears following periodswhen the IMF is strongly oriented southward. Our result is 
onsistent with the view thatlarge substorms follow the storage of a large amount of magneti
 energy and thus follow agrowth phase with a pronoun
ed equatorward displa
ement.
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Figure 3.11: Equatorward displa
ement of the auroral polar boundary versus the IMF Bzintegrated over the growth phase time period.[24℄ Figure 3.11 shows that substorms 
an also o

ur following periods with mainly pos-itive Bz (as was shown in se
tion 3.2.3). Su
h events were emphasized by e.g. Lui et al.[1976℄; Kamide and Winningham [1977℄. In these 
ases, the orientation of By in�uen
esthe a

umulation of energy. Moreover, the solar wind velo
ity and/or dynami
 pressureare expe
ted to also 
ontrol the e�
ien
y of the energy transfer from the solar wind. Var-ious 
oupling fun
tions have been proposed by di�erent authors to a

ount for these otherfa
tors. Vasyliunas et al. [1982℄ sear
hed for a fun
tional dependen
e on solar wind para-meters of the rate of energy transfer from dimensional analysis 
onstraints. They found
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 pressure, velo
ity, and trans-verse IMF orientation. Wygant et al. [1983℄ found best agreement for a dependen
e on θc,the angle between the transverse 
omponent of the IMF and the Earth's magneti
 �eld atthe magnetopause using a fourth power of sin θc. Liou et al. [1998℄ 
ondu
ted a 
orrelativestudy of the auroral power derived from Polar UVI observations with the 
on
urrent solarwind and IMF observations from the Wind satellite. Coumans et al. [2006℄ showed thatthe most appropriate fun
tions to des
ribe the energy released in the proton aurora are
V Bt sin(θc/2) , V Btsin

2(θc/2), P 1/3V B2
t sin

4(θc/2) and P 1/6V Btsin
4(θc/2), where Bt is thetransverse magneti
 �eld. The �rst two are alternative proxies based on the transverse so-lar wind ele
tri
 �eld in the Y-Z plane, while the others assume that the amount of energytransferred from the solar wind to the magnetosphere is proportional to the solar windkineti
 energy inter
epted by the magnetopause. We now examine the relation betweenthese four 
oupling fun
tions and the latitudinal motion of the proton oval boundaries, inthe onset MLT se
tor, during the growth phases of our database.[25℄ We tested the relationship between the 4 
oupling fun
tions emphasized by Coumanset al. [2006℄, integrated over the growth phase time period and the linear regression on theequatorward motion of the polar boundary. For ea
h of the growth sequen
es, the value ofthe 
oupling fun
tion was evaluated based on shifted ACE data at the time of ea
h individ-ual SI12 image. The values were then integrated over the growth phase time period. Figure3.12 shows the s
atterplot of slope value of the linear regression for the equatorward motionof the polar boundary versus the 
oupling fun
tion P 1/3V B2

t sin
4(θc/2) integrated over thegrowth phase time period. The 
orrelation 
oe�
ient of the linear regression is 0.54. Thisimplies that even if the s
atter of points is quite large, the trend is that the intensity ofthe 
oupling fun
tion plays a role on the latitudinal motion and thus on the storage ofenergy by the magnetosphere. The study was repeated with expressions V Bt sin(θc/2) ,

V Btsin
2(θc/2) and P 1/6V Btsin

4(θc/2) and showed very similar results. When we 
orre-lated the equatorward boundary motion with these 4 
oupling fun
tions, we found lower
orrelation 
oe�
ients. This result indi
ates that the opening of magneti
 �ux on thefront of the magnetosphere and the energy transfer from solar wind to the magnetospherehave mu
h less in�uen
e on the equatorward boundary motion than on the polar boundary.[26℄ Shukhtina et al. [2005℄ showed a good 
orrelation (CC = 0.95) between the tailmagneti
 �ux, stored during the growth phase, and the merging ele
tri
 �eld Em =
VSWBtsin

3(θ/2), where Bt is the transverse magneti
 �eld. The estimate of the tail mag-neti
 �ux they used was based on dire
t or inferred measured lobe magneti
 �eld and anempiri
al dependen
e of the tail radius on solar wind parameters. We also analyzed therelation between this fun
tion and the slope value of the linear regression of the equa-torward motion of the polar and the equatorial boundaries. Correlation 
oe�
ients wererespe
tively 0.40 and 0.34 for polar and equatorial boundaries, that is, less than with otherfun
tions. This di�eren
e in 
orrelation 
oe�
ients from those of Shukhtina et al. [2005℄probably stems from the fa
t that the tail radius they used arises from solar wind para-meters, making their �ux highly dependent on them. Our study does not introdu
e su
h
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Figure 3.12: Equatorward displa
ement of the auroral polar boundary versus the value ofthe 
oupling fun
tion P 1/3V B2
t sin

4(θc/2) integrated over the growth phase time period.a dependen
e, and suggests a mu
h weaker 
orrelation.Global or lo
al motion.[27℄ The IMAGE-SI12 imager provided a global pi
ture of the proton pre
ipitation every 2minutes, whi
h we used to 
hara
terize the global equatorward motion of both boundariesduring the growth phase. For ea
h nightside 1-hour wide MLT se
tor, we 
al
ulated theaverage rate of the equatorward motion in deg/hour. Figure 3.13 presents samples of ouranalysis of the global nightside motion during the growth phase. A lo
al variation wasidenti�ed as a lo
al displa
ement ex
eeding 2 deg/hour in 5 MLT se
tors at most and nomotion in other se
tors (0 ± 1 deg/hour). A global displa
ement is 
hara
terized by a quasiidenti
al motion in every night se
tor, with typi
al values between -2 ± 1 deg/hour and-5 ± 1 deg/hour. As an example of global displa
ement, Figure 3.13-a shows the growthphase of January 15, 2001 with an onset at 0804 UT. The squares show the rate of theequatorial boundary motion (in MLAT deg/hour) and the diamonds represent the polarboundary motion rate. In this example, the onset o

urs in the 2230-2330 MLT se
tor,and the motion of the polar boundary is nearly identi
al in all nightside se
tors, 
lose to-2.5 deg/hour. The nightside polar boundary thus retains the same shape while movingin latitude. The equatorial boundary behaves similarly in se
tors between 2030 and 0330MLT. The motion in the dusk se
tor and in the dawn se
tor is less and rea
hes, at theminimum, about -1.5 deg/hour.
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Figure 3.13: Rate of equatorward displa
ement of the polar (�) and the equatorial (△)boundaries in the nightside MLT se
tors, for (a) the growth phase of January 15, 2001pre
eding the onset at 0804 UT, (b) the growth phase of the De
ember 7, 2000 pre
edingthe onset at 2147 UT, and (
) the growth phase of Mar
h 13, 2001 pre
eding the onset at0615 UT.



190 3. Proton pre
ipitation during substorm growth phase[28℄ In 
ontrast, Figure 3.13-b presents the results for the period of De
ember 7, 2000 pre-
eding the onset at 2147 UT in the 2230-2330 MLT se
tor. In this 
ase, the equatorwardmotion of the equatorial boundary was lo
alized to a limited se
tor and this is thus anexample of lo
al motion. The motion was very small in the 1930-2130 MLT and 0230-0330MLT se
tors. Between these two se
tors, the boundary moved equatorward, with a max-imum in the 0030-0130 MLT se
tor. The polar boundary exhibited a large equatorwardmotion in the midnight se
tor (of about -8 deg/hour), in the se
tor next to the onset, whileno motion o

urred in the 2030-2130 MLT and the 0230-0330 MLT se
tors. In the duskse
tor, the rate of motion was about -2 deg/hour. The polar boundary moved polewardin the 2130-2230 MLT se
tor and moved strongly equatorward for MLT se
tors 
loser tomidnight. In the dawn se
tor, the equatorward motion was also about 2 deg/hour. Themotion of the polar boundary was thus mostly restri
ted to the midnight se
tor. Solarwind measurements for this 
ase showed no atypi
al behavior, with Bz between 0 and -2nT during the growth phase (ex
ept ∼10 minutes before the onset, where it turned slightlynorthward during 3 minutes), By around -4 nT, the dynami
 pressure between 4 and 4.5nPa, the velo
ity around 450 km/s, and the density between 12 and 13 
m−3.[29℄ Both types of motion, lo
al and global, are thus observed but we also des
ribe athird type of global dynami
s that is a superposition of both types of motions. This thirdtype ('non-uniform global motion') is the most frequently observed for the polar boundary.The boundary moves equatorward in all se
tors, but with di�erent amplitudes. Figure3.13-
 shows an example for Mar
h 13, 2001. The growth phase pre
eded the onset at0615 UT, whi
h o

urred in the midnight se
tor. The equatorial boundary moved equa-torward nearly globally, at a rate of about 1 deg/hour. The polar boundary motion wasequatorward in all nightside se
tors, but the rate of motion varied in the di�erent MLTse
tors. The largest motion was observed in the 2330-0130 MLT onset se
tor, with a rate
lose to -4 deg/hour. At other lo
al times, the rate of displa
ement varies between -3 and-1.5 deg/hour. We have 
he
ked the interplanetary magneti
 �eld, the solar wind data andthe a
tivity level for ea
h event. We 
ould not identify any obvious di�eren
es that 
ould
hara
terized the di�erent kind of motions.[30℄ Of the 55 analyzed growth phases, the equatorial boundary had global motion in 38%of the 
ases, lo
al motion in 16% of 
ases and non-uniform global motion in 46% of 
ases.The polar boundary motion was global for 17% of the 
ases, lo
al for 5% of the 
ases andnon-uniform global for 78% of the 
ases. In 
on
lusion, the equatorial boundary gener-ally moves equatorward with a global (uniform or not) motion, while the polar boundarymotion is mainly non-uniform but global. Finally, we also observe that, o

asionally (e.g.Figure 3.13-
), one or both boundaries move poleward in some MLT se
tors. This featuredoes not 
ontradi
t the fa
t that the open magneti
 �ux globally in
reases during thesegrowth phases, sin
e the motion is equatorward in other se
tors.[31℄ The maximum displa
ement of the polar boundary is statisti
ally lo
ated aroundmidnight MLT, but in no nightside lo
al time se
tor does the motion of the equatorial
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ed than in others. The maximum equatorward dis-pla
ement may o

ur in any se
tor from 1800 to 0600 MLT. A value between -4 and -12deg/hour is typi
al for a lo
al motion or the maximum displa
ement in the 
ase of 'non-uniform global motion' for both boundaries. Furthermore, we did not �nd any relationbetween the onset se
tor and the se
tor where the boundary motion is more pronoun
ed.Among the 55 events, the onset o

urs in the 1 hour-wide se
tor of the largest equator-ward displa
ement of the polar boundary for only 11 events (20%), mostly between 2300and 0000 MLT. For 11 other events (20%), the onset o

urs eastward from the se
tor ofthe maximum polar boundary motion. All other 
ases (33 events, 60%) exhibit an onsetappearing westward of the maximum displa
ement of the polar limit (as far as 7 MLThours westward). The distribution is quite similar for the equatorial boundary, with someadditional 
ases showing an onset eastward of the maximum displa
ement of the equatorialboundary. In 
on
lusion, no 
orrelation is found between the motion of the oval boundariesand the substorm onset lo
ation.
3.2.5 Dis
ussionProportion of triggered substorms[32℄ Lyons [1996℄ argued, based on ground magnetometer data, that 'most, and perhapsall, expansions are triggered by IMF 
hanges'. Henderson et al. [1996℄ demonstrate thatsubstorms may o

ur solely as the result of an internal magnetospheri
 instability, withoutany external triggering. A statisti
al study by Hsu and M
Pherron [2003℄ indi
ated that60% of all substorms are triggered. In their study, substorms were identi�ed based on asudden, persistent de
rease in the AL geomagneti
 index. The per
entage they found ishigher than the ∼40% of triggered events des
ribed in this work. Moreover, they also foundthat about 90% of the non-triggered substorms o

ur while the IMF is southward. Thedi�eren
e of proportion with the present work may be explained by the fa
t that, in thisstudy, the events are initially sele
ted based on the presen
e of a marked growth phase.The visual sele
tion relying on the latitudinal motion of at least one of the oval boundariesprobably introdu
es some bias on the type of subsequent substorm. We showed, in se
tion3.2.4, as previously indi
ated by Kullen and Karlson [2004℄, that the equatorward motion is
ontrolled, in part, by the intensity of Bz. Sin
e our database was sele
ted on this motion,we mostly sele
ted events with southward Bz, whi
h is the IMF 
ondition to a

umulateopen magneti
 �ux in the magnetosphere and generate an internal instability. Other eventswith Bz values 
lose to zero or mainly positive are represented in small proportion in ourstatisti
s. These are mainly triggered substorms o

urring before an internal instability
an o

ur and develop a substorm onset spontaneously, sin
e the magnetosphere had nota

umulated a large amount of open magneti
 �ux before onset.



192 3. Proton pre
ipitation during substorm growth phaseEvolution of the open �ux during the growth phase[33℄ The statisti
al study of the evolution of the open �ux during 55 growth phases (se
-tion 3.2.4) shows that the open magneti
 �ux in
reases during this phase of the auroralsubstorm development. This feature is the signature of the storage of magneti
 energy inthe magnetosphere originating from the solar wind through dayside magneti
 re
onne
tionbetween the geomagneti
 �eld and the IMF. Statisti
ally, onsets triggered by a suddenreversal of the Bz 
omponent toward positive values o

ur for lower open �ux that non-triggered onsets, whereas the mean open �ux at the onset is the same for non-triggeredevents and events triggered by By 
hange. The Student's t tests was used to determinewhether two means are distin
t, for small samples. The di�eren
e between the means atthe onset time for the non-triggered (0.74 GWb) and the Bz-triggered (0.66 GWb) datasets was found to be signi�
ant with a probability largely higher than 99 %. The dif-feren
e between the means at the onset for non-triggered and By-triggered events is notsigni�
ant. This result implies that only a sudden reversal of Bz is su�
ient to triggera substorm before the magnetosphere has time to a

umulate enough open magneti
 �uxto spontaneously develop a substorm. A 
hange in the IMF By 
omponent 
an trigger asubstorm, but the magnetosphere has to be in an unstable state, 
hara
terized by a largevalue of the open magneti
 �ux. In other words, with a su
h level of instability, the mag-netosphere is 
onditioned to develop a substorm onset, with or without a 
hange in the By
omponent. This level of instability of the magnetosphere is probably somewhat di�erentfor ea
h substorm, and depends on the previous state of the magnetosphere.[34℄ We demonstrated that the di�eren
e in averaged open �ux at the onset for Bz-triggeredand non-triggered events does not stem from a di�eren
e in solar wind input. We �rst es-timated the average value of Bz for the Bz-triggered and non-triggered substorm growthphases and observed that both average values are negative and that the intensity of |Bz|is highest for non-triggered onset. This result is expe
ted sin
e the open magneti
 �uxat non-triggered onset is higher and the 
ondition to open magneti
 �ux is the southwardturning of Bz. The �ux would 
ontinue to in
rease if the 
hange in IMF 
onditions did nottrigger the onset. To verify that other solar wind 
hara
teristi
 values did not in�uen
e the�ux values, we 
he
ked the average value of the 
oupling fun
tions integrated on the growthphases (des
ribed in se
tion 3.2.4) for Bz-triggered and non-triggered onset. For two ofthem ( V Bt sin(θc/2) and V Btsin
2(θc/2)), the average values were higher for non-triggeredonset growth phases, while for the 2 others (P 1/3V B2

t sin
4(θc/2) and P 1/6V Btsin

4(θc/2)),they were higher for Bz-triggered. This result indi
ates that, in our sample, the di�eren
ein open �ux values 
annot be attributed to a di�eren
e of 
oupling between the solar windand the magnetosphere due to solar wind input di�eren
e (others than Bz).[35℄ The statisti
al study indi
ates that, during the 20 minutes following onset, the open�ux did not de
rease for a large number of substorms (sin
e the open �ux did not dropon average). This result is somewhat unexpe
ted sin
e, following the onset, re
onne
tionin the magnetotail is expe
ted to 
lose magneti
 �ux. Figure 3.10 shows that the rate
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rease of open �ux is mu
h redu
ed after the onset. This is likely explained bythe fa
t that dayside re
onne
tion 
ontinues even though the (possibly explosive) 
losurepro
ess asso
iated with the substorm expansion phase development has started. The rateof dayside re
onne
tion may be higher than the rate of re
onne
tion in the tail. Thus,although the magneti
 �ux 
losure rate is in
reasingly larger in the tail after the onset, thetotal open �ux 
ontinues to slowly in
rease. This assumption may be veri�ed by examiningthe IMF Bz, whi
h is one of the parameters 
ontrolling the rate of dayside re
onne
tion.We veri�ed this s
enario for an event that o

urred on September 30, 2000 05:42 UT
hara
terized by an in
rease of the open �ux after the onset. The solar wind ele
tri
�eld ESW may be estimated from ACE observations by ESW = −VSWBz (see Milan et al.[2004℄, and referen
es therein). Then, as in Milan et al. [2004℄, we assume that the daysidere
onne
tion rate (re
onne
tion voltage) 
an be determined by applying this ele
tri
 �elda
ross a 
onstant portion of the dayside magnetopause LMP , and that re
onne
tion onlytakes pla
e if the IMF is dire
ted southwards, Bz < 0, su
h that
Vo =

{

LMP ESW ifBz < 0
0 ifBz > 0

(3.2)where Vo is the potential of �ux opening. In this 
ase, at the onset time, the IMF Bz
omponent drops from -9.5 to -10 nT, and the velo
ity VSW ∼ 420 km/s. If we 
onsiderthat LMP ∼ 8 RE, the mean value obtained by Hubert et al. [2006℄ at the onset time, thepotential of �ux opening on the dayside magnetosphere is estimated about 215 kV, whilethe potential of �ux 
losure in the tail has never been observed higher than 150 kV [Hubertet al., 2006℄. This suggests that the open �ux 
ontinues to in
rease be
ause the solar windele
tri
 �eld is so large that the e�
ien
y of dayside re
onne
tion is higher than in the tail.[36℄ We now 
ompare the open magneti
 �ux estimates with the values obtained previ-ously. A

ording to DE1 measurements of the polar 
ap area during a large substorm byBaker et al. [1997℄, the polar 
ap magneti
 �ux in
reased during the growth phase from0.78 GWb to 1.1 GWb prior to the substorm, and dropped after onset to 0.66 GWb, whi
hare higher values than our results in general. A

ording to Petrine
 and Russell [1996℄,the lobe magneti
 �ux at substorm onset is 1-1.4 GWb. Polar 
ap area measurementsusing Polar UVI images [Brittna
her et al., 1999℄ gave mu
h smaller �ux values (0.5-0.7GWb) at substorm onset, whereas Milan et al. [2003℄, who also used Polar UVI images, but
ombined them with ground based data, estimated the �ux at ∼1 GWb at two substormonsets. Shukhtina et al. [2004℄ evaluated the tail magneti
 �ux from the lobe magneti
�eld and a tail radius based on solar wind parameters, between 0.85 and ∼1.4 GWb. Thein
rease of the open �ux before onset was estimated as ∼0.1-0.4 GWb in the work by Brit-tna
her et al. [1999℄, as 0.4-0.6 GWb in the work by Milan et al. [2003℄, and as 0-0.3 in thework by Shukhtina et al. [2004℄. These open �ux values roughly 
orrespond to our resultsor perhaps ex
eed them in general in the 
ases of Milan et al. [2003℄ and Shukhtina et al.[2004℄. Our values are in general agreement with previous estimates of the tail magneti
�ux, whi
h show a large s
atter.



194 3. Proton pre
ipitation during substorm growth phaseGlobal or lo
al motion[37℄ Our observations 
on
erning the lo
al or global 
hara
ter of the equatorward motionof the polar or equatorial boundary of the oval indi
ate that both types of motions areobserved with SI12. The lo
al motion 
orresponds to a displa
ement lo
alized in an MLTse
tor, while the global motion is observed over the entire nightside se
tor. During theglobal motion, the boundary keeps the shape and only moves in latitude. Jaya
handranet al. [2005℄ explained the global motion of the equatorward boundary of the proton ovalby a global stret
hing of the tail magneti
 �eld topology. By 
ontrast, the lo
al motionis explained by a stret
hing of the inner magnetosphere that is most pronoun
ed aroundthe onset meridian. The lo
alized stret
hing indi
ates that the onset �nds its origin inthe near-Earth plasma sheet and is not triggered by any external pro
ess. We observed 9
ases where the equatorial boundary exhibited a lo
al motion. We 
lassify 7 of them as anon triggered onset substorms, whi
h is 
onsistent with the Jaya
handran et al. [2005℄'sexplanation, ex
ept that we did not �nd that the lo
al motion is more pronoun
ed at theonset meridian. For last the two 
ases, the onset was 
lassi�ed as triggered by Bz 
hanges.[38℄ Another phenomenology, the 'Global Non-Uniform' motion has also been observed inthis study. It 
orresponds to a global motion all over the nightside se
tor, during whi
hthe boundary does not keep the same shape. The rate of motion varies a

ording the MLTse
tor. The largest motion frequently o

urs in the onset se
tor or in a se
tor adja
ent toit, but it is also observed in the dusk or dawn se
tors. Most frequently, the polar boundaryis subje
t to a global non-uniform motion, and the equatorial boundary motion is global(uniform or not). The proportion between lo
al or global motion of the equatorial bound-ary found by Jaya
handran et al. [2005℄ is about 1/3. The results we found are somewhatlower sin
e we found that about 1/6 of our examples are dominated by a lo
al motion.Furthermore, be
ause we sele
ted the events with observable boundary drift at midnight,it is possible that we removed with this sele
tion some events in whi
h expansion is mostlyoutside of the near-midnight region. Therefore, for about ∼84% of the 
ases, the equatorialboundary motion is global uniform or non-uniform. Jaya
handran et al. [2005℄ 
ould notdistinguish between the two types of motion, sin
e the data they used in their study didnot 
over the whole nightside oval. Considering that the number of 
ases analyzed in thisstudy is limited, we 
onsider that our results for the equatorial boundary motion are notin disagreement with Jaya
handran et al. [2005℄'s results. The non-uniform global motionmay be viewed as a global motion on whi
h a lo
al motion (that 
an 
ontrol the positionof the onset or not) is superposed.[39℄ Global tail stret
hing is generally agreed to be a 
onsequen
e of the loading of mag-neti
 �ux into the magnetotail. It stems from the a

umulation of magneti
 energy intothe magnetospheri
 system through dayside re
onne
tion at a larger rate than it 
an betransported through the nightside magnetotail via the standard 
onve
tion and released by�ux 
losure. To explain the lo
al stret
hing, Jaya
handran et al. [2005℄ proposed the ideathat lo
alized stret
hing re�e
ts more the lo
al properties within the 
entral plasmasheet



3.2. Growth phase morphology 195(CPS) than the external drivers. Building on this idea, we suggest that the non-uniformglobal motion is a signature of the energy storage by the magnetotail on whi
h CPS inter-nal pro
esses also a
t.3.2.6 Con
lusions and summary[40℄ Our study is based on the analysis of the global motion of the proton aurora during 55growth phases observed with the SI12 imager on board the IMAGE satellite. This samplewas sele
ted from visual inspe
tion of all substorm events whi
h o

urred between June,2000 and De
ember, 2002. The global view provided by FUV imagers makes it possibleto 
hara
terize the equatorward motion of the poleward and equatorward boundaries si-multaneously at all lo
al times and to determine the time evolution of the open magneti
�ux from the size of the polar 
ap. The 
ombination of the FUV global viewing withmeasurements of the solar wind and IMF 
hara
teristi
s has made it possible to rea
h thefollowing 
on
lusions 
on
erning the solar wind 
ontrol of the growth phases.[41℄ We derive two main results.
• The average open �ux at the substorm onset is smallest when the substorm is trig-gered by a sudden reversal of Bz. This is the sign that the a

umulation of energy bythe magnetosphere is perturbed by 
hanges in Bz. The energy a

umulation would
ontinue to in
rease if this trigger did not happened.
• The equatorward motion during the growth phase may be global, restri
ted to lo
altime se
tors or a 
ombination of both. No nightside lo
al time se
tor appears favoredwhere the motion of the equatorial boundary would be more pronoun
ed. The max-imum displa
ement of the polar boundary is statisti
ally lo
ated around midnightMLT. The global non-uniform motion is due to a superposition of a global stret
h-ing of the tail magneti
 �eld topology and a stret
hing of the inner magnetosphere�nding its origin in the near-Earth plasma sheet.[42℄ We also emphasize the following results:
• The se
tor of maximum proton pre
ipitation during the growth phase is on averagelo
ated between 2200 and 2300 MLT. It rapidly moves in lo
al time by about 1.2hour toward midnight at the time of the onset.
• Proxies 
hara
terizing the growth phase su
h as the stret
hing of magneti
 �eld lines,mesured by GOES, in the geomagneti
 tail have been observed in parallel with theequatorward motion of the pre
ipitation.
• ∼ 40% of the substorm events sele
ted for this study are triggered by an external
ause, i.e. a solar wind or IMF 
hara
teristi
 variation.
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ipitation during substorm growth phase
• The open magneti
 �ux in
reases by as mu
h as a 33% during the growth phase. Themean value of the open �ux at the end of the growth phase, immediately pre
edingthe substorm, onset is about 0.74 GWb for non-triggered substorms. Among theexternal (solar wind) fa
tors we 
onsidered, only a sudden reversal of Bz towardspositive values is able to trigger a substorm for a lower value of the open �ux (0.66GWb). Indeed, the mean open �ux at the onset is noti
eably the same for non-triggered events and events triggered by By (0.75 GWb).
• The open magneti
 �ux 
ontinues to in
rease, during the 20 minutes following theonset, for a large number of events (the open �ux does not drop on the average, aswould be expe
ted). We interpret this behavior as an indi
ation that the rate of open-ing of 
losed �eld line on the dayside 
an ex
eed that of the nightside re
onne
tionafter the onset in non-triggered substorms.
• The equatorward displa
ement is statisti
ally 
orrelated with the time integratedmagnitude of the Bz 
omponent of the IMF. It is also 
orrelated with transfer fun
-tions des
ribing the e�
ien
y of solar wind energy transfer involving the transverseele
tri
 �eld 
arried by the solar wind.



Chapitre 4Global auroral 
ondu
tan
e distribution
4.1 Introdu
tionCe 
hapitre est 
onsa
ré à la détermination des 
ondu
tivités ionosphériques à partirdes observations du satellite IMAGE. Nous rappelons d'abord quelques notions théoriquesqui n'ont pas été dé
rites dans l'arti
le mais qui sont indispensables pour 
omprendre notredémar
he s
ienti�que.Les pro
essus de transport dans l'ionosphèreDans 
e paragraphe, nous dé
rivons 
ertains pro
essus qui entrainent le mouvement desparti
ules ionisées de l'ionosphère. Nous verrons à la �n qu'une partie de 
es mouvementssont régis par la pré
ipitation aurorale et que les 
ara
téristiques de l'ionosphère sont don
fortement in�uen
ées par 
elle-
i.Comme les autres gaz, le plasma ionosphérique est sujet à la gravité et aux for
es de
ollisions 1, mais aussi aux for
es éle
triques et magnétiques. Pour étudier l'e�et de 
esfor
es, il est né
essaire de 
onstruire l'équation de mouvement des parti
ules du plasma.En supposant que les 
ollisions entre les parti
ules sont assez fréquentes, le plasma peutêtre traité 
omme un �uide et les équations du mouvement du plasma sont similaires auxéquations de mouvement des �uides. Les pro
essus de transport jouant un r�le importantdans l'ionosphère sont dé
rits 
i-dessous.� Dans les régions E et F, le mouvement des parti
ules 
hargées est 
ontrolé en partie parle 
hamp magnétique terrestre. L'équation de mouvement 
omprend don
 un terme deLorentz (V × B).� Le mouvement des ions et des éle
trons est aussi in�uen
é par le 
hamp éle
trique. Lemouvement résultant des parti
ules (et don
 les 
ourants éle
triques) dépend du 
hamp1Dans l'ionosphère, la densité de plasma est su�sante pour que les 
ollisions ne puissent être négligées197
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emagnétique et des fréquen
es de 
ollisions, qui déterminent la mobilité et la 
ondu
tivitééle
trique des parti
ules 
hargées.� Les parti
ules 
hargées sont aussi entrainées par les vents neutres 2. Les for
es produitessont proportionnelles à la di�éren
e entre la vitesse du vent neutre (U) et les vitessesdes ions (Vi) et éle
trons (Ve), et dépendent des fréquen
es de 
ollisions.� La variation de température journalière in�uen
e également le mouvement des parti
ules
hargées.� Le plasma (
omme n'importe quel gaz) di�use sous l'a
tion de la gravité et des gradientsdes pressions partielles du gaz. Mathématiquement, les pressions partielles des ions etdes éle
trons peuvent s'exprimer pi = NikTi et pe = NekTe.Considérant les mouvements à grande é
helle dans l'ionosphère, l'a

élération peut êtreégalée à zéro. Les équations de mouvement peuvent alors s'é
rire :
mi

dVi

dt
= 0 = mig − N−1

i ∇(NikTi) + e(E + Vi × B) − miνin(Vi −U) − meνei(Vi − Ve)

me
dVe

dt
= 0 = meg − N−1

e ∇(NekTe) − e(E + Ve × B) − meνen(Ve −U) − meνei(Ve − Vi)(4.1)où les indi
es i, e et n représentent respe
tivement les ions, les éle
trons et les espè
esneutres de l'atmosphère. mi et me sont les masses ionique et éle
tronique et νab sont lesfréquen
es de 
ollisions 3 entre les espè
es a et b.Le terme de 
ollision dans l'équations de mouvementNous allons i
i examiner de plus près le terme de 
ollision des équations de mouvement.La for
e par unité de volume subie par les parti
ules a qui ren
ontrent les parti
ules detype b peut s'é
rire :
Fab = −Fba = Namaνab(Vb −Va) (4.2)L'a

élération des parti
ules de type a due aux 
ollisions ave
 les parti
ules de type b peutalors s'é
rire :

[
∂Va

∂t
]ab = νab(Vb − Va) (4.3)Pour dé
rire le taux de transfert de moment par unité de volume, dé�nissons les 
oe�
ients

Kab. Ces 
oe�
ients interviennent dans la dé�nition des fréquen
es de 
ollisions 
omme2L'atmosphère neutre à 
es altitudes est soumise à des vents dus prin
ipalement à un mouvement demarée et à des variations de pression liées aux variations de températures journalières.3Les fréquen
es de 
ollisions que nous utilisons i
i ne représentent pas exa
tement la fréquen
e réelledes 
ollisions entre les parti
ules a et b, mais plut�t un 
oe�
ient indiquant le taux de transfert demoment, 
omme utilisé par Rishbeth and Garriott [1969℄. Certains auteurs utilisent un paramètre de
ollision di�érent, plus pro
he des fréquen
es de 
ollision de la théorie 
inétique. Dans 
e 
as, ils rempla
entla masse ma par la masse réduite mamb

ma+mb

.
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νin = NnKin νni = NKni

νen = NnKen νne = (
me

mn
)NKen

νei = NKei νie = (
me

mi
)NKei

(4.4)ave
 N = Ne = Ni la 
on
entration éle
tronique et ionique et Nn la 
on
entration enespè
e neutre. Ces formules supposent que mi = mn ≫ me. Les valeurs numériques des
oe�
ients Kab sont données par Rishbeth and Garriott [1969℄ et valent en unité m.k.s. :
Kin = 2.6 × 10−15M−1/2

Ken = 5.4 × 10−16T 1/2

Kei = [59 + 4.18log(
T 3

N
)]10−6T−3/2

(4.5)où M est la masse des ions et espè
es neutres exprimée en u.m.a. et T , la température, estsupposée être égale pour toutes les espè
es.Le mouvement des parti
ules 
hargées dans un 
hamp éle
triqueNous pouvons déterminer le mouvement des ions et des éle
trons ionosphériques dansun 
hamp éle
trique à partir des équations 4.1. Ces équations peuvent être simpli�ées sinous négligeons la gravité, les for
es de gradient de pression et les 
ollisions ions-éle
trons.Nous pouvons alors é
rire :
mi

dVi

dt
= eE + eVi ×B − miνin(Vi − U)

me
dVe

dt
= −eE − eVe × B− meνen(Ve −U)

(4.6)Négligeons le terme lié à la vitesse du vent neutre et analysons le mouvement des ionset des éle
trons. Si E ‖ B, les mouvements ne sont pas a�e
tés par la présen
e du 
hampmagnétique. Si E ⊥ B, les traje
toires sont 
y
loïdales. Elles sont représentées à la Figure4.1 où on a supposé que les parti
ules revenaient au repos après un laps de temps égalà 1/ν. Les traje
toires sont tra
ées pour plusieurs valeurs du rapport ν/ω, où ω est lafréquen
e de giration angulaire et est dé�nie par ω = eB
m

ave
 e la valeur absolue de la
harge de l'éle
tron. Le mouvement des ions et des éle
trons est plus 
omplexe si on nenéglige pas le vent neutre.Résolution mathématique des équations de mouvementPour résoudre mathématiquement les équations de mouvements 4.6, négligeons d'abordle terme de 
ollision et supposons que le 
hamp magnétique s'é
rit B = (0, 0, B) et le



200 4. Global auroral 
ondu
tan
e

Fig. 4.1 � Traje
toires des ions et des éle
trons dans un 
hamp éle
trique (E dans le plan dudiagramme) et dans un 
hamp magnétique (B sortant du s
héma). Les parti
ules 
hargéessont supposées entrer en 
ollision ave
 les parti
ules neutres à intervalles réguliers 1/ν etposséder une vitesse nulle après 
haque 
ollision. Dans le but de montrer les mouvementsdes ions et des éle
trons, le diagramme est tra
é de sorte que ωe/ωi = 10 (au lieu de
∼ 104 dans la réalité). Toutes les traje
toires font référen
e au même intervalle de temps,
'est-à-dire 5 périodes de giration ioniques (ou 50 pour les éle
trons). Les nombres entreparenthèse indiquent les altitudes approximatives en km auxquelles les 
onditions sontremplies. Figure tirée du livre Rishbeth and Garriott [1969℄
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hamp éle
trique E = (Ex, 0, Ez). Si nous ne 
onsidérons qu'une seule espè
e, de 
harge qet de masse m, l'équation s'é
rit :
m

dV

dt
= qE + qV ×B (4.7)Si on dé
ompose 
ette équation selon les trois 
omposantes x, y et z, on obtient le systèmesuivant :

m
dvx

dt
= qEx + qvyB

m
dvy

dt
= −qvxB

m
dvz

dt
= qEz

(4.8)La résolution de 
e système donne :
vx = vx0 cos ωt +

vy0 + qEx

qB
sin ωt

vy =
vy0 + qEx

qB
cos ωt− vx0 sin ωt −

qEx

qB

vz = vz0 +
qEz

m
t

(4.9)
où vx0,vy0 et vz0 sont les vitesses initiales de la parti
ule au temps t = 0. Ces solutionsdé
rivent en fait le mouvement de giration de la parti
ule et la dérive du 
entre de guidagesous la 
ontrainte du 
hamp éle
trique.Si on superpose maintenant le phénomène de 
ollisions, les solutions 4.9 ne sont plusvalables qu'entre les 
ollisions. Le mouvement générale est perturbé. Supposons qu'après
haque 
ollision, la parti
ule repart du repos dans une dire
tion au hasard (vx0 = vy0 =
vz0 = 0). Supposons également que les 
ollisions se produisent aléatoirement dans le temps.La distribution de probabilité des pro
essus de 
ollisions est alors proportionnelle à e−νt etla probabilité qu'une parti
ule ne subisse pas de 
ollision dans le temps 
ompris entre t et
t + dt vaut νe−νtdt. Pendant 
e temps sans 
ollision, la parti
ule subit un mouvement dedérive sous l'in�uen
e du 
hamp éle
trique tel que dé
rit par les équations 4.9. Les vitessesmoyennes de dérive sont don
 données par les équations suivantes :

< vx >=

∫

νe−νt(qEx/qB) sin ωtdt
∫

νe−νtdt
=

Ex

B

ων

ν2 + ω2

< vy >=

∫

νe−νt(qEx/qB)(cos ωt− 1)dt
∫

νe−νtdt
= −

Ex

B

ω2

ν2 + ω2

< vz >=

∫

νe−νt(qEz/m)tdt
∫

νe−νtdt
=

qEz

mν

(4.10)
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tan
eOn obtient don
 une solution pour les ions et une pour les éle
trons qui s'é
rivent 
ommesuit :
< vxi >=

Ex

B

ωiνin

ν2
in + ω2

i

< vxe >= −
Ex

B

ωeνen

ν2
en + ω2

e

< vyi >= −
Ex

B

ω2
i

ν2
in + ω2

i

< vye >=
Ex

B

ω2
e

ν2
en + ω2

e

< vzi >=
eEz

miνin
< vze >=

−eEz

meνen

(4.11)
Les 
ondu
tivités ionosphériquesDé�nissons d'abord la densité de 
ourant pour un plasma 
onstitué d'éle
trons et d'ions :

j = eN(Vi − Ve) (4.12)La loi d'Ohm reliant la densité de 
ourant au 
hamp éle
trique s'é
rit :
j = σ ·E (4.13)ave


σ =





σ1 −σ2 0
σ2 σ1 0
0 0 σ0





σ est le tenseur de 
ondu
tivité. Cette forme tensorielle vient du fait que le plasma io-nosphérique est un milieu anisotrope. Les 
ourants ne 
ir
ulent don
 généralement pasuniquement dans la dire
tion parallèle au 
hamp éle
trique appliqué. Les 
omposantes dutenseur dé�nissent en fait trois 
ondu
tivités :� σ0 est la 
ondu
tivité longitudinale. Si le 
hamp éle
trique est appliqué parallèlementau 
hamp magnétique, la 
ondu
tivité σ0 dépend uniquement des fréquen
es de 
ollision.(En résumé, σ0 ‖ B et ‖ E)� σ1 = σP est la 
ondu
tivité de Pedersen. Si le 
hamp éle
trique appliqué est per-pendi
ulaire au 
hamp magnétique, σP est la 
ondu
tivité dans la dire
tion du 
hampéle
trique (En résumé, σP ⊥ B et ‖ E)� σ2 = σH est la 
ondu
tivité de Hall. Si le 
hamp éle
trique appliqué est perpendi
u-laire au 
hamp magnétique, σH est la 
ondu
tivité dans la dire
tion perpendi
ulaire au
hamp éle
trique (En résumé, σH ⊥ B et ⊥ E)En 
ombinant les solutions des équations du mouvements des éle
trons et des ions (Equa-tions 4.11) ave
 les équations 4.12 et 4.13, on trouve que les 
ondu
tivités peuvent s'é
rire :
σ0 =

Ne

B
(
ωe

νen
+

ωi

νin
) (4.14)
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σP =

Ne

B
(

νenωe

ν2
en + ω2

e

+
νinωi

ν2
in + ω2

i

) (4.15)
σH =

Ne

B
(

ω2
e

ν2
en + ω2

e

−
ω2

i

ν2
in + ω2

i

) (4.16)Ce sont 
es équations 4.14, 4.15 et 4.16 que nous avons utilisées pour modéliser les 
ondu
-tivités ionosphériques à partir des observations du satellite IMAGETrois types de 
ourants sont asso
iés à 
es 
ondu
tivités :� le 
ourant parallèle (dans la dire
tion ‖ B et ‖ E)� le 
ourant de Pedersen (dans la dire
tion ‖ B et ⊥ E)� le 
ourant de Hall (dans la dire
tion ⊥ B et ⊥ E)Le 
ourant de Pedersen est dissipatif (é
hau�ement de Joule) puisque J ·E 6= 0, alors quele 
ourant de Hall ne l'est pas.
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tan
e4.2 Résumé introdu
tifDans les 
hapitres pré
édents, l'analyse des observations IMAGE-FUV avait pour butd'expliquer les pro
essus de pré
ipitation des protons, 
'est-à-dire les pro
essus prenantpla
e dans la magnétosphère qui a

élèrent les protons vers l'atmosphère terrestre. Dans
e 
hapitre, j'utilise les observations SI12 (et WIC 4) pour analyser les 
onséquen
es surl'ionosphère de 
ette pré
ipitation.A partir des 
artes instantanées de �ux énergétiques des protons et des éle
trons in
i-dents (
al
ulées à partir des observations SI12 et WIC et des modèles de transport et dedégradation d'énergie des parti
ules aurorales, 
omme expliqué au 
hapitre 1), j'ai déve-loppé une méthode pour 
al
uler les 
ondu
tivités ionosphériques de Hall et de Pederseninduites par les protons et les éle
trons auroraux, basée sur les équations 4.14, 4.15 et 4.16.L'intégration des pro�ls de 
ondu
tivité permet de 
al
uler des 
artes globales de 
ondu
-tan
es ionosphériques dues à la pré
ipitation instantanée de protons : nouveau résultatpermis grâ
e à SI12. J'ai analysé la 
ontribution des protons dans la 
ondu
tan
e totaleinduite par les parti
ules aurorales. J'ai montré que la 
ontribution des protons est relati-vement plus grande pendant les périodes 
almes que pendant les sous-tempêtes. Ainsi, la
ontribution des protons est plus grande pendant la phase de 
roissan
e pré
édant l'onsetet diminue fortement durant la phase d'expansion. Cette méthode est adaptée pour analy-ser l'évolution temporelle des 
ondu
tan
es ionosphériques au-dessus des régions aurorales.Ces résultats sont dé
rits expli
itement et illustrés dans l'arti
le repris dans les pagessuivantes (publié dans la revue Annales Geophysi
ae en 2004).

4puisque j'ai également analysé les 
onséquen
es de la pré
ipitation éle
tronique
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ondu
tan
eAbstra
t[1℄ The Far Ultraviolet (FUV) imaging system on board the IMAGE satellite provides aglobal view of the north auroral region in three spe
tral 
hannels in
luding the SI12 
amerasensitive to Doppler shifted Lyman-α emission. FUV images are used to produ
e instanta-neous maps of ele
tron mean energy and energy �uxes for pre
ipitated protons and ele
trons.We des
ribe a method to 
al
ulate ionospheri
 Hall and Pedersen 
ondu
tivities indu
ed byauroral proton and ele
tron ionization based on a model of intera
tion of auroral parti
leswith the atmosphere. Di�erent assumptions on the energy spe
tral distribution for ele
tronsand protons are 
ompared. Global maps of ionospheri
 
ondu
tan
es due to instantaneousobservation of pre
ipitating protons are 
al
ulated. The 
ontribution of auroral protons inthe total 
ondu
tan
e indu
ed by both types of auroral parti
les is also evaluated and theimportan
e of proton pre
ipitation is evaluated. This method is well adapted to analyze thetime evolution of ionospheri
 
ondu
tan
es due to pre
ipitating parti
les over the auroralregion or in parti
ular se
tors. Results are illustrated with 
ondu
tan
e maps of the northpolar region obtained during four periods with di�erent a
tivity levels. It is found that theproton 
ontribution to 
ondu
tan
e is relatively higher during quiet periods than duringsubstorms. The proton 
ontribution is higher in the period before the onset and stronglyde
reases during the expansion phase of substorms. During a substorm whi
h o

urred on28 April, 2001, a region of strong proton pre
ipitation is observed with SI12 around 1400MLT at ∼75�MLAT. Cal
ulation of 
ondu
tan
es in this se
tor shows that negle
ting theprotons 
ontribution would produ
e a large error. We dis
uss possible e�e
ts of the protonpre
ipitation on ele
tron pre
ipitation in auroral ar
s. The in
rease of ionospheri
 
on-du
tivity indu
ed by a former proton pre
ipitation 
an redu
e the potential drop along �eldlines in the upward �eld aligned 
urrents by 
reating an opposite polarization ele
tri
 �eld.This feedba
k me
hanism possibly redu
es the ele
tron a

eleration.
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ondu
tan
e distribution 2074.3.1 Introdu
tion[2℄ The 
al
ulation of the ionosphere height integrated 
ondu
tivities is important in eval-uating the ionosphere ele
trodynami
s and in modeling the intera
tions between magne-tosphere, ionosphere and thermosphere. In parti
ular, the Pedersen 
ondu
tan
e is usefulto 
al
ulate the Joule heating rate. Thus, it is 
ru
ial in studies of the ionospheri
 ele
-trodynami
s to be able to determine the global distribution of 
ondu
tan
e and its timeevolution.[3℄ Condu
tivities are usually estimated from the ele
tron density height pro�le whi
his 
ontrolled by the EUV solar radiation and the auroral pre
ipitation. One experimen-tal approa
h is to use the height pro�le of ele
tron density measured from the groundwith in
oherent-s
atter radars, su
h as the Chatanika or EISCAT radars, or derived froms
anning photometers data. Horwitz et al. [1978℄ and Vi
krey et al. [1981, 1982℄ providedexamples of ionospheri
 Hall and Pedersen 
ondu
tan
es evaluated from Chatanika radarmeasurements. Mende et al. [1984℄ 
ompared the 
ondu
tan
es derived from auroral spe
-tros
opi
 measurements obtained with meridian s
anning photometers and derived fromthe in
oherent s
atter radar at Chatanika. Robinson et al. [1989℄ 
ompared the latter withthe auroral luminosities observed with the auroral imagers on board the DEI satellite.EISCAT radar measurements of the ele
tron density were used by S
hlegel [1988℄, Brekkeand Hall [1988℄, Brekke et al. [1989℄ and Lester et al. [1996℄ to 
al
ulate ionospheri
 
on-du
tan
es. Another method to evaluate ionospheri
 
ondu
tan
es from the ground usesobservations of B and E �elds from, for example, the STARE 
oherent radar system andthe IMS S
andinavian Magnetometer Array [Inhester et al., 1992℄.[4℄ In situ measurements also allow to 
al
ulate 
ondu
tan
es. Evans et al. [1977℄ de-termined the Hall and Pedersen 
ondu
tivities of the auroral ionosphere produ
ed by theparti
le pre
ipitation from the auroral ele
tron data obtained during the �ight of Polar 3over an auroral ar
. Vondrak and Robinson [1985℄ 
ompared the height-integrated 
on-du
tivities inferred from the AE-C satellite measurements and those 
omputed from theChatanika radar measurements. These studies were lo
alized in spa
e sin
e instrumentshave restri
ted �elds of view whi
h do not permit observations of the auroral zone at alllatitudes and lo
al times. An e�ort was done to extrapolate the EISCAT Pedersen 
on-du
tan
es to other parts of the sky [Kos
h et al., 1998℄.[5℄ In order to properly estimate the instantaneous three-dimensional 
urrent system, itsvariations during auroral substorms and the spatial distribution of Joule heating, an a
-
urate knowledge of instantaneous ionospheri
 
ondu
tan
es over the entire polar region isrequired. For ele
trons three approa
hes have been applied so far.[6℄ 1) Several empiri
al models of 
ondu
tan
es were developed and validated with insitu parti
le measurements. These empiri
al formulas for SP and SH depend on the meanenergy and the energy �ux of the in
ident parti
les. Spiro et al. [1982℄ used data from
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ondu
tan
ethe AE-C and AE-D parti
le dete
tors to develop an empiri
al model of ele
tron auroralzone 
ondu
tan
es from patterns of energy in�ux and 
hara
teristi
 energy. The globaldistribution of the auroral enhan
ement portion of the Pedersen and Hall 
ondu
tan
eswas inferred from the data by means of empiri
al �ts to detailed energy deposition 
al-
ulations. Robinson et al. [1987℄ estimated the validity of their empiri
al 
ondu
tan
esformulas using pre
ipitating ele
tron measurements made by the Hilat satellite during apass over Greenland. Gjerloev and Ho�man [2000a,b℄ evaluated Hall and Pedersen 
on-du
tan
es from 31 individual DE-2 substorm 
rossing measurements using a monoenergeti

ondu
tan
e model, whi
h divides the energy �ux into energy bands ea
h 
entered at theenergy Ei and then integrates over the energy spe
trum. From these results, Gjerloev andHo�man [2000
℄ developed an empiri
al model of 
ondu
tan
es.[7℄ 2) Statisti
al 
ondu
tivity patterns have been 
onstru
ted on the basis of statisti
almaps of auroral pre
ipitation. Wallis and Budzinski [1981℄ presented patterns based onISIS 2 satellite data. Hardy et al. [1987℄ used the Hardy et al. [1985℄ statisti
al globalpatterns of the integral energy �ux and average energy of pre
ipitating auroral ele
tronsto determine the global pattern of ele
tron-produ
ed, height-integrated Hall and Pedersen
ondu
tivities. This approa
h 
annot provide an a

urate pi
ture of the instantaneous ef-fe
t of the auroral pre
ipitation on the ionosphere sin
e they only depend on geomagneti
a
tivity through the 3-hour Kp index. Fuller-Rowell and Evans [1987℄ used the parti
lein�ux into the atmosphere monitored by the series of polar-orbiting National O
eani
 andAtmospheri
 Administration TIROS, NOAA 6, and NOAA 7 spa
e
raft to 
onstru
t sta-tisti
al global patterns of height-integrated Pedersen and Hall 
ondu
tivities for a dis
reteset of auroral a
tivity ranges.[8℄ 3) Auroral images a
quired from high altitude, su
h as those from the Dynami
 Explorer1 satellite, 
oupled with an auroral model, provide instantaneous ionospheri
 
ondu
tan
epatterns. Lummerzheim et al. [1991℄ 
onstru
ted maps from DE-1 data and Rees et al.[1988℄'s model.[9℄ In global models of auroral pre
ipitation-indu
ed 
ondu
tan
es [Wallis and Budzin-ski , 1981; Spiro et al., 1982; Fuller-Rowell and Evans, 1987; Hardy et al., 1987℄ energeti
protons have been either negle
ted or treated as if they were ele
trons. However, severalstudies [Basu et al., 1987; Galand et al., 1999; Coumans et al., 2002℄ have shown thatprotons play a major role on the ionospheri
 densities at given lo
ations and times. Re-
ently Galand and Ri
hmond [2001℄ proposed a simple way to parameterize the Pedersenand Hall 
ondu
tan
es due to auroral proton pre
ipitation and applied them to the Hardyet al. [1989℄ statisti
al patterns of pre
ipitating proton �ux and mean energy [Galand et al.,2001℄. The derivation is based on a proton transport 
ode to 
al
ulate the ele
tron pro-du
tion rate, whi
h assumes a Maxwellian distribution of the in
ident proton energy �ux.This approximation may however underestimate the high-energy tail of pre
ipitating pro-tons [De
ker et al., 1996; Codres
u et al., 1997℄. Sin
e Galand et al. [2001℄'s results arebased on statisti
al patterns of pre
ipitating parti
le 
hara
teristi
s, their 
ondu
tan
es



4.3. Global auroral 
ondu
tan
e distribution 209
annot show the time variation due to auroral parti
les. Those patterns are only relatedto geomagneti
 a
tivity through 9 levels of Kp index.[10℄ Liou et al. [2001℄ performed a statisti
al study of the seasonal variation of auroral ele
-tron pre
ipitation using POLAR UVI observations. Their results indi
ated that daysideand nightside regions of ele
tron aurora reveal di�erent seasonal e�e
ts whi
h are lo
al timeand latitude dependent. First, they showed that the nightside auroral power is suppressedin summer while the dayside auroral power is enhan
ed and reveal the so-
alled postnoonauroral bright spot in the sunlit hemisphere. Se
ond, they 
on
luded that the energy ofthe pre
ipitating ele
trons is higher in winter than in summer and, third, that the ele
tronnumber �ux is smaller in winter than in summer. Based on DMSP satellite measurements,Newell et al. [1996b℄ also emphasized the suppression of dis
rete ele
tron aurora in sunlitregions. They interpreted the observations in terms of an ionospheri
 
ondu
tivity feed-ba
k me
hanism [Atkinson, 1970; Sato, 1978; Lysak , 1986℄. The ionospheri
 'ba
kground
ondu
tan
e', whi
h is an approximately steady ionospheri
 
ondu
tan
e whi
h is largelydue to solar ionization, plays a role in the 
reation of the aurora. In this study we alsoexamine if 
ondu
tan
es due the auroral proton pre
ipitation 
an also in�uen
e the ele
-tron pre
ipitation as the ba
kground ionospheri
 
ondu
tan
e. If the proton pre
ipitationprodu
es an important enhan
ement in the ionospheri
 
ondu
tan
es, the feedba
k 
on-du
tivity me
hanism may produ
e or redu
e the a

eleration of auroral ele
trons.[11℄ We propose to evaluate instantaneous 
ondu
tan
e global distribution from IMAGE- FUV observations separately for ele
trons and for protons. The IMAGE (Imager forMagnetopause-to-Aurora Global Exploration) satellite, laun
hed in Mar
h 2000, is a mis-sion for remote sensing simultaneously of all regions of the Earth's magnetosphere. Onboard the IMAGE satellite, the FUV imaging system globally observes the north auroralregion in the far ultraviolet [Mende et al., 2000a℄. The imagers are designed to monitorthe ele
tron and proton pre
ipitation and dis
riminate between the two types of parti
les.Previous studies have shown the quantitative and qualitative validity of FUV instrumentsfrom 
omparisons with in situ auroral parti
le measurements [Frey et al., 2001; Gérardet al., 2001; Coumans et al., 2002℄.[12℄ Se
tion 4.3.2 brie�y des
ribes the method used to extra
t the parti
le energy andenergy �ux 
hara
teristi
s from the FUV observations. In se
tion 4.3.3 the 
ondu
tan
emodel we developed is des
ribed step by step. The validation of the 
ondu
tivity modeland of the 
omplete method to 
onstru
t 
ondu
tan
e maps is dis
ussed in se
tion 4.3.4.We present some 
ase studies in se
tion 4.3.5. We show instantaneous 
ondu
tan
e mapsand dis
uss the relative importan
e of proton-indu
ed 
ondu
tivities. In se
tion 4.3.6 weshow some results obtained by using ele
tron mean energy evaluated from FUV obser-vations and we dis
uss the reliability and the relevan
e of this method. Finally, se
tion4.3.7 summarizes the method and dis
usses the role of proton indu
ed 
ondu
tan
es andits possible e�e
t on �eld aligned 
urrents asso
iated with dis
rete ele
tron aurora.
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tan
e4.3.2 The FUV imagers and the auroral pre
ipitation[13℄ The FUV experiment on board the IMAGE satellite in
ludes three di�erent imagers:the Wideband Imaging Camera (WIC) and two Spe
trographi
 Imagers (SI12 and SI13).One 
hara
teristi
 of the FUV imager is its 
apability to simultaneously observe the Northhemisphere in all three spe
tral regions. The Spe
trographi
 Imager is a narrow-bandimager of far ultraviolet auroral emissions at 121.8 nm and 135.6 nm. The SI12 imagermeasures the brightness of the Doppler shifted Lyman-α auroral emission. SI12 is the �rstFUV imager able to dete
t in
ident proton �ux without 
ontribution from ele
trons. SI13images the OI 135.6 nm line produ
ed by in
ident primary ele
trons and protons and se
-ondary ele
trons 
olliding with neutral atoms. The WIC imager has a passband between140-180 nm with a low sensitivity below 140 nm whi
h 
overs a spe
tral region in
ludingemissions ex
ited by both protons and ele
trons. It is mostly sensitive to the LBH bandsand the 149.3 nm NI line with small 
ontributions from the NI 174.3 nm doublet and theOI 135.6 nm line. More information about the IMAGE mission 
an be found in Bur
h[2000℄ and the FUV experiment is des
ribed in Mende et al. [2000a℄.[14℄ Frey et al. [2001℄ used in situ measurements from two orbits of the FAST satellite tomodel the auroral brightness and 
ompared them with simultaneous FUV-WIC observa-tions. They 
on
luded to a good agreement between predi
ted and observed emission ratesboth in morphology and in intensity. Gérard et al. [2001℄ presented a 
omparison withSI12 observations for FAST and DMSP satellite over�ights. This 
omparison showed anunderestimation of the simulated SI12 response with the latitudinally integrated bright-ness. This dis
repan
y was tentatively attributed to high-energy protons above the 30 keVupper limit of the dete
tors, suggesting that higher energy protons 
ould be important inprodu
ing this emission. Coumans et al. [2002℄ used in situ parti
le measurements fromNOAA-15 and NOAA-16 satellites to 
he
k this possibility and assess the role of protonex
itation of FUV emissions. The NOAA sets of dete
tors o�ers the advantage of observingele
trons in the energy range 50 eV-1000 keV and protons from 50 eV to 800 keV, in
ludingall relevant auroral energies. The 
omparison was made for both WIC and SI12 data.Taking in 
onsideration all possible sour
es of error, WIC observations showed agreementwith in situ indu
ed auroral brightness within 70% but SI12 observations 
oupled withsimulation from the Monte Carlo 
ode predi
ted proton �uxes twi
e as large as the in situmeasurements [Coumans et al., 2002℄. Consequently, in this work, the proton energy �uxesare adjusted by a fa
tor 2 to a

ount for this overestimate of the SI12 derived proton �ux.[15℄ Using proton and ele
tron transport models we 
an extra
t the proton and ele
tronenergy �ux from auroral brightness images of respe
tively WIC and SI12 imagers. Thispro
edure requires an hypothesis on the parti
le mean energy. The method to extra
t thepre
ipitating ele
tron energy �ux is based on simulations with the GLOW model [Solomonet al., 1988℄ extended to higher energies for auroral 
al
ulations [Hubert et al., 2001℄. Thismodel based on a two-stream approximation 
al
ulates the auroral ele
tron energy degra-dation and ex
itation by ele
tron-indu
ed pro
ess. The ele
tron energy distribution is
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tron energy �ux patterns are 
al
ulated from WICobservations, the ele
tron transport 
ode and the mean energy of ele
tron. The protonenergy transport 
ode was des
ribed in detail by Gérard et al. [2000℄. It is based on thedire
t Monte Carlo method [Marov et al., 1997℄, whi
h is a sto
hasti
 implementation ofthe solution of the Boltzmann equations, applied to the H+ - H beam.[16℄ The main limitation in this work is that the parti
le mean energy is not available.We 
onsider the ele
tron and proton mean energy patterns from Hardy et al. [1985, 1989℄.These maps were 
omputed from a statisti
al study using data 
olle
ted over several yearswith dete
tors on board the Defense Meteorologi
al Satellite Program (DMSP) satellites.The empiri
al model depends on the magneti
 a
tivity indexed by Kp. We dis
uss laterthe relevan
e of this approximation. For ele
trons, the 
ombined WIC and SI13 simul-taneous observations make it possible to evaluate the mean energy. A dis
ussion of thismethod and some results are given in se
tion 4.3.6. In a �rst step, sin
e SI12 only imagesproton pre
ipitation, we use the SI12 data to remove the proton 
ontribution from theWIC and SI13 images. Then from the proton transport 
ode and some assumption on theproton mean energy we 
al
ulate the proton energy �ux maps from SI12 images. Anotherdi�
ulty stems from the airglow 
ontribution in the WIC and SI13 observations. This 
on-tribution must be removed before deriving the pre
ipitating �ux sin
e we seek evaluationof the 
ontribution of auroral parti
les only. This important step when using the WICand SI13 observations to evaluate the ele
tron mean energy is dis
ussed in se
tion 4.3.6.The ba
kground removal was done using the method des
ribed by Immel et al. [2000℄. Theairglow is determined from an average quiet-time airglow, individually for ea
h instrument.4.3.3 The 
ondu
tan
e model[17℄ From the ele
tron and proton averaged energy and the energy �ux maps, we developeda model to 
al
ulate the Hall and Pedersen 
ondu
tan
es. The method 
an be separated indi�erent steps. First the ionospheri
 ionization rate is evaluated from the in
ident parti
le
hara
teristi
s. We then 
ompute the ele
tron and ion density pro�les. The last step isthe 
al
ulation of the 
ondu
tan
es.Ionization rates[18℄ The 
al
ulation of the ionization height pro�les requires the use of parti
le transportand energy degradation models des
ribed in the previous se
tion. For ele
trons, the two-streams 
ode 
al
ulates the se
ondary ele
tron produ
tion rate from an in
ident energy�ux and a mean energy of ele
trons, whi
h is equivalent to the total ionization rate due toele
trons. The 
al
ulations are made for a range of di�erent mean energies and an in
identenergy �ux of 1 mW/m2. We multiply by the energy �ux to evaluate the total ionization



212 4. Global auroral 
ondu
tan
epro�le due to pre
ipitating ele
trons.[19℄ For protons, the Monte Carlo 
ode gives the primary ele
tron produ
tion rate whi
h
an be introdu
ed in the GLOW model to estimate the se
ondary ele
tron population. Thesum of primary and se
ondary ele
tron produ
tion rate is the total ionization rate. The
al
ulations are made for di�erent energy bands with the 
entral energy as parti
le meanenergy and for an energy �ux of 1 mW/m2. The energy distribution of in
ident protons isassumed to be a Kappa fun
tion with κ=3.5, as re
ommended by Hubert et al. [2001℄. Theionization pro�les for ea
h monoenergeti
 band are added to re
onstru
t the total 
ontri-bution of the Kappa distribution. In this way, we obtain the total ionization pro�le foran energy �ux of 1 mW/m2 and multiply it by the a
tual in
ident energy �ux to evaluatethe total ionization pro�le due to pre
ipitating protons. The total ionization height pro�ledue to the total in
ident 
harged parti
le is the sum of the ele
tron and proton ionizationheight pro�les.Ele
tron and ion density pro�les[20℄ The ele
tron density is derived from the 
ontinuity equations for the ele
tron 
on
en-tration Ne:
dNe

dt
= qe − le − div(NeV), (4.17)where qe is the ele
tron produ
tion term, le is the ele
tron loss term and the third termdes
ribes the 
hange due to transport, if the transport pro
esses result in a net drift velo
ity

V.The transport term is negle
ted sin
e the di�usion time in the E and F1-regions ex
eedsthe time between 
ollisions. At steady state:
qe = le = ᾱN2

e (4.18)and
Ne =

√

qe

ᾱ
, (4.19)where ᾱ is the e�e
tive re
ombination 
oe�
ient. The ele
tron density height pro�le is
al
ulated from equation 4.19 using the 
al
ulated ele
tron produ
tion pro�le. The meanre
ombination 
oe�
ient is derived from

ᾱ =

∑

i αi(Te)Ni

Ne
(4.20)where i indi
ates N+

2 , O+
2 or NO+, Ni is the density of the ion spe
ies i and αi is theindividual ion re
ombination 
oe�
ient. We use the ion proportion from the InternationalReferen
e Atmosphere-1990 (IRI-90) model [Bilitza, 1990℄ to obtain the ion density Ni fromthe ele
tron density Ne. The ion re
ombination 
oe�
ients as a fun
tion of the ele
trontemperature are from Rees [1989℄ and the ele
tron temperature is taken from the MSIS-90
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tron temperature isequal to the neutral parti
le temperature.Condu
tivity pro�les[21℄ The Pedersen and Hall 
ondu
tivities height pro�les are 
omputed from :
σP =

Nee

B
(

νenωe

ν2
en + ω2

e

+
νinωi

ν2
in + ω2

i

) (4.21)
σH =

Nee

B
(

ω2
e

ν2
en + ω2

e

−
ω2

i

ν2
in + ω2

i

) (4.22)where 
ondu
tivities are in mho m−1 or in S m−1, e is the ele
tron 
harge, B the magnitudeof the geomagneti
 �eld, Ne is the ele
tron density, ωi and ωe the angular gyrofrequen
iesof respe
tively ions and ele
trons in the geomagneti
 �eld. The ion gyrofrequen
y is 
al-
ulated using an averaged mass evaluated for ea
h altitude step. This mean ion mass is
omputed from the IRI-90 ion proportions and the mass of the ions. The geomagneti
 �eld
B is 
al
ulated from the International Geomagneti
 Referen
e Field model (IGRF-2000)[Olsen et al., 2000℄ for the appropriate geographi
 position. νin and νen are the 
ollisionfrequen
ies between the ion or the ele
tron and the neutral spe
ies [Rishbeth and Garriott ,1969℄. νen depends on the neutral density Nn and on the temperature T whi
h is assumedequal for all spe
ies. The neutral atmosphere O, O2 and N2 densities are given by theMSIS-90 model atmosphere [Hedin, 1991℄.[22℄ The 
ondu
tivity pro�les and the 
ondu
tan
es are 
omputed for ele
trons and pro-tons of di�erent mean energy for an in
ident energy �ux of 1 mW/m2. The pro�les are
al
ulated for a geographi
 latitude of 75�, a geographi
 longitude of 0�and for a geomag-neti
 index Ap=6, solar a
tivity 
onditions F10.7=191, F̄10.7=216 . We �nd that the Hall
ondu
tivity is maximum at lower altitudes than the Pedersen 
omponent both for in
identele
trons and protons and that the altitude of the maximum in σP and σH pro�les de
reaseswith in
reasing mean energy. A proton �ux of 1 mW/m2 of 1 keV mean energy indu
es apeak in the Pedersen 
ondu
tivity around 140 km rea
hing 1.2×10−4 mho m−1, while at30 keV, σP peaks at 130 km with 2×10−4 mho m−1. The intensity of the Pedersen 
on-du
tivity maximum does not vary as mu
h with in
reasing mean energy as the maximumHall 
ondu
tivity. For ele
trons, with a mean energy of 1 keV, the maximum in σP o

ursnear 130 km with 8×10−5 mho m−1 and in σH around 120 km with 7×10−5 mho m−1.For <Eel> = 4 keV, the Pedersen 
ondu
tivity pro�les peaks between 120 and 125 km andrea
hes 1.8×10−4 mho m−1 while the Hall 
ondu
tivity pro�le peaks around 115 km witha value of 3×10−4 mho m−1. Finally for a higher mean energy the maximum of Pedersen
ondu
tivity de
reases while still it in
reases for the Hall 
ondu
tivity. For example, when<Eel> = 20 keV, σP ≈ 7×10−5 mho m−1 around 120 km and σH ≈ 3.5×10−4 mho m−1for altitudes less than 100 km.
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ondu
tan
e[23℄ The Pedersen and Hall 
ondu
tan
es are obtained by height integration of the respe
-tive 
ondu
tivities between 80 and 200 km. They are shown in Figure 4.2 and Fig.-ure4.3 respe
tively. Figure 4.2 shows that the Pedersen 
ondu
tan
e rea
hes a maximum forele
tron mean energy between 2 and 4 keV and de
reases for in
reasing energy, while theHall 
ondu
tan
e rea
hes a maximum for energy around 20 keV. For protons (Figure 4.3),the Pedersen 
ondu
tivity varies slightly between 6 and 8 mho in the energy range of 1keV to 40 keV. The Hall 
ondu
tan
e in
reases in this energy range and rea
hes 9.5 mhofor <Epr> = 40 keV.
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Figure 4.2: Hall and Pedersen 
ondu
tan
es due to auroral ele
trons. Condu
tan
es areevaluated for an in
ident energy �ux of 1 mW/m2. The Pedersen 
ondu
tan
e is presentedwith stars and the Hall 
ondu
tan
e with triangles.
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Figure 4.3: Hall and Pedersen 
ondu
tan
es due to auroral protons Condu
tan
es areevaluated for an energy �ux of 1 mW/m2. The Pedersen 
ondu
tan
e is presented withstars and the Hall 
ondu
tan
e with triangles.
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tan
e maps[24℄ Hall and Pedersen 
ondu
tivity height pro�les and 
ondu
tan
es are 
al
ulated forea
h pixel of the FUV images. We use the geomagneti
 �eld B from the IGRF-2000 model[Olsen et al., 2000℄ evaluated separately for ea
h pixel of ea
h analyzed FUV image. TheMSIS input parameters are adapted to the geophysi
al and geographi
 
onditions of ea
hpixel of ea
h observation.[25℄ The EUV solar radiation also exerts an in�uen
e on the ionospheri
 
ondu
tan
es. Thesolar EUV radiation is the main sour
e of ionization in the dayside ionosphere. The 
ontri-bution of the EUV radiation is added in the auroral 
ondu
tan
e maps. The determinationof these empiri
al formulas is based on a photo
hemi
al equilibrium model of ionospheri

ondu
tivities and measurements of the Are
ibo and Chatanika radars [Rasmussen et al.,1988℄
Σsun

P =
4.5

B
(1 − 0.85ν2)(1 + 0.15u + 0.05u2) (4.23)

Σsun
H =

5.6

B
(1 − 0.9ν2)(1 + 0.15u + 0.05u2) (4.24)where ν = χ/90�, u = F10.7/90. The solar zenith angle is in degrees, the 10.7-
m solar �uxis in units of 10−22Wm−2Hz−1, the magneti
 �eld strength in gauss, and the 
ondu
tan
ein mho. These formulas are normally appli
able for 0 ≤ χ ≥ 85� and 70 ≤ F10.7 ≥ 250but for ea
h pixel we extrapolate them for higher solar zenith angles. Knowing the solarzenith angle, we 
al
ulate the solar-EUV 
ontribution to the 
ondu
tan
es and 
ombine itwith parti
le-indu
ed 
ondu
tan
es using

Σtotal =
√

Σ2
sun + Σ2

particles (4.25)The 
ombination of two 
ondu
tan
es produ
ed by distin
t sour
es is dis
ussed in Galandand Ri
hmond [2001℄. Wallis and Budzinski [1981℄ estimated the error produ
ed by thisapproximation to 7% for ΣP and 15% for ΣH .4.3.4 Sour
es of un
ertainties[26℄ The results of the 
ondu
tivity model we developed 
an be 
ompared with resultsfrom the literature. For ele
trons a 
omparison is made with results of the Robinson et al.[1987℄ 
ondu
tan
e model. Figure 4.4 presents the ratio of Robinson et al. [1987℄'s resultsto the results from our model as a fun
tion of the ele
tron mean energy. Between 3 keVand 10 keV, di�eren
es are in a range of a few per
ent. Under 2 keV and above 10 keV thedisagreement between the models 
an rea
h 30%. Statisti
al models of auroral ele
tronpre
ipitation [Hardy et al., 1985℄ show that the mean energy of auroral ele
trons is usu-ally between 1.5 and 10 keV where our model is quite 
lose to Robinson et al. [1987℄ results.
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Figure 4.4: Ratio between 
ondu
tan
es due to ele
trons 
al
ulated with Robinson et al.[1987℄'s model and values 
al
ulated with this model. The ratio for the Pedersen 
ondu
-tan
e is presented with stars and the one for the Hall 
ondu
tan
e with triangles.[27℄ Our 
ondu
tan
e model for protons was 
ompared with Galand and Ri
hmond [2001℄using the same a
tivity and geographi
 
onditions. Our results are systemati
ally 20 to30% higher then Galand and Ri
hmond [2001℄'s. This is possibly due to the di�erent as-sumptions on the distribution of the in
ident proton energy �ux: Galand and Ri
hmond[2001℄ assume the distribution to be Maxwellian while we use Kappa fun
tions whi
h ap-pear to better represent the high-energy tail of protons.Un
ertainties in the parti
le mean energy and energy �ux.[28℄ Un
ertainties are introdu
ed by using empiri
al model of parti
le mean energy. Theempiri
al model 
annot show individual details of the instantaneous parti
le pre
ipitation.This is another potential sour
e of error of our model of 
ondu
tivity. Sin
e the energy �ux
omputation used the mean energy values, some error is also introdu
ed in the 
ondu
tan
e
al
ulation through the energy �ux. Meurant et al. [2003b℄ evaluate the un
ertainty on theele
tron mean energy and energy �ux 
omparing them with in situ measurements, whenthe spatial distribution of the mean energy is 
omputed from simultaneous WIC and SI13images. Meurant et al. [2003b℄ showed that the pre
ipitation 
hara
teristi
s derived fromIMAGE-FUV data agreed with in situ measurements of two NOAA-16 passes within about45%.[29℄ To evaluate the error on the parti
les 
hara
teristi
s, the mean energy from Hardyet al. [1985, 1989℄'s models and the energy �ux dedu
ed from FUV data were 
omparedwith in situ measurements of the FAST and DMSP satellites. Moreover, the ele
tron meanenergy 
omputed from WIC and SI13 observation is also 
ompared with in situ measure-ments and is dis
ussed in se
tion 4.3.6. Two 
omparisons are des
ribed next.
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e distribution 217Comparison with DMSP in situ measurements[30℄ Figure 4.5 shows an example of 
omparisons between the parti
le mean energies andenergy �uxes evaluated from FUV and measured by DMSP F15 satellite for O
tober 21,2001. DMSP F15 is in a near 
ir
ular, sun-syn
hronous, polar orbit. The on-board SSJ/4dete
tors measure the �ux of pre
ipitating ele
trons and protons in the range of 32 eV to 30keV in 20 
hannels. The total energy �ux is 
omputed by adding the �ux from all 
hannelsand the mean energy is obtained by dividing the total energy �ux by the total parti
le�ux. The 
al
ulation of parti
le energy and �ux from FUV data was des
ribed in se
tion4.3.2. The 
omparisons are made after following proper smoothing of the DMSP in situ�ux measurements to a

ount for the di�eren
e in spatial and time resolutions between insitu data and the FUV observation. Figures 4.5(b) and (
) show respe
tively 
omparisonsof ele
tron mean energy and energy �ux while the DMSP-F15 satellite 
rossed the auroraloval. Chara
teristi
s of proton pre
ipitation are shown in Figures 4.5 (d) and (e). In thisexample, the DMSP satellite 
rosses the auroral region in the prenoon se
tor from 2200to 2130 MLT and from 44� to 71�MLAT. Figure 4.5 (a) shows the tra
k of DMSP-F15mapped to 120 km reported on the WIC image at 2335:29 UT.[31℄ In Figure 4.5 (d), the proton mean energies measured by DMSP present a maximumaround 25 keV between 2336:50 and 2337:00 UT. The values are quite 
onstant, around 15keV, between 2337:00 and 2339:40 UT. After 2339:40 UT the proton mean energy valuesrea
h 30 keV. The mean energies from Hardy et al. [1989℄'s model are in the same rangeof value but do not show two maxima. When the measured mean energy is about 15 keVaround 2338:20 UT, the empiri
al model overestimates it and indi
ates a maximum energyof 25 keV. The disagreement between the empiri
al model and the in situ measurements inthis region is 66%. The 
omparison of the proton energy �ux measured by DMSP satelliteand evaluated from the Hardy et al. [1989℄ mean energy and SI12 observations is plotted inFigure 4.5 (e). The maximum in the �ux 
omputed from FUV data is shifted in 
ompari-son with the measurements. Moreover, the measured energy �ux is overestimated duringthe time range 2337:30 and 2339:20 UT. This is probably due in part to the di�eren
e ofspatial and time resolutions of instruments, and in part to the disagreement between usedenergy and real energy in this time range. The global agreement between the energy �uxesmeasured in situ and evaluated from FUV observation is ∼19%.[32℄ For ele
trons, Figure 4.5 (b) shows that the Hardy et al. [1985℄ statisti
al mean en-ergies are in good agreement with the DMSP measurements. The values are in the samerange: around 0 and 2 keV between 2336:00 and 2338:20 and between 2 keV and 5 keVafter. Around 2339:50 and 2340:40 measurements show respe
tively a minimum and amaximum in the energy that the statisti
al model 
annot present. In Figure 4.5 (
) theenergy �uxes 
omputed from the statisti
al mean energy and the WIC data underestimatethe DMSP energy �ux between 2338:10 and 2339:30. In this 
ase, the error is of a fa
tor 2.The agreement is good elsewhere along the traje
tory. The dash dot dot line in Figure 4.5
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Figure 4.5: Comparison between the parti
le pre
ipitation 
hara
teristi
s evaluated fromthe FUV data and measured by the DMSP F15 satellite for 21 O
tober, 2001. (a) Themapped position of the DMSP F15 satellite is drawn on the WIC image. (b) The ele
tronmean energy from Hardy et al. [1985℄ (blue 
urve) is 
ompared with mean energy in situmeasurement (bla
k 
urve) and with mean energy evaluated from the ratio between WICand SI13 images (red 
urve). (
) The ele
tron energy �ux evaluated using FUV and Hardyet al. [1985℄ mean energy (blue 
urve) and the one evaluated using the mean energy fromWIC/SI13 ratio (red 
urve) are 
ompared with DMSP energy �ux measurement (bla
k
urve) and with Hardy et al. [1985℄ ele
tron energy �ux (green 
urve). (d) The protonmean energy from Hardy et al. [1991℄ (blue 
urve) is 
ompared with the DMSP protonmean energy (bla
k 
urve). (e) The energy �ux evaluated from FUV - SI12 and the Hardyet al. [1991℄ mean energy (blue 
urve) is 
ompared with in situ measurement (bla
k 
urve).
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) shows the ele
tron energy �ux from Hardy et al. [1985℄'s model. The morphology of thepre
ipitation is very di�erent when using the statisti
al model's outputs. The statisti
al�ux is nearly null until 2338:10 UT, while DMSP measurements show that it rea
hes a�rst maximum at 6 mW/m2 around 2338:00 UT. The statisti
al �ux in
reases up to 5
mW/m2 at 2340:00 and then de
reases while in situ measurements peaks up to 15 mW/m2at 2338:50 UT and de
reases down to 0 at 2341:00 UT. This 
omparison shows that theHardy et al. [1985℄ energy �ux model is not a good estimation of the instantaneous energy�ux.Comparison with FAST in situ measurements[33℄ In a se
ond step, we 
ompare the mean energy measurements determined from theFAST satellite dete
tors with the statisti
al model outputs for 23 De
ember, 2000. Figures4.6 (b) and (
) present the 
omparison for ele
tron and for proton mean energies respe
-tively. In this example, the FAST satellite 
rosses the auroral oval in the dawn se
tor from0418 to 0830 MLT between 57�and 81�MLAT. Figure 4.6 (a) shows the tra
k of the FASTsatellite mapped to 120 km tra
ed on the WIC image obtained at 2100 UT.[34℄ The 
omparison of the ele
tron mean energy (Figure 4.6 (b)) shows that the agree-ment between the Hardy et al. [1989℄'s model mean energies and the in situ measurementsis very good. The ele
tron mean energies measured by FAST and 
omputed from thestatisti
al model follow the same evolution. Around 2102:30 UT the maximum values inboth measured and modeled energies are about 4.5 keV. In the region 
rossed after 2105:50UT, both energies are under 1 keV, even if the measurements show some very lo
al peaks.Globally the statisti
al energy is 35% higher then the FAST measurement even if, verylo
ally, the disagreement 
an rea
h up to 100%.[35℄ For protons, Figure 4.6 (
) shows that globally the empiri
al model and the measure-ments are in the same range. Around 2103:20 UT the statisti
al mean energy rea
hes 11keV while the in situ measurements are equal to 7 keV. After 2112:30 UT the measuredenergy is null while the statisti
al energy in
reases. However, this is of no 
onsequen
eon the 
ondu
tan
e 
al
ulation be
ause the asso
iated energy �ux is negligible. The �nal
ondu
tan
e is very low so that the relative error is not so important.Un
ertainties in the 
ondu
tan
e model[36℄ We now try to evaluate the error on the 
ondu
tan
e 
al
ulation introdu
ed by theun
ertainties on the parti
le mean energy. For ele
trons, we noted in the previous se
tionthat the error 
an be lo
ally very important. As an example, we 
onsider an error of 50%and 
al
ulate the propagated error on 
ondu
tan
e. Figure 4.2 indi
ates that an error of
±50% at 1 keV indu
es an error of +33% or -57% on the Pedersen 
ondu
tan
e, and +89%or -76% on the Hall 
ondu
tan
e evaluation. If the ele
tron mean energy is 5 keV, the erroris -15% and +9% for Pedersen 
ondu
tan
e, and +14% and -34% for Hall 
ondu
tan
e.
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Figure 4.6: Comparison between the parti
le pre
ipitation 
hara
teristi
s evaluated fromthe FUV data and measured by the FAST satellite for 23 De
ember, 2000. (a) The mappedposition of the FAST satellite is drawn on the WIC image. (b) The ele
tron mean energyfrom Hardy et al. [1985℄ empiri
al model (blue 
urve) is 
ompared with mean energy insitu measurement (bla
k 
urve) and with mean energy evaluated from the ratio betweenWIC and SI13 images (red 
urve). (
) The proton mean energy from Hardy et al. [1991℄(blue 
urve) is 
ompared with the FAST proton mean energy (bla
k 
urve).
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tan
e distribution 221At 10 keV, the error is between -20% and +36% for Pedersen 
ondu
tan
e and +6% and-17% for Hall 
ondu
tan
e.[37℄ The error on the proton mean energy evaluated from 
omparison between in situ mea-surements and the statisti
al model outputs for the 
ases des
ribed before is around 65%.Using Figure 4.3, it is possible to evaluate the error introdu
ed by the method. If we use10 keV while the real mean energy is 30 keV, the Pedersen 
ondu
tan
e is overestimated by4% and the Hall 
ondu
tan
e underestimated by 19%. Using 50 keV for 
al
ulation whilethe proton mean energy is 30 keV leads to an underestimation of the Pedersen 
ondu
tan
eby 4% and an overestimation of the Hall 
ondu
tan
e by 5%. For energy around 30 keV anerror of 66% in the mean energy introdu
es an error of 19% at most in the 
ondu
tan
e de-termination. For lower energies, the relative error is higher. For example, using <EP>=1keV in 
al
ulation while the proton mean energy is 3 keV introdu
es a 16% error in thePedersen 
ondu
tan
e and a 35% error in the 
al
ulated Hall 
ondu
tan
e. Generally, theun
ertainty on the parti
le mean energy leads to a larger error in the Hall 
ondu
tan
edetermination than in the Pedersen 
ondu
tan
e, both for ele
trons and protons.[38℄ An un
ertainty in the parti
le mean energy introdu
es an error in the energy �uxwhi
h 
an in�uen
e the 
ondu
tan
e estimation. As we dis
ussed in the 
omparison withDMSP measurements (�rt subse
tion of se
tion 4.3.4) the error in the proton energy �uxis around 19%. In the 
omparison in se
tion 4.3.4 the dis
repan
y is lo
ally more important.In�uen
e of geomagneti
 a
tivity[39℄ The parti
le energy transport models uses a MSIS-90 [Hedin, 1991℄ atmosphere with�xed geomagneti
 and a
tivity level 
onditions. The MSIS parameters for 24 De
em-ber, 2000, 1630 UT, a latitude of 65�, a longitude of 0�, solar maximum 
onditions with
F10.7 = 205, F̄10.7 = 216, and a geomagneti
 index Ap=6. We now analyze the in�uen
eon the 
ondu
tan
e evaluation of the use of �xed atmospheri
 
onditions. For protons, theMonte Carlo 
ode was run for four di�erent situations en
ompassing a range of solar a
tiv-ity 
onditions: (i) Ap = 5, F10.7 = F̄10.7 = 200, (ii) Ap = 40, F10.7 = F̄10.7 = 200, (iii) Ap =5, F10.7 = F̄10.7 = 80, and (iv) Ap = 20, F10.7 = F̄10.7 = 80. The other parameters were �xedto 24 De
ember, 2000, 0000 UT, a latitude of 60�, a longitude of 0� for a monoenergeti
proton in
ident beam of 1 mW/m2 with an energy of 10 keV. Cases (i) and (ii) presentsolar maximum 
onditions while 
ases (iii) and (iv) are 
hara
teristi
 of the solar minimuma
tivity. Using 
ondition of 
ase (i), the 
al
ulated 
ondu
tan
es were: ΣP = 8.71 mhoand ΣH = 5.74 mho. An in
rease of the Ap index for solar maximum 
onditions (
ase (ii))gives ΣP = 8.63 mho and ΣH = 5.13 mho whi
h means a de
rease of 0.8% for the Pedersen
ondu
tan
e and of 10% for the Hall 
ondu
tan
e. An in
rease of the Ap index for solarminimum 
onditions (
ase (iv) 
ompared with 
ase (iii)) indu
es respe
tively an in
reaseof 0.3% and a de
rease of 7.8% of the Pedersen and Hall 
ondu
tan
es. A 
hange in theF10.7 index (
ase (iii) 
ompared with 
ase (i)) produ
es a variation of 5.1% for Pedersen
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ondu
tan
e and 11.6% for Hall 
ondu
tan
e. We 
on
lude that for protons the variationof solar and geomagneti
 a
tivity introdu
es e�e
ts of ∼5% and 12% for Pedersen and Hall
ondu
tan
es. For ele
trons a similar study shows that the maximum un
ertainties asso-
iated with the Ap index and/or the F10.7 index is ∼11% for the Pedersen 
ondu
tan
eand around 2% for the Hall 
ondu
tan
e.[40℄ This dis
ussion presented the un
ertainties sour
es that appear in our method of
ondu
tan
e 
al
ulation. The use of averaged solar a
tivity and geomagneti
 
onditionsindu
ed a maximal error of 12% while the un
ertainty on the parti
le mean energy 
anindu
e a more important error. This is the main sour
e of error in the 
ondu
tan
e 
al
u-lation. In se
tion 4.3.6, we des
ribe another method to obtain the instantaneous ele
tronmean energy and we dis
uss the results.4.3.5 Global 
ondu
tan
e maps[41℄ In this se
tion, we present 4 sele
ted 
ases with di�erent Kp index value, observed inthe northern hemisphere. We illustrate di�erent auroral a
tivity levels at di�erent seasons.We �rst present instantaneous 
ondu
tan
e maps 
al
ulated for 12 August, 2000 and 23De
ember, 2000. The spe
i�
ity of this work is that instantaneous 
ondu
tan
e maps areevaluated ea
h 2 minutes so that the evolution of 
ondu
tan
es during substorms 
an befollowed. It is thus possible to assess the evolution of the role of protons in the 
ondu
-tan
es. In a se
ond step we present the evolution of 
ondu
tan
es in di�erent magneti
se
tors during two sele
ted substorms whi
h o

urred on 27 November, 2000 and 28 April,2001. For ea
h 
ase and for both 
ondu
tan
es, we 
al
ulate the in
rease in 
ondu
tan
ewhen protons are 
onsidered in 
omparison with a pure ele
tron pre
ipitation assumption.12 August, 2000[42℄ The �rst example shown in Plate 4.7 o

urred during the expansion phase of a summersubstorm (Kp = 8) on 12 August, 2000 at 0832 UT. The top panels show the 
al
ulatedPedersen (Plate 4.7a) and Hall (Plate 4.7b) 
ondu
tan
es indu
ed by auroral ele
tron pre-
ipitation. Central panels show Pedersen (Plate 4.7
) and Hall (Plate 4.7d) 
ondu
tan
esindu
ed by protons. Bottom panel (Plate 4.7e and Plate 4.7f) shows 
ondu
tan
e mapsindu
ed by auroral parti
les and the solar EUV 
ontribution. Adding the proton 
ontribu-tion in the 
ondu
tan
e 
al
ulation globally in
reases the Hall 
ondu
tan
e by 5.5% andthe Pedersen 
ondu
tan
e by 4.8% in 
omparison with the 
al
ulation for ele
trons only.In the se
tor between 2100 and 2400 MLT, the proton 
ontribution is ∼8% for ΣP and ΣH ,while in the post noon se
tor protons 
ontribute for less then % in both ΣP and ΣH . TheEUV 
ontribution to the 
ondu
tan
es 
an be more important than the proton 
ontribu-tion during this summer substorm. The maximum in the EUV 
ontribution to the Hall
ondu
tan
e near 1200 MLT and 55�MLAT is ∼13 mho, while the maximum in the Hall
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ondu
tan
e due to protons is less than 6 mho. The Hall 
ondu
tan
e 
an lo
ally rea
h 40mho and the Pedersen 
ondu
tan
e ∼28 mho.
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Plate 4.7: Condu
tan
e maps for 12 August 2000, 08:32 UT 
orresponding to a summersubstorm (Kp =8). Panels (a) and (b) show, respe
tively, Pedersen and Hall 
ondu
tan
esindu
ed by auroral ele
tron pre
ipitation. Panels (
) and (d) show, respe
tively, Pedersenand Hall 
ondu
tan
es indu
ed by protons and panel (e) and (f) show 
ondu
tan
e mapsindu
ed by both auroral parti
les and EUV solar radiation. Cir
les show 50�, 60�, 70�and80�MLAT. The lo
al midnight is lo
ated downward.
23 De
ember, 2000[43℄ The se
ond example (Plate 4.8) is a winter situation with a low magneti
 a
tivitylevel (Kp = 2) whi
h o

urred on 23 De
ember, 2000 at 2104 UT. It 
orresponds to a quietphase between two weak substorms. The parti
le mean energies were lo
ally validated by
omparison with FAST in situ measurements (des
ribed in se
tion 4.3.4). A feature ofthis 
ase, fairly typi
al of non substorm situation, is that the proton 
ontribution to both
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tan
eHall and Pedersen 
ondu
tan
es is maximum in the dusk se
tor, whereas the ele
tron 
on-tribution is 
lose to zero. The maximum in the ele
tron indu
ed 
ondu
tan
es is lo
atednear 0700 MLT in the dawn se
tor. Ele
tron pre
ipitation is relatively important in theentire prenoon se
tor. The maximum in the Hall and Pedersen 
ondu
tan
es indu
ed byele
trons are 8.2 mho and 5.3 mho respe
tively while the maximum in 
ondu
tan
e indu
edby protons are 3.1 mho and 3 mho respe
tively. We note that the 
ondu
tan
e values aresmall in this 
ase. Globally over the entire auroral oval, the protons in
rease the Hall
ondu
tan
e by 40% and the Pedersen 
ondu
tan
e by 53%, mostly as a 
onsequen
e ofthe e�e
t of proton pre
ipitation in the dusk se
tor. In 
omparison to the substorm 
asedis
ussed before, the proton 
ontribution in 
ondu
tan
es is globally signi�
antly moreimportant.
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Plate 4.8: Idem Plate 4.7 for 23 De
ember 2000, 21:04 UT with Kp=2. Cir
les show 50�,60�, 70�and 80�MLAT. The lo
al midnight is lo
ated downward.[44℄ Another example (not shown) of quiet winter situation 
orresponding to 1 November,2000 at 1701 UT has been analyzed. The Kp index for this period was equal to 2. In thisexample, the auroral inje
tion is 
lose to zero in the dayside and weak in the nightside. The
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e distribution 225maximum in the Pedersen 
ondu
tan
e map due to auroral parti
les is 7.0 mho and 7.3mho in the Hall 
ondu
tan
e map. Adding the 
ontribution of proton in the 
ondu
tan
e
al
ulation globally in
reases the Hall and the Pedersen 
ondu
tan
es by 13% in 
ompari-son with the 
al
ulation with ele
trons only.[45℄ During periods of quiet magneti
 a
tivity the relative 
ontribution of auroral protonsin 
ondu
tan
es 
an be mu
h more important than during a
tive period. As an example,during the substorm of 12 August, 2000 their 
ontribution rea
hed a few per
ent, whilein the low Kp example, it 
an rea
h more than 50% and, it is even 
lose to 100% lo
ally.This result re�e
ts that the relative 
ontribution of the protons to the auroral hemispheri
power is larger during quiet time periods.[46℄ To test the sensitivity of the method, 
ondu
tan
e maps were 
onstru
ted for the 
aseof 23 De
ember, 2000 using a 
onstant parti
le mean energies for all FUV pixels insteadof the statisti
al mean energies. Plate 4.9 shows the result using <E>el = 6.4 keV and<E>pr = 8 keV. The value for ele
tron is 
hosen as the maximal value of the prenoon se
toraverage energy for Kp =3 in the Hardy et al. [1987℄'s empiri
al pre
ipitation model. Forprotons a mean energy of 8 keV is a plausible value for low a
tivity 
onditions a

ordingto Hardy et al. [1991℄. The results (Plate 4.9b) show an in
rease in the Hall 
ondu
tan
emaximum of about 20% for the ele
tron 
ontribution when using 6.4 keV instead of thestatisti
al average energy (Plate 4.8b). On the poleward limit of the auroral zone in themorning se
tor, the Hall 
ondu
tan
e value is around 5 or 6 mho, while using the statisti
almean energies the values are around 1 mho. Thus when the 
onstant energy 
ase is verydi�erent from the statisti
al energy, the di�eren
es in the Hall 
ondu
tan
e 
omputation
an be lo
ally very important. This e�e
t was dis
ussed in se
tion 4.3.4. The e�e
ts onthe Pedersen 
ondu
tan
e 
omputation are mu
h less signi�
ant. The maximum in Peder-sen 
ondu
tan
e (Plate 4.9a) has a value nearly identi
al using statisti
al average energy(Plate 4.8a) and the morphology of the indu
ed 
ondu
tan
e is similar. The 
al
ulation of
ondu
tan
es indu
ed by proton pre
ipitation with a 
onstant mean energy is presented inPlates 4.9 
 and d. Comparing with Plates 4.8 
 and d, the 
ondu
tan
es values globallyde
rease when using <E>pr = 8 keV and the morphology of the pattern also exhibits somevariations. With the statisti
al mean energy, the maximum in both 
ondu
tan
e patternsis near 2000 MLT and 65.5�MLAT. With the 
onstant energy, this value de
reases by 46%for Pedersen and 30% for Hall 
ondu
tan
e. Moreover the lo
ation of the maximum inthe 
ondu
tan
e is 
hanged. When using the 
onstant energy, the peak in 
ondu
tan
esis around 0325 MLT and 65.4�MLAT. As already mentioned in se
tion 4.3.4, the un
er-tainties on the mean energy is the main sour
e of errors of the method and 
an indu
eimportant errors. Globally the 
ondu
tan
e values are 
lose to ea
h other and the mor-phology is quite similar for both 
ases.
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Plate 4.9: Condu
tan
e maps for 23 De
ember 2000, 21:04 UT (same as Plate ??) using
onstant parti
le mean energy over the entire auroral region. < E >el = 6.4 keV and
< E >pr = 8 keV. Cir
les show 50�, 60�, 70�and 80�MLAT. The lo
al midnight is lo
ateddownward.
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e distribution 22727 November, 2000[47℄ A spe
i�
 advantage of this approa
h is that the evolution of 
ondu
tan
es duringsubstorms 
an be analyzed. On 27 November, 2000, two substorms followed ea
h other:the �rst one started around 0355 UT and the se
ond one around 0725 UT. The events weredes
ribed by Hubert et al. [2002℄, who 
al
ulated the evolution of the hemispheri
 powerand related the auroral events to solar wind variations dete
ted by the ACE satellite. We
onsider the se
ond substorm only. The onset was observed by the three FUV instrumentsat ∼0725 UT near 0000 MLT. It is related to a sudden in
rease in the solar wind density.The WIC observations show that for ele
trons, the substorm expansion extended bothduskward and dawnward. The proton aurora observed by SI12 predominantly extendeddawnward with a less signi�
ant duskward extension. Hubert et al. [2002℄ showed that the
ontribution of proton in the hemispheri
 power rea
hed 45% before the substorm onsetde
reasing under 15% after breakup. The minimum in the proton 
ontribution took pla
earound 0830 UT when the total hemispheri
 power was maximum. The instantaneous Halland Pedersen 
ondu
tan
e maps were evaluated ea
h 2 or 4 minutes before the onset andduring the beginning of the substorm and then ea
h 10 or 20 minutes during the substormdevelopment. The evolution of 
ondu
tan
es averaged in di�erent MLAT-MLT se
tors areillustrated in Figures 4.10, 4.11 and 4.12. The time evolution of the average 
ondu
tan
eswas 
al
ulated over the entire north polar region (Figure 4.10). It presents two mainpeaks: a �rst one between 0755 and 0806 UT and a se
ond one around 0836 UT whi
h isas important as the �rst one for Pedersen 
ondu
tan
e, rea
hing 3.6 mho, while for Hall
ondu
tan
e the �rst maximum was the highest, rea
hing 3.3 mho. The 
ontribution ofele
trons and protons is ∼1 mho for both 
ondu
tan
es before the visually estimated onset(∼0725 UT). The 
al
ulation of 
ondu
tan
es in
luding protons is 60% higher then usingele
trons only, before the onset. It de
reases to ∼20% during the substorm. After 0900UT, 
ondu
tan
es due to ele
trons de
reased while the value of the ratio (Σaur − Σel)/Σelin
reased. In the se
tor between 2330 and 0030 MLT and 60�and 65�MLAT (Figure 4.11),the in
rease of 
ondu
tan
es due to ele
tron and proton around 0725 UT 
orresponds tothe substorm onset whi
h was visually identi�ed from the FUV observations. The aver-aged Pedersen 
ondu
tan
e due to auroral parti
les rea
hes 19.5 mho in that se
tor andaveraged Hall 
ondu
tan
e around 21 mho. Between ∼0700 and ∼0711 UT, the 
ontri-butions of both 
ondu
tan
es remain quite 
onstant. Between ∼0711 UT and ∼0725 UT
ondu
tan
es in this se
tor de
rease and rea
h a minimum just before the onset. At thattime the 
ontribution of proton in 
ondu
tan
es is maximum. Before ∼0711 UT in
ludingthe protons in 
ondu
tan
es evaluation in
reases the Pedersen 
ondu
tan
e by about 65%and the Hall 
ondu
tan
e by about 55%. Just before the substorm onset, the Pedersen
ondu
tan
e in
reases by about 95% when adding the proton 
ontribution, and the Hall
ondu
tan
e by about 80%. After 0725 UT, the proton pre
ipitation in
rease both 
on-du
tan
es by ∼10% and after 0800 UT this 
ontribution de
reases below 5%. Figure 4.12shows the evolution of 
ondu
tan
es in the dusk and night se
tor. The ele
tron indu
ed
ondu
tan
es start in
reasing at 0746 UT when the substorm a
tivity rea
hes that se
tor.Before 0746 UT the in
rease in both 
ondu
tan
es due to protons is between 100 and 50%
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reases under 30% after 0746 UT and under 20% after 0820 UT.
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Figure 4.10: Time evolution of the Pedersen (top panel) and Hall (bottom panel) 
ondu
-tan
es during a substorm whi
h o

urred on 27 November, 2000. The 
ondu
tan
es areaveraged over all the auroral region.
28 April, 2001[48℄ The example of 28 April, 2001 illustrates a parti
ular feature. Before 0500 UT themeasurements of the FUV instruments were 
lose to their sensitivity threshold. Aurorala
tivity in
reased after 0500 UT and SI12 imaged a sudden brightening in the postnoonse
tor. This signal was also observed by WIC and mu
h less intensely by SI13. At 0508 UTa very bright spot was observed by SI12 at ∼74�MLAT and 1415 MLT, its luminosity grad-ually de
reased and at 0512 UT the spot disappeared. At 0521 UT the spot reappeared inthe SI12 images at the same lo
ation in the same time as the auroral signal intensi�ed near0000 MLT. Two minutes later, the spot had vanished while the midnight se
tor a
tivitywas still strong. A spot was also observed with the WIC and SI13 instruments at the samelo
ation and at the same time. In view of the intensity of the signal observed by SI12, itappears that the spot in the postnoon se
tor is essentially due to protons. The evaluationof 
ondu
tan
e maps from FUV observations at 0508 UT shows that the maximum of thePedersen and Hall 
ondu
tan
es indu
ed by protons o

urred in the postnoon se
tor andrea
hed 7.7 mho and 5.9 mho respe
tively while the maximum in the Pedersen 
ondu
tan
edue to ele
tron o

urs around 1930 MLT and 73�MLAT and rea
hed 8 mho (5 mho for Hall
ondu
tan
e at the same lo
ation). The evolution of 
ondu
tan
es in the postnoon se
toris shown in Figure 4.13. The in
rease in both 
ondu
tan
es indu
ed by protons at 0500UT 
oin
ides with the onset of the substorm. The 
ondu
tan
e due to protons averaged
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Figure 4.11: idem Figure 4.10. In this example, the 
ondu
tan
es are averaged over themidnight se
tor (MLAT between 60�and 65�and MLT between 2330 and 0030).
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Figure 4.12: idem Figure 4.10 with 
ondu
tan
es averaged over the dusk se
tor (MLATbetween 60�and 70�and MLT between 1800 and 2100).
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eover the se
tor between 71�and 77�MLAT and 1400 and 1430 MLT peaked a �rst time at0508UT up to 5.6 mho for Pedersen and 4 mho for Hall 
ondu
tan
e and a se
ond time at0521 UT up to 6 mho for Pedersen and 4.6 mho for Hall 
ondu
tan
es. After 0521 UT, thePedersen and Hall proton indu
ed 
ondu
tan
es are around 2 and 1.5 mho respe
tively.During the event, the averaged Pedersen and Hall 
ondu
tan
es due to ele
trons in thepostnoon se
tor remained quite 
onstant, respe
tively around 0.6 mho and 0.2 mho. Thetotal value of 
ondu
tan
es due to both types of parti
les is very 
lose to the value of theproton indu
ed 
omponent in the postnoon se
tor. This 
learly illustrates that negle
tingprotons in this parti
ular 
ase would indu
e a very large error in 
ondu
tan
es evaluationin this se
tor.
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Figure 4.13: Time evolution of the Pedersen (top panel) and Hall (bottom panel) 
on-du
tan
es during a substorm whi
h o

urred on 28 April, 2001. The 
ondu
tan
es areaveraged over the se
tor between 71�and 77�MLAT and 1400 and 1430 MLT.
4.3.6 Ele
tron mean energy from the WIC to SI13 ratio[49℄ Using the ele
tron transport models des
ribed in se
tion 4.3.2, the ele
tron meanenergy 
an be derived from WIC and SI13 observations. The method to determine themean ele
tron energy and energy �ux 
hara
teristi
s from FUV observations and the un-
ertainties asso
iated with this method were thoroughly des
ribed by Hubert et al. [2002℄and Meurant et al. [2003b℄. The determination of the ele
tron mean energy is based onthe ratio between WIC and SI13 images. The WIC/SI13 ratio was modeled as a fun
tionof the energy of the pre
ipitating ele
trons using the GLOW model [Solomon et al., 1988℄extended to higher energies for auroral 
al
ulations [Hubert et al., 2001℄.
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al
ulation of 
ondu
tan
e maps, the Hardy et al. [1985℄ ele
tron mean energy
an be repla
ed by the mean energy evaluated from the WIC to SI13 ratio. An upperthreshold of the ele
tron mean energy was �xed to 15 keV. Un
ertainties are asso
iatedwith this method. Meurant et al. [2003b℄ 
ompared the ele
tron energy determined us-ing the WIC/SI13 ratio with the ele
tron energy measured by the dete
tors on board theNOAA-16 satellite and found agreement within about 45%. In addition, we 
ompared theFUV derived ele
tron mean energy with the DMSP and FAST in situ measurements. InFigure 4.5 (b) the ele
tron mean energy dedu
ed from the WIC/SI13 ratio is 
ompared withthe Hardy et al. [1985℄'s model and DMSP measurement. In the region between 2336:00and 2339:40 UT the ele
tron mean energy from the WIC/SI13 ratio underestimates thein situ measurement. Between 2337:30 and 23339:40 UT the disagreement is about 50%or more. After 2340:00 UT the FUV extra
ted energy presents two maxima: a �rst onepeaks up to 12.5 keV and the se
ond one up to 7.5 keV, whi
h are not measured by DMSP.Su
h peaks are generally indu
ed by the ba
kground signal subtra
tion in the WIC data.However, in this 
ase, DMSP 
rossed the auroral oval in the night se
tor. The WIC signalis thus not 
ontaminated by dayglow signal. Figure 4.5 (
) illustrates the in�uen
e of theuse of FUV extra
ted ele
tron mean energy on the 
al
ulated energy �ux. Between 2337:40UT and 2340:10 UT the energy �ux from the mean energy of Hardy et al. [1987℄'s modeland from the WIC/SI13 ratio are very similar. Near 2340:20 UT the energy �ux shows amaximum up to 11 mW/m2 whi
h is indu
ed by the peak in mean energy. The spatialresolution of the in situ data is mu
h higher than the FUV instrumental resolution andtherefore, in situ data were properly smoothed to a

ount for this di�eren
e. Neverthelessa di�eren
e between the theoreti
al and e�e
tive value may stem from the fa
t that in situmeasurements are made along the orbital tra
k, while FUV globally observes the auroralregion. Ea
h FUV pixel in
ludes 
ontributions from emissions adja
ent to the low latitudesatellite tra
k owing to its 2-3 pixel wide point spread fun
tion.[51℄ Figure 4.6 (b) showed the 
omparison between the ele
tron mean energy 
al
ulatedfrom FUV observations with the FAST measurements and the values from Hardy et al.[1985℄. Between 2100:00 and 2104:10 UT, the measured and the FUV evaluated meanenergies follow the same evolution: they �rst in
rease until 2102:10 UT and then de
rease.However, the maximum energy in the measurements is about three times larger than the
al
ulated one.[52℄ The WIC/SI13 ratio is a good global indi
ator of the morphology of the energy ofauroral pre
ipitation. The mean energy 
omputed from the ratio is a good way to rep-resent the spatial and the time evolution of the auroral ele
tron pre
ipitation. Fast andlo
al �u
tuations 
an be determined with the energy 
omputed from this ratio while theHardy et al. [1985℄'s statisti
al mean energy 
annot represent them. As dis
ussed in se
tion4.3.4, the un
ertainties in the mean energy is the main sour
e of error in the 
al
ulation of
ondu
tan
es.[53℄ Plates 4.14 a and b show the ele
tron indu
ed 
ondu
tan
e maps evaluated using the
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ondu
tan
eWIC/SI13 ratio to 
al
ulate the mean energy for the 
ase of 23 De
ember, 2000. The peakin the Hall 
ondu
tan
e rea
hes 17 mho and is thus globally higher than when 
al
ulatedwith the statisti
al mean energy (Plate 4.8b). The WIC observation shows two lo
al max-ima in the auroral pre
ipitation in the se
tor between 0000 and 0600 MLT. They 
reatetwo maxima in the Hall 
ondu
tan
e not present in Plate 4.8b. The Pedersen 
ondu
tan
emaps (Plate 4.14a and Plate 4.8a) indu
ed by pre
ipitating ele
trons show that the useof the mean energy 
omputed from the FUV observations (4.9 mho) or statisti
al meanenergy (5.4 mho) gives results quite similar. As dis
ussed in se
tion ??, the error indu
edby the ele
tron mean energy value is larger for the Hall than for the Pedersen 
ondu
tan
e.
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Plate 4.14: Condu
tan
e maps for 23 De
ember 2000 21:04 UT (same as Plate 4.9) usingele
tron mean energy 
omputed from the ratio of WIC and SI13 simultaneous observations.Cir
les show 50�, 60�, 70�and 80�MLAT. The lo
al midnight is lo
ated downward.[54℄ The upper limit set for the maximum mean energy is also a sour
e of un
ertainties.We evaluated the error on the 
ondu
tan
es when the ele
tron mean energy is limited to 15keV. If the mean energy was 20 keV, the error indu
ed by the threshold would be 1.4% forthe Hall and ∼18% for the Pedersen 
ondu
tan
e. For in
reasing mean energy, the error
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reases for the Pedersen 
ondu
tan
e and remains around 1.5% for the Hall 
ondu
tan
e.4.3.7 Dis
ussion and 
on
lusions[55℄ We developed a model using IMAGE-FUV observations to evaluate instantaneousionospheri
 
ondu
tivity pro�les and 
ondu
tan
es indu
ed by auroral pre
ipitation on aglobal s
ale. The instantaneous Hall and Pedersen 
ondu
tan
es produ
ed by pre
ipitatingprotons are 
omputed on a global s
ale. The model requires assumptions on the auroralparti
les mean energy. We use the statisti
al models Hardy et al. [1985℄ for the ele
tronand Hardy et al. [1989℄ for the proton mean energies. During quiet periods the statisti
almodel values are 
lose to the a
tual parti
le mean energies. However, during substormswhen the pre
ipitation 
hanges rapidly, the instantaneous variations in the auroral pre-
ipitation are not well represented by these statisti
al models. In these 
ases the ratio ofsimultaneous WIC and SI13 images may be used as an indi
ator of the ele
tron energy.The morphology is then better represented but in some 
ases the quantitative values ofthe 
omputed 
ondu
tan
es are too high. The validity of using the pre
ipitating parti
le
hara
teristi
s from statisti
al model was tested by 
omparing the parti
le energy �ux andmean energy evaluated from FUV observations with in situ measurements from the FASTand DMSP satellites. Comparisons show that the mean energies from Hardy et al. [1985,1989℄'s models are reasonably 
lose to the in situ measurements. The ele
tron mean en-ergy dedu
ed from the WIC to SI13 ratio often provides a better morphology than thestatisti
al mean energy, meaning that the evolution of the mean energy and the energy�ux along the low altitude satellite tra
k are better reprodu
ed. However the values areoften overestimated, presumably as a 
onsequen
e of the large sensitivity of the method tothe ba
kground subtra
tion in the images.[56℄ As we dis
ussed in se
tion 4.3.4, the main sour
e of error in the 
ondu
tan
e 
al
u-lation is due to the un
ertainties on the parti
le mean energy. Globally, the error in thePedersen 
ondu
tan
e is smaller than the one in the Hall 
ondu
tan
e. Our 
al
ulatedPedersen 
ondu
tan
e is thus more reliable than our 
al
ulated Hall 
ondu
tan
e.[57℄ The appli
ation of the 
ondu
tivity model to di�erent 
ases for various magneti
a
tivity level shows that the 
ontribution of auroral protons in the total ionospheri
 
on-du
tan
es indu
ed by auroral pre
ipitation strongly depends on the lo
ation and mostly onthe geomagneti
 a
tivity level. The 
ontribution of protons is signi�
ant during quiet timeperiods. During substorms, the in
rease of 
ondu
tan
es due to protons is globally less than6% even though lo
ally it 
an rea
h ∼10%. During quiet time periods, the in
rease due toproton 
an rea
h globally up to 50% and lo
ally nearly 100%. In a study based on POLARUVI images [Liou et al., 2001℄ protons were 
onsidered as ele
trons as the UVI imagerdoes not o�er the possibility to dis
riminate between the two types of parti
le. We have
al
ulated 
ondu
tan
es without proton 
ontribution in WIC and SI13 signals from twoobservations with di�erent magneti
 a
tivity 
onditions. For the low Kp 
ase, the Pedersen
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ondu
tan
eand Hall 
ondu
tan
es 
al
ulated dis
riminating between ele
tron and proton 
ontribution(Σp+e) 
an lo
ally be 10 times higher than 
ondu
tan
es 
al
ulated 
onsidering protons asele
trons (Σp=e), mainly in the dusk se
tor and for the equatorward limit of the auroralregion, whi
h re�e
ts that the proton auroral oval is shifted equatorward of the ele
tronoval in the dusk se
tor. For the 
ase with higher Kp, the region where the di�eren
eis a fa
tor 10 or more is mu
h smaller. Over nearly all the auroral region, Σp=e is nearlyidenti
al to Σp+e. This was expe
ted during substorms as the ele
tron pre
ipitation is large.[58℄ The variations of auroral ele
tron pre
ipitation with season [Liou et al., 2001℄ orsunlight 
onditions [Newell et al., 1996b℄ were interpreted in terms of an ionospheri
 
on-du
tivity feedba
k me
hanism [Atkinson, 1970; Sato, 1978; Lysak , 1986℄. The feedba
k
ondu
tivity me
hanism assumed that the ionospheri
 'ba
kground 
ondu
tan
e' plays arole in the 
reation of the aurora. The ionosphere supports a large-s
ale ele
tri
 �eld as-so
iated with plasma 
onve
tion in the magnetosphere, whi
h drives a large-s
ale ele
tri

urrent and the Pedersen part of whi
h may be 
onne
ted to a large-s
ale �eld-aligned 
ur-rent. Pre
ipitating parti
les 
reate a density perturbation and an in
rease in the Pedersen
ondu
tivity. Depending on the ionosphere state, it rea
ts to this enhan
ement either asa voltage generator or as a 
urrent generator. If the ba
kground ionospheri
 
ondu
tivityis high, the ionosphere responds by a polarization �eld whi
h redu
es the large-s
ale 
on-ve
tion ele
tri
 �eld. If the ba
kground 
ondu
tivity is low, the ionosphere responds by anin
rease in the Pedersen 
urrent whi
h must be 
losed by �eld-aligned 
urrents �owing atthe 
ondu
tivity gradient. The �eld aligned-
urrent is asso
iated with Alfvén waves [Lysak ,1986℄. More 
urrents �ow between the magnetosphere and the ionosphere. A �eld-alignedpotential drop is required to pull more ele
trons from the low-density magnetosphere. Ita

elerates ele
trons and produ
es high energy ele
tron pre
ipitation and thus intense ele
-tron auroral ar
s. As the ele
trons are a

elerated by �eld aligned ele
tri
 �eld, protonsare de
elerated or a

elerated upward. The observation of the seasonal variation of theupward ion beam was des
ribed in Collin et al. [1998℄. Observations with the TIMAS in-strument onboard the POLAR satellite are similar to the seasonal variations of the intenseele
tron aurora and are in agreement with the me
hanism. Moreover, observations fromground were also in the favor of the feedba
k 
ondu
tivity me
hanism. Nakano et al. [2002℄analyzed lo
al 
hara
teristi
s of the geomagneti
 �eld to extra
t information on the �eldaligned 
urrent variation. They shown that the net �eld-aligned 
urrents are upward inthe nightside region and downward in the dayside. In the nightside region, the ba
kground
ondu
tivity is low and the feedba
k me
hanism implies that a more intense �eld-aligned
urrent is �owing upward and the integration along the �eld line gives an important up-ward net �eld-aligned 
urrent.[59℄ We show that in some 
ases proton pre
ipitation is very lo
alized and very intenseas shown by the example of 28 April, 2001. The in
rease in 
ondu
tan
e due to protonsis very high in this se
tor. The ionospheri
 
ondu
tivity feedba
k me
hanism is plausiblyalso operative in this 
ase. Proton pre
ipitation produ
es a lo
al in
rease of ionospheri

ondu
tivity whi
h presumably 
auses more 
urrent to �ow between the ionosphere and
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e distribution 235the magnetosphere and in
reases or de
reases the �eld aligned ele
tri
 �eld and modi�esthe auroral pre
ipitation. The ionosphere is primed for the feedba
k instability only whenthe ba
kground 
ondu
tivity is low. In the 
ase where proton pre
ipitation is important,the ba
kground 
ondu
tivity is high and the enhan
ement of Pedersen 
ondu
tivity dueto ele
tron pre
ipitation 
reates a polarization ele
tri
 �eld redu
ing the total 
onve
tionele
tri
 �eld. The 
onditions are not suitable to 
reate intense aurora. A very intenselo
alized proton inje
tion 
an in�uen
e the ele
tron pre
ipitation by redu
ing the ele
trona

eleration. Thus, intense ele
tron aurora is not expe
ted to take pla
e e�
iently in re-gions where proton pre
ipitation was important. The veri�
ation is beyond the s
ope ofthis study but the question requires further investigation. Lyons [1992℄ assumed that thepotential variation whi
h is the 
ause of the formation of ele
tron auroral ar
s generallyo

urs between about 5000 and 10000 km altitude. Can enhan
ement of ionospheri
 
on-du
tivity due to proton pre
ipitation 
reate e�e
t up to this altitude?





Chapitre 5Modèle de transport des protonsauroraux et 
omparaison ave
ARGOS-HITS
5.1 Résumé introdu
tifCette étude n'est pas immédiatement liée aux observations de l'aurore à protons parle satellite IMAGE, mais s'ins
rit plut�t dans une démar
he d'utilisation du modèle detransport et de dégradation d'énergie des protons auroraux. Ce modèle, dé
rit au 
hapitre1.1, repose sur une simulation de Monte Carlo. Les protons pour lesquels on 
hoisit unehypothèse de distribution en angle d'attaque et en énergie (dans le 
as présent, une dis-tribution kappa) sont introduits dans un modèle d'atmosphère MSIS-90 [Hedin, 1991℄ etleur transport au travers de l'atmosphère neutre est dé
rit en résolvant les équations deBoltzmann. Le modèle 
onsidère les 
ollisions élastiques et inélastiques, les ionisations etles é
hanges de 
harge. J'ai 
omparé l'emission Lyman-α aurorale simulée par 
e modèleave
 des observations spe
trales du satellite ARGOS. Les premiers résultats furent en
ou-rageants, mais des désa

ords dans 
ertains 
as ont été observés et n'ont pu être résolus.5.2 ARGOS-HITSL'instrument HITS (High Resolution Ionospheri
 and Thermospheri
 Spe
trograph), àbord du satellite ARGOS (Advan
ed Resear
h and Global Observation Satellite) fournitdes mesures spe
trales à haute résolution de l'aurore à protons. HITS est un spe
trographedont la bande passante de 100 Å peut être �xée entre 500 et 1700 Å, 
e qui permet don
des observations détaillées dans le domaine UV lointain. Chaque spe
tre a une résolutiontemporelle de 1 se
onde bien qu'ils soient typiquement moyennés sur de plus longues pé-riodes a�n d'améliorer la statistique de 
omptage. Sur une période de 60 se
ondes, HITSbalaye approximativement 200 km le long de l'empreinte du satellite. Le 
hamp de vue de237



238 5. ARGOS-HITSHITS s'étend sur ∼230 km dans la dire
tion perpendi
ulaire à la traje
toire.Les observations HITS fournissent deux avantages dans l'étude de l'aurore à protons :� La résolution spe
trale de HITS vaut ∼1.5 Å (FWHM). Cette résolution est su�santepour séparer l'émission géo
oronale (Lyman-α au repos) et l'émission Lyman-α dépla
éepar e�et Doppler due à la pré
ipitation de protons.� Les mesures de l'aurore à protons par HITS sont disponibles dans les régions no
turne etdiurne et dans les deux hémisphères. Le satellite ARGOS se trouve sur une orbite quasi-polaire de 98.7�d'in
linaison, dans la dire
tion 0230/1430 MLT. Son altitude vaut 850km. L'instrument HITS peut être utilisé selon deux modes de fon
tionnement : un modebalayage ou un mode de vue �xe. Dans le 
as de notre étude, l'orientation d'observationest maintenue �xe ave
 un angle d'environ 60�entre le ve
teur d'observation HITS et ladire
tion du nadir du satellite.5.3 Etude de l'émission Lyman-α produite par les pro-tons auroraux et 
orrélation ave
 les observationsARGOS-HITS.Dans le but de déduire les énergies 
ara
téristiques des protons in
idents à partir desobservations spe
trales, j'ai 
omparé les observations spe
trales de la raie Lyman-α dépla-
ée par HITS et 
elles simulées par le modèle de transport et de dégradation d'énergie desprotons auroraux (voir 
hapitre 1.1).Pour 
ara
tériser la forme des spe
tres observés et simulés et ainsi obtenir un indi
ateurunivoque de l'énergie 
ara
téristique des parti
ules à partir des observations, j'ai utiliséles longueurs 
ara
téristiques des ailes rouge et bleue du spe
tre Doppler, dé�nies 
ommesuit :
∆λred =

∫ λmax

λLyα
λI(λ)dλ

∫ λmax

λLyα
I(λ)dλ

− λLyα (5.1)
∆λblue = λLyα −

∫ λLyα

λmin
λI(λ)dλ

∫ λLyα

λmin
I(λ)dλ

(5.2)où λLyα est la longueur d'onde au repos H Lyman-α, I(λ) est le taux d'émission spe
trale à
haque longueur d'onde observée, et λmin et λmax sont les limites d'intégration des largeursrouge et bleue et valent respe
tivement 1210 Å et 1230 Å.



5.3. Emission Lyman-α produites par les protons auroraux 239Les premier résultats de 
ette analyse furent en
ourageants. Ils ont été publiés dans unarti
le dans la revue Geophysi
al Resear
h Letters (arti
le joint en annexe). Pour 
etteétude, nous avions supposé que les protons in
idents avaient une distribution en angled'attaque isotrope et une distribution en énergie de type kappa (κ=3.5). Nous avons testédes protons in
idents dont l'énergie 
ara
téristique E0 variait entre 100 eV et 25 keV. Lesrésultats, présentés à la �gure B.3 (voir annexe B) , montrent que le modèle reproduit assezbien le pi
 d'émission dans le spe
tre auroral . Pourtant, la suite de 
ette analyse ne futpas 
on
luante 
ar dans plusieurs 
as, il fut impossible de modéliser l'aile rouge du spe
treobservé.Deux appro
hes ont été mises en pla
e pour trouver une expli
ation à 
e désa

ord : dansun premier temps, l'hypothèse sur la distribution énergétique des protons in
idents a étéanalysée. Les 
omparaisons ont été e�e
tuées en supposant que les protons étaient distri-bués selon un fais
eau monoénergétique ou selon une fon
tion maxwellienne. Ces résultatsn'ont pas permis d'expliquer le désa

ord. Dans un se
ond temps, le modèle numérique dedégradation de l'énergie des protons a été modi�é de sorte à mieux prendre en 
onsidéra-tion la statistique des 
ollisions entre H+ ou H et les 
onstituants neutres de l'atmosphère.Mais 
es nouveaux résultats ne permettent toujours pas de modéliser 
orre
tement l'ailerouge des spe
tres Ly-α observés.J'ai également analysé l'aurore du 
�té jour en 
omparaison ave
 l'aurore du 
�té nuit.Trois 
omparaisons ont été e�e
tuées : elles montrent de nouveau un désa

ord �agrantdans la partie spe
trale aux plus grandes longueurs d'onde, 
omme on peut le remarquerà la �gure 5.1.Deux hypothèses pour expliquer 
e désa

ord sont plausibles :� ARGOS-HITS observe une raie d'émission due à un autre 
onstituant atmosphérique,qui n'est pas prise en 
ompte lors des 
omparaisons.� Ave
 les données ARGOS-HITS, la valeur de l'angle d'observation lors de la mesure nousest fournie . La valeur de 
et angle est né
essaire pour intégrer, le long de la ligne devisée, les taux d'émissions modélisées, et ainsi reproduire au mieux les observations. Lavaleur de 
et angle montre que l'observation est très souvent pro
he d'une vue perpendi-
ulaire aux lignes de 
hamps. Dans 
es 
onditions d'observation, le modèle que j'utilisene pourra en au
un 
as reproduire un spe
tre dissymétrique 
ar le dépla
ement par e�etDoppler dû à l'éloignement des parti
ules du point d'observation est nul. L'erreur pour-rait alors provenir de la valeur fournie de 
et angle.Il n'a pas été possible de trouver une solution à 
e problème, ni de déterminer la 
ausede 
es désa

ords.
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Fig. 5.1 � Comparaison des spe
tres entre 1210 et 1230 Å observés par ARGOS-HITS(trait noir) et simulés (trait rouge) utilisant une distribution énergétique du type Kappa.Le trait pointillé sur la �gure 5.1a montre la 
omposante due à l'émission géo
oronale.Les �gures 5.1b à 5.1i sont fon
tion de l'énergie 
ara
téristique E0 des protons (énergieindiquée au-dessus de 
haque �gure). On remarquera que le spe
tre simulé présente unequasi-symétrie due à l'orientation de la ligne de visée presque normale aux lignes de 
hamp.De son 
�té, le spe
tre observé est nettement dissymétrique.



Con
lusionsLes études dé
rites dans 
e travail sont mon apport personnel à une meilleure 
om-préhension des pro
essus de pré
ipitation de protons, entrant en jeu dans le phénomèneauroral. Ce travail s'ins
rit dans la 
adre de la mission IMAGE dont un des buts prin
ipauxest de montrer 
omment la magnétosphère répond globalement aux variations du vent so-laire. Par le passé, la pré
ipitation de protons était étudiée à l'aide de mesures optiquesou radars au sol ou par des mesures de satellites in situ, 
e qui ne permettait qu'une vuelo
alisée de 
elle-
i. L'observation globale de l'ovale auroral et l'étude de la pré
ipitationde protons dans tous les se
teurs simultanément sont rendues possible grâ
e à l'imageurspe
tral SI12 embarqué à bord du satellite IMAGE. Utilisant 
e nouvel outil, j'ai don
 eu lapossibilité d'analyser les relations entre la pré
ipitation globale de protons et les variationsdu vent solaire, ainsi que leurs 
onséquen
es sur l'ionosphère.La première étape de 
e travail a 
onsisté à valider les observations des instrumentsFUV (WIC et SI12 prin
ipalement). La 
amera WIC est sensible à l'émissions LBH deN2 et aux émissions de l'azote atomique NI, alors que SI12 donne une image de l'émissionLyman-α dépla
ée par e�et Doppler produite par les protons. J'ai 
omparé les observationsde WIC et SI12 ave
 des prédi
tions de modèles 
ombinées aux mesures des instrumentsTED et MEPED à bord des satellites NOAA. L'instrument MEPED mesure les protonsqui pré
ipitent ave
 des énergies supérieures à 30 keV et les 
omparaisons peuvent don
in
lure toutes les énergies aurorales, au 
ontraire de travaux pré
édemment publiés dans lalittérature. Sur base des 
alibrations, les 
omparaisons ave
 SI12 montraient un (dés)a

ordde 50%, 
e qui signi�e que les observations SI12 
ouplées ave
 les simulations prédisaientdes �ux de protons deux fois plus important que les mesures in situ. Sur base de 
e résultat,j'ai dé
idé de re
alibrer la méthode et pour la suite du travail, les �ux d'énergie de protonsont été ajustés par un fa
teur 2 pour prendre en 
onsidération 
ette surestimation des �ux.Outre 
e résultat pratique et très utile pour la suite des travaux, 
ette étude a égalementmontré que (i) la pré
ipitation des protons peut 
ontribuer signi�
ativement à l'émissionaurorale FUV à des moments et des lo
alisations pré
is et ne peut être négligée, (ii) etdans 
ertaines régions, spé
ialement dans le se
teur du 
répus
ule, les protons de hautesénergies dominent le �ux énergétique de protons et 
omptent pour une large part dans lesignal Lyman-α observé.Dans la suite du travail, les observations SI12 
ouplées aux simulations de Monte Carlo241



242 5. Con
lusionsont été utilisées pour établir une vue statistique de la pré
ipitation globale de protons.Des 
artes de �ux énergétiques de protons ont été générées pour les périodes pro
hes dessolsti
es d'hiver et d'été. La morphologie globale instantanée et statistique de l'aurore àprotons déduite de SI12 est très semblable à 
elle basée sur le modèle empirique de DMSP.Ce résultat n'était pas évident a priori puisque les deux études sont basées sur des ob-servations très di�érentes. L'analyse de la puissan
e aurorale en fon
tion de la valeur del'indi
e Kp, 
al
ulée sur base des données DMSP (modèle empirique de Hardy et al. [1989℄)et des observations SI12 présente un a

ord remarquable, même si 
ette étude montre quela grandeur fondamentale dans le 
ontr�le de la pré
ipitation de protons est la pressiondynamique plut�t que l'indi
e Kp. En�n, un e�et saisonnier dans la pré
ipitation de pro-tons a été mis en éviden
e. L'extension en latitude de l'ovale est plus grande en été qu'enhiver et la puissan
e des protons pré
ipités est supérieure d'au moins 1.5 fois en été qu'enhiver. La fréquen
e d'aurores à protons intenses est 3 fois plus importante en été qu'en hi-ver. Cet e�et saisonnier a été mis en éviden
e sur les observations dans l'hémisphère nordde deux hivers (2000-2001 et 2001-2002) et deux étés (2000 et 2001) et est en oppositionave
 
elui observé pour les éle
trons. Le mé
anisme proposé pouvant engendrer 
e typede 
omportement pour les protons est lié à la présen
e de 
hamps éle
triques alignés quia

élèrent les éle
trons vers l'ionosphère et suppriment le �ux de protons in
idents dans
es mêmes régions. La présen
e de tels potentiels de 
hamps alignés dépend de la di�éren
ed'illumination entre l'été et l'hiver.La relation entre la pré
ipitation de protons, le vent solaire et le 
hamp magnétique in-terplanétaire a également été analysée. L'intensité de l'aurore à protons observée par SI12aux périodes pro
hes des solsti
es d'hiver et d'été a été 
orrélée ave
 les 
ara
téristiques duvent solaire et du 
hamp magnétique IMF mesurées par les instruments du satellite ACE.Une forte 
orrélation est mise en éviden
e entre la puissan
e des protons pré
ipités et lapression dynamique du vent solaire moyennée sur une heure. La puissan
e des protons aug-mente également ave
 l'intensité de |Bz|. Les 
orrélations entre l'aurore à protons du 
�ténuit et les fon
tions de 
ouplage ont également été analysées. Ces fon
tions de 
ouplagessont des approximations qui traduisent les mé
anismes de 
ouplage entre le 
hamp magné-tique interplanétaire et la magnétosphère, ainsi que l'énergie transmise à la magnétosphèrevia 
es mé
anismes. Les 
oe�
ients de 
orrélation les plus élevés sont obtenus pour lesexpressions 
ontenant la pression dynamique et le 
hamp éle
trique transverse (dans leplan YZ) du vent solaire. En dehors des sous-tempêtes aurorales, l'in�uen
e de la pressiondynamique sur l'aurore à protons semble provenir de l'e�et de la pression dynamique sur laforme de la magnétosphère, provoquant l'étirement de la queue de la magnétosphère et lapré
ipitation des protons par le phénomène de sto
hastisation, mais aussi par d'autres pro-
essus de 
ouplage entre le vent solaire et la magnétosphère. De plus, l'étude 
omparativedes réa
tions des protons et des éle
trons a montré que les mé
anismes de pré
ipitationsdes parti
ules sont identiques pour des degrés d'a
tivités élevés, alors qu'ils apparaissentdi�érents pour des 
onditions de plus faible a
tivité.J'ai appliqué 
ette étude de la pré
ipitation aurorale protonique à un 
as plus parti-
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ulier : je me suis intéressée à la pré
ipitation aurorale des protons durant les phases de
roissan
e pré
édant les sous-tempêtes aurorales. La phase de 
roissan
e est la phase lamoins étudiée dans la littérature, probablement par
e qu'elle est la moins spe
ta
ulairedans ses 
onséquen
es visuelles. J'ai analysé la morphologie et la dynamique de l'ovaleauroral à l'é
helle globale, durant 55 phases de 
roissan
e, ainsi que l'évolution du �uxmagnétique ouvert dans la 
alotte polaire durant 
elles-
i. J'ai également examiné la re-lations entre la dynamique de l'ovale et les paramètres du vent solaire et du 
hamp IMFau 
ours de 
es événements. J'ai montré que le mouvement vers l'équateur des frontièresde l'ovale durant les phases de 
roissan
e est 
orrélé statistiquement ave
 l'intensité deBz, ainsi qu'ave
 l'intensité des fon
tions de 
ouplage, 
e qui 
on�rme que l'a

umulationd'énergie durant la phase de 
roissan
e est fortement in�uen
ée par le 
ouplage entre lavent solaire et la magnétosphère. J'ai également montré que 
ette a

umulation d'énergiepouvait être interrompue, et don
 la phase d'expansion dé
len
hée, par une variation dansle vent solaire ou par une instabilité interne dans la magnetosphère. SI12 a o�ert la pos-sibilité d'observer globalement le 
omportement des frontières de l'ovale durant les phasesde 
roissan
e. Le résultat de 
ette analyse montre que le mouvement peut être global, lo
alou une superposition des deux. Ce résultat est interprété 
omme la superposition d'unétirement global de la magnétosphère dû à l'in�uen
e du vent solaire et d'un étirementlo
al trouvant son origine dans le feuillet de plasma interne à la magnétosphère.Finalement, pour 
ompléter l'analyse de la pré
ipitation des protons auroraux et dans lebut d'analyser leur in�uen
e sur la haute atmosphère, j'ai développé un modèle de 
ondu
-tan
e ionosphérique. Les observations IMAGE sont utilisées pour produire des 
artes ins-tantanées de 
ondu
tan
es ionosphériques de Hall et de Pedersen, ainsi que les pro�ls de
ondu
tivités dus aux protons et aux éle
trons auroraux. La 
ontribution des protons dansles 
ondu
tan
es peut ainsi être evaluée. J'ai montré que durant les périodes 
almes, elleest relativement plus grande que durant les sous-tempêtes. La 
ontribution des protons estégalement plus élevée durant la phase de 
roissan
e et diminue fortement durant la phased'expansion. Négliger la 
ontribution des protons lors de l'analyse des 
ara
téristiques au-rorales entrainerait une erreur importante dans 
ertains se
teurs et à 
ertaines périodes.J'ai également montré que l'augmentation de la 
ondu
tivité ionosphérique, induite par lapré
ipitation de protons joue une r�le sur la pré
ipitation d'éle
trons. En 
réant un 
hampéle
trique de polarisation inverse, l'augmentation de la 
ondu
tivité ionosphérique réduitla 
hute de potentiel le long des lignes de 
hamp dans le se
teur des 
ourants alignés dirigésvers le haut. Ce mé
anisme de rétroa
tion pourrait réduire la pré
ipitation d'éle
trons dans
e même se
teur.En résumé, notre étude a montré que :� les protons ne peuvent être négligés dans l'étude des aurores, 
ar leur 
ontribution à lapuissan
e et aux 
ondu
tan
es aurorales peut être non négligeable par rapport à 
elledes éle
trons,



244 5. Con
lusions� leur pré
ipitation est prin
ipalement in�uen
ée par les variations de pression dynamiquedu vent solaire ainsi que par l'orientation du 
hamp magnétique interplanétaire, tant aupoint de l'énergie a

umulée durant la phase de 
roissan
e, que des pro
essus de dé
len-
hement de leur pré
ipitation et les pro
essus de pré
ipitation eux-mêmes,� la pré
ipitation de protons présente un e�et saisonnier, ave
 un maximum dans l'hémi-sphère d'été,� les 
ondu
tivités de Hall et de Pedersen et leur évolution temporelle peuvent être dé-duites globalement de la 
ontribution des trois imageurs ultraviolets de l'expérien
e.De nouvelles études sont appelées à venir 
ompléter 
es re
her
hes. Ainsi, il serait intéres-sant de mettre en relation l'énergie a

umulée durant la phase de 
roissan
e ave
 l'énergielibérée durant la sous-tempête. Ces résultats donneraient de informations 
omplémentairesquant aux mé
anismes d'a

umulation et de transfert d'énergie. De plus, l'analyse de lapré
ipitation des protons dans l'hémisphère sud permettrait de 
ompléter la 
ompréhen-sion des pro
essus de saisonnalité.La te
hnologie des imageurs spe
traux à bord du satellite IMAGE est un pré
urseurdans l'observation des protons. Les 5 années de fon
tionnement de la mission ont été uneréussite totale et ont permis une avan
ée importante dans la 
onnaissan
e relative à leurpré
ipitation vers la haute atmosphère. Ce travail n'est qu'une partie des résultats de lamission. Même si le satellite IMAGE a arrêté d'émettre en 2005, la base de données est tel-lement importante que de nombreux résultats sont en
ore attendus. De plus, l'espoir existeque la 
ommuni
ation entre le satellite et la Terre soit rétablie en o
tobre 2007 1. En outre,de nouvelles missions sont amenées à se développer : Kuafu, mission 
hinoise en 
ollabora-tion internationnale, propose d'envoyer deux satellites qui observeront simultanément unhémisphère et qui seront équipés de 
améras SI. De tels satellites permettraient égalementl'études globale de la pré
ipitation des protons et éle
trons dans les deux hémisphères etde mieux 
omprendre la 
omplexité des mé
anismes de pré
ipitations. La possibilité seraito�erte de véri�er si les mé
anismes sont globaux dans la queue de la magnétosphère et don
si la pré
ipitation présente une symétrie nord/sud ou si des mé
anismes lo
aux entrent enjeu et in�uen
ent préférentiellement la pré
ipitation vers un seul hémisphère. J'espère quel'avenir sera favorable au développement d'autres missions de 
e type dans lesquelles laBelgique sera un a
teur important.
1Le satellite subira alors une e
lipse total de soleil et il est possible qu'une réinitialisation du systèmepermette au satellite d'émettre à nouveau vers la Terre
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246 A. Seasonal and Kp VariationsAbstra
t[1℄ Models for ele
tron and ion auroral inputs usually ignore seasonal di�eren
es. Thisstudy shows, however, that there are signi�
ant seasonal variations in ele
tron and ionauroral energy �uxes, whi
h are opposite to ea
h other. Ele
tron auroral energy �ux was
hara
terized by ele
tron hemispheri
 power (Hpe) estimated sin
e 1978 from NOAA andDMSP satellites after the estimates were 
orre
ted for instrumental problems and adjustedto a 
ommon baseline in previous work. Similarly, intersatellite adjusted ion hemispheri
power (Hpi) estimates 
ame from four NOAA satellites beginning in 1998. NOAA/DMSPadjusted Hpe and Hpi estimates 
ompare well with POLAR UVI Hpe and IMAGE FUVHpe and Hpi estimates from imagers. Seasonal variations were expressed in terms of hemi-spheri
 power (Hp) magnitudes. Ele
tron parti
le pre
ipitation was ∼20-50% stronger atwinter solsti
e than in summer for Hpe>∼25 GW, with the highest winter ex
ess for highsolar �uxes (10.7 
m adjusted solar �ux Sa). Hpe summer values were larger than winter
∼35% of the time starting at Hpe<∼10 GW, in
reasing to ∼25-35% summer ex
ess atthe lowest Hpe magnitudes. Ion pre
ipitation was ∼20-30% larger during summer solsti
e
ompared to winter solsti
e. Seasonal, Sa, Kp, ap, Bz, and Vsw relations were found forHpe and Hpi and 
ompared with previous work. Hpe and Hpi in
reased with Kp, solar windspeed (Vsw) and negative Interplanetary Magneti
 Field (IMF) Bz. Hpi in
reased stronglywith positive Bz. At low Vsw and Bz>-3 nT, Hpe in
reased with in
reasing Sa, while Hpiin
reased with Sa up to ∼115 for all 
onditions.



247A.0.1 Introdu
tion[2℄ Several models of auroral energy input assume hemispheri
 
onjuga
y and thus noseasonal variations. Hardy et al. [1985, 1987℄ and Fuller-Rowell and Evans [1987℄ mod-eled ele
tron and total auroral energy �uxes and mean energies from Defense Meteoro-logi
al Satellite Program (DMSP) and National O
eani
 and Atmospheri
 Administration(NOAA) satellites, respe
tively. Ion energy �uxes and mean energies were modeled as afun
tion of Kp using DMSP data by Hardy et al. [1989, 1991℄. In all these studies, seasonalor interhemispheri
 di�eren
es were negle
ted and bin statisti
s were in
reased by addingboth hemispheres together. The present study examined the seasonal and solar �ux vari-ations in the auroral ele
tron and ion inputs.[3℄ The level of auroral a
tivity 
an be 
hara
terized by an estimate of the area integratedparti
le energy deposition into ea
h high-latitude hemisphere. The estimated energy inputis 
alled the 'hemispheri
 power' (Hp) [Fuller-Rowell and Evans, 1987℄. The estimate relieson a set of statisti
al auroral ovals, 
onstru
ted from NOAA Spa
e Environment Monitor1 (SEM-1) observations and ordered by Hp. The statisti
al ovals were 
onstru
ted withoutregard to hemisphere or season, simply binning all observations within a given Hp intervalby magneti
 latitude and magneti
 lo
al time. These empiri
al ovals provide the basis foran extrapolation of the lo
al measurements of parti
le energy �uxes made by any satelliteto a global estimate. The extrapolation takes into a

ount the manner that a satellite pas-sage samples the auroral oval, an extrapolation that depends upon the hemisphere sampledand the Universal Time (UT) of the sample. The empiri
al patterns do not repli
ate thevery intense, but lo
alized regions of parti
le energy input that may o

ur during dynami
a
tivity, for example the onset of substorms. In su
h 
ir
umstan
es the estimate of Hp 
anbe a signi�
ant over- or under-estimate depending upon whether or not the satellite passedthrough the region of large energy �uxes. The results presented here use hourly and dailymedian values of hemispheri
 power estimates from a number of satellites to minimize thee�e
t of estimates made during su
h dynami
 periods.[4℄ A hemispheri
 power index I is based on Hp in a geometri
 fashion, with the approxi-mate relation [Maeda et al., 1989℄:
I = 2.09 ln(Hp) (A.1)where Hp is in GW. Maeda et al. [1989℄ found a Kp relation using NOAA data from 1978to 1985:

Hp(GW ) = −2.78 + 9.33Kp (A.2)where Hp must be larger than 1 GW at the lower limit. This Kp relation is used in globalmodels su
h as the Whole-Atmosphere Community Climate Model (WACCM) to spe
ifythe auroral energy input [Marsh et al., 2007℄. The potential drop imposed on the polar 
apwas estimated using Millstone Hill in
oherent s
atter radar ion drift velo
ities as a fun
-tion of the hemispheri
 power index I [Foster et al., 1986℄. This ion 
onve
tion model and



248 A. Seasonal and Kp Variationsthe auroral input model of Fuller-Rowell and Evans [1987℄ were used as statisti
al modelsin the Assimilative Model of Ionospheri
 Ele
trodynami
s (AMIE) [e.g., Lu et al. [1994,2001℄; Knipp et al. [1993℄℄, and in the Coupled Thermosphere-Ionosphere Model (CTIM)[e.g., Codres
u and Kutiev [1997℄; Fuller-Rowell et al. [1998℄℄.[5℄ The original hemispheri
 power estimates from the NOAA data 
ombined the 
on-tributions of ele
trons and ions to the energy input to produ
e a 'total' estimate, 
alledHpt in this paper. The present study strives to distinguish between the hemispheri
 powerinput from ele
trons (Hpe) and that from ions (Hpi). Hpi is obtained from NOAA SEM-2observations by 
omputing hemispheri
 power estimates using ele
tron observations only(Hpe) and subtra
ting that value from Hpt. This pro
edure does not take into a

ount thefa
t that the global pattern of ion pre
ipitation di�ers from the pattern of total (ele
tronplus ion) pre
ipitation and so there are greater un
ertainties in the values of Hpi. Hpe isestimated with ele
tron observations from DMSP satellites using the global NOAA Hptmaps. Other DMSP studies [e.g. Hardy et al. [1989℄; Brautigam et al. [1991℄℄ bin theele
tron and ion data into global maps of energy �ux as a fun
tion of magneti
 lo
al time(MLT) and magneti
 latitude and 
al
ulate Hpe and Hpi from an area integration of theenergy �uxes.[6℄ Estimates of NOAA Hpt are available at http://www.se
.noaa.gov/ftpdir/lists/hpi,whi
h is linked to the near-real-time website (http://www.se
.noaa.gov/pmap). NOAAHpt and DMSP Hpe estimates are also in the Coupling, Energeti
s and Dynami
s ofAtmospheri
 Regions (CEDAR) Database (http://
edarweb.hao.u
ar.edu), with furtherdes
riptions appearing at http://
edarweb.hao.u
ar.edu/instruments/ehp.html on the 'Es-timated Hemispheri
 Power' (ehp) web page. Estimates of Hpe (and Hpi = Hpt-Hpe) fromNOAA Spa
e Environment Monitor 2 (SEM-2) satellites are in the CEDAR Database.DMSP Hpe estimates are also lo
ated at the webpage for DMSP in the CEDAR Database(http://
edarweb.hao.u
ar.edu/dmsp/dmspssj4_hp.html). Twenty-eight years of Hpe orHpt estimates from 11 NOAA and 11 DMSP satellites were adjusted to produ
e 
onsistentestimates of Hpe by Emery et al. [2006℄, hereafter referred to as Paper 1. Paper 1 alsoprodu
ed intersatellite adjusted estimates of Hpi (and thus Hpt) from four NOAA SEM-2satellites.[7℄ This paper reviews Paper 1. Estimates of the ion 
ontribution to Hpt are made in-
luding other data sets at di�erent energy ranges. Comparisons are made with Hpe andHpi estimates from imagers on di�erent satellites, and seasonal variations in Hpe and Hpiare analyzed. The seasonal variations were expressed mathemati
ally as fun
tions of themagnitudes of Hpe and Hpi, in
luding any solar �ux variations expressed as the daily 10.7
m solar �ux adjusted to 1 AU (Sa) in solar �ux units (sfu) of 10−22 Wm−2 Hz−1. Hpe andHpi were binned in Kp, Interplanetary Magneti
 Field (IMF) Bz, solar wind speed (Vsw),and solar �ux (Sa). Polynomial �ts in Kp were found for the total southern hemisphere(SH) Hpe and Hpi hourly average 
omposite estimates and independent �ts were found forHpe and Hpi as a fun
tion of Bz and Vsw. Variations with respe
t to Sa were found for



249Hpe and Hpi binned in Bz and Vsw.A.0.2 Ba
kgroundSatellite Observations[8℄ The NOAA low-energy Total Energy Dete
tor (TED) SEM-1 ele
tron and ion pre-
ipitation instruments measured 11 energy bands between 300 eV and 20 keV to produ
eestimates of Hpt. These satellites are listed in Table A.1a. The NOAA SEM-2 satelliteslisted in Table A.1b with 16 energy levels between 50 eV and 20 keV were used to estimateHpt using ion and ele
tron dete
tors and also to estimate Hpe using only ele
tron energybands. The ion hemispheri
 power (Hpi) is the di�eren
e between Hpt and Hpe (Hpi = Hpt- Hpe). A multipli
ative 
onsisten
y fa
tor (NOAA Y0 in Table A.1) is usually 
al
ulatedfor ea
h new NOAA satellite, so that the �rst six months of the estimated Hpt from the newsatellite agrees with the Hpt estimates from older 
on
urrent satellites. The �rst NOAAstandard was TIROS, laun
hed in 1978, and the se
ond NOAA standard was NOAA-12,laun
hed in 1991 after a gap starting in 1989 when Hpt estimates from NOAA-10 wereabandoned due to a spurious response problem. Although the NOAA satellites also 
arryMedium Energy Proton and Ele
tron Dete
tor (MEPED) instruments to measure ele
tronsin three integral or di�erential energy bands above 30 keV and protons in �ve (SEM-1)or six (SEM-2) energy bands [Codres
u et al., 1997℄, the present study was limited to theTED instruments.[9℄ DMSP satellites listed in Table A.2 estimated Hpe starting in 1983 using the ele
tronenergy dete
tors of the SSJ/4 and SSJ/5 (Spe
ial Sensor for �ux J) instruments with 19energy levels between 32 eV and 30 keV. The DMSP instruments have both pre-�ight 
ali-bration and post-�ight 
alibration 
orre
tions for sensor degradation and are not adjustedto agree between satellites.[10℄ Hardy et al. [1985℄ and Fuller-Rowell and Evans [1987℄ showed the ele
tron and totalenergy �uxes to be lowest around 12-14 MLT, highest on the nightside, and in
reasing witha
tivity (Kp or I). Liou et al. [2001℄ showed that ele
tron mean energies in winter fromthe UVI experiment on POLAR 
ould be as high as 10 keV on the equatorward edge ofthe oval near dawn and near the poleward edge in the pre-midnight se
tor. This is similarto the '
hara
teristi
 energy' maps of Fuller-Rowell and Evans [1987℄. Using the highestDMSP energy level, Paper 1 found the ele
tron energy �ux between 20 and 30 keV to be5-6% of the 32 eV to 30 keV total for most Kp levels, in
reasing to as mu
h as 12% for Kp0. Thus the absolute di�eren
e between NOAA and DMSP Hpe estimates is usually lessthan 10%, and intersatellite adjusted Hpe from NOAA (<20 keV) and DMSP (<30 keV)
an be 
onsidered to represent Hpe < 30 keV.[11℄ Hardy et al. [1989℄ binned the ion energy �ux from DMSP-F6 and F7 as a fun
-



250 A. Seasonal and Kp Variationstion of Kp and found the minimum ion energy �ux around 10-11 MLT. The ion (mostlyproton) auroral oval is shifted toward the duskside 
ompared to the ele
tron aurora, soprotons add most to the hemispheri
 power on the equatorward duskside of the auroraloval [Hardy et al., 1989; Galand et al., 2001; Coumans et al., 2004a℄. A signi�
ant portionof the ion energy �ux is at energies above 30 keV [Hardy et al., 1989; Coumans et al., 2002℄.Adjusted Hpe from NOAA and DMSP[12℄ Operation times for all satellites are listed in Tables A.1 and A.2 along with theirintersatellite adjustments. Most of these are the same as in Paper 1 ex
ept as noted. Twonew satellites are DMSP-F17 (F17) and the European Meteorologi
al Operational satel-lite MetOp-02 (M02). MetOp-02 
arries the NOAA SEM-2 instruments and so this studytreated M02 like a NOAA satellite. Corre
tions to data from various satellites were madefor sunlight 
ontamination, data dropouts over the auroral oval, degradation of sensorsover time, high spurious 
ount rates, and in
reased noise at the end of a satellite lifetimeas listed in the footnotes of Tables A.1 and A.2. With a 98 degree in
lination, most ofthe polar orbiting satellites were pla
ed to take 
loud 
over pi
tures in the daytime overthe northern hemisphere (NH), so that the nighttime auroral 
overage was better in the SH.[13℄ Figure A.1a shows SH daily median Hpt from NOAA SEM-1 satellites and Hpe fromNOAA SEM-2 and DMSP satellites, where the original NOAA estimates have been dividedby 'NOAA Y0' multipli
ative 
onsisten
y fa
tors listed in Tables A.1a and A.1b to showthe real range in the NOAA estimates. Figure A.1a shows some anomalies su
h as summerSH sunlight 
ontamination (high values of Hpe from DMSP-F09 and F10 in 1988-1993),and spurious noise (high Hpt from NOAA-10 in 1988). Some satellite estimates appearto be low (low X1 divisor adjustments in Tables A.1 and A.2), e.g., NOAA-8 Hpt (bla
kN8 from 1983-1985) and DMSP-F11 Hpe (bla
k F11 from 1991-1999). Other estimatesappear to be high, e.g., the NOAA standard NOAA-12 Hpt (green N12 from 1991-2002and 2005-2006).[14℄ The adjustment divisors X1 in Tables A.1 and A.2 are often di�erent for ea
h hemi-sphere be
ause one adjustment required the SH/NH median daily ratio of Hpe and Hpito be 
lose to 1.0 over the lifetime of the satellite. The original interhemispheri
 biases
ould be due to di�erent MLT 
overage in the two hemispheres, to biases in the initialNOAA total pre
ipitation patterns that were used, to the la
k of seasonal variations in thepatterns, or to unknown reasons. The original Hpi interhemispheri
 biases appeared to berelated to the MLT orbits of the satellites, but no pattern was found for the original Hpeinterhemispheri
 biases.[15℄ Adjusted SH Hpe are shown in Figure A.1b. The largest Hpe values in Figure A.1bare in the de
lining phase of the solar 
y
le for the three solar 
y
les shown. The di�eren
esamong these three solar 
y
les in the Hpe will be addressed in a follow-up study.
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(a)

 

(b)

 

(c)

Figure A.1: (a) Southern hemisphere (SH) 27-day medians of the total (SEM-1) or ele
-tron hemispheri
 power from daily medians for 24 NOAA and DMSP satellites wherethe NOAA standards of TIROS or NOAA-12 have been removed to reveal the di�erentsatellite 
alibrations. (b) Southern hemisphere (SH) 27-day medians of the daily medianadjusted ele
tron hemispheri
 power (Hpe) for 24 NOAA and DMSP satellites after 
orre
-tions, deletions and adjustments are made to a new Hpe baseline magnitude. (
) Southernhemisphere (SH) / northern hemisphere (NH) ratios of the daily median adjusted ele
tronhemispheri
 power (Hpe) plotted as 27-day medians for 24 NOAA and DMSP satellitesafter 
orre
tions, deletions and adjustments are made to a new Hpe baseline magnitude.



252 A. Seasonal and Kp Variations[16℄ The baseline magnitude for Hpe was 
hosen to be 
lose to the median of the originalDMSP Hpe estimates. The 
losest satellite estimates to the baseline Hpe were from DMSP-F13. NH adjusted Hpe estimates are similar to those from the SH, but Hpe intersatellite
ross-
orrelation 
oe�
ients of the daily median values are 0.775 for the NH 
ompared to0.845 for the SH Hpe [Table 6 of Paper 1℄. SH Hpe estimates are better 
orrelated be
auseall but DMSP-F06 through F09 orbits sampled the nighttime aurora best in the SH. Manyof the �gures and analyses in the present study therefore use SH estimates of Hpe and Hpi.[17℄ Figure A.1
 plots the ratio of the SH/NH daily median adjusted Hpe estimates for ea
hof the 24 satellites. The seasonal variation shows as a maximum in the ratio for SH winterand as a minimum in the ratio for SH summer. Seasonal variations in this ratio appear tobe 
learer in solar maximum when SH winter values are up to 25% greater than at equinoxand SH summer values are as mu
h as 25% less than at equinox. The seasonal variation issmaller in solar minimum and masked by problems in the ratio mostly due to inadequateauroral 
overage in the NH. Hpe estimates from all satellites were 
ombined ea
h hour toprodu
e hourly median, average, and maximum estimates of Hpe. The 28-year SH medianHpe from hourly medians was 12.1 GW and the average from hourly averages was 17.4 GW.[18℄ Ridley [2007℄ estimated the median Hpt from NOAA to be ∼18 GW from 10 years ofTIROS standardized Hpt and 15 years of NOAA-12 standardized Hpt. From Table A.1a,the average X1 divisor for TIROS is 1.05, and the average X1 divisor for NOAA-12 is1.75, for a 
ombined divisor over 25 years of 1.47. The resulting revised median Hpt fromthe Ridley [2007℄ study is 12.2 GW (18/1.47), whi
h is very 
lose to our median Hpe es-timate of 12.1 GW. We examine seasonal variations in hourly average Hpe in Se
tion A.0.5.Adjusted Hpi from NOAA SEM-2[19℄ Paper 1 studied 123 days of DMSP-F13 and F15 ion energy �ux data in 2001 andshowed that the along-tra
k fra
tion of the 0.5-30 keV ion energy �ux 
oming from energies<20 keV ranged between 72 and 82% (77±5%) for Kp 1-3. Thus the baseline magnitudefor NOAA SEM-2 Hpi (<20 keV) was set so that the ratio of the SH Hpi (<20 keV) overthe Hpi (<30 keV) of Hardy et al. [1989℄ for Kp 1-3 was 77±1%.[20℄ Figure A.2 shows the adjusted SH and NH Hpi estimates from the NOAA SEM-2satellites. The adjusted 27-day median Hpi estimates are between ∼0.5 GW and ∼2.0 GWand in
rease about 50% from 1998 to post-solar-maximum 
onditions in 2003. The SHHpi has an annual variation maximizing in summer, while the NH Hpi estimates appearto have equino
tial peaks, leading to a semiannual variation. Both hemispheres exhibitequinox a
tivity peaks between about 2001 and 2004.[21℄ There are signi�
ant di�eren
es in the Hpi estimates between the two hemispheres
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 Figure A.2: Southern hemisphere (SH, top panel), northern hemisphere (NH, middlepanel), and SH/NH ratios (bottom panel) of the 27-day medians of the ion hemispheri
power (Hpi) from daily medians for four NOAA SEM-2 satellites after problems are re-moved and the adjustments in Table A.1b are applied.



254 A. Seasonal and Kp Variationsand between di�erent satellites in the NH. SH 
ross-
orrelation 
oe�
ients of daily medianHpi are ∼0.90, while NH 
ross-
orrelation 
oe�
ients are ∼0.85 among di�erent SEM-2satellites [Paper 1℄. Be
ause of MLT sampling problems in NH Hpi estimates, we primarilyused SH estimates.[22℄ The bottom panel of Figure A.2 plots the ratio of the SH/NH daily median adjustedHpi estimates. Unlike the SH/NH Hpe ratio shown in Figure A.1
, the seasonal variation inthe Hpi ratio shows a maximum in the SH summer and a minimum in the SH winter. TheHpi estimates during ea
h UT hour in both the SH and NH from all four NOAA SEM-2satellites were 
ombined to provide minimum, maximum, median, and average Hpi andstandard deviations of the average values. The 8-year SH median of hourly median Hpi(<20 keV) values was 1.10 GW, while the 8-year average was 1.45 GW. Compared to the28-year median and average Hpe values of 12.1 GW and 17.4 GW, Hpi 
ontributes ∼8% tothe total Hpt. The next se
tion examines the fra
tion 
ontent of ions using this and otherdata sets. The seasonal variations in hourly averaged Hpi are examined in Se
tion A.0.5.A.0.3 Hpi Fra
tional Contribution to the Total Auroral Parti
leEnergy Input[23℄ In the present study, the ion fra
tion (<20 keV) of the total Hpt in the SH variedfrom a high of ∼19% for Kp 0, summer, Bz positive, and low Vsw to a low of ∼5% forKp 2-7, winter, Bz negative and high Vsw. Hubert et al. [2002℄ used NOAA-15 (<20 keV)normalized by NOAA-12 in 2000 and found Hpi to be about 22% of the total Hpt for lowKp and about 9% of the total for high Kp. Hpi (<30 keV) in Table 7 of Hardy et al.[1989℄ was used to 
al
ulate the ratio of Hpi/Hpt (<30 keV) in Table 5 of Paper 1. Theratio ranged from 13% for Kp 0 and 1 to 6-7% for Kp 3 and above. From Table 3 ofBrautigam et al. [1991℄, the ratio of DMSP Hpi (<30keV) to Hpt ex
luding the bins withpoor statisti
s varied from 17 for Bz positive and low Vsw to 8% for Bz negative and highVsw. The Brautigam et al. [1991℄ study and the present study found the highest ion fra
-tions for Bz positive and low Vsw and the lowest ion fra
tions for Bz negative and high Vsw.[24℄ The ion 
ontribution to the total parti
le energy input will in
rease as higher ionenergies are in
luded. Paper 1 
al
ulated the ratio of Hpi/Hpt using Hpi (<2.5 MeV) andHpe (<1 MeV) estimates from NOAA MEPED instruments using ba
kground material forFang et al. [2007℄ from Fang [private 
ommuni
ation℄ together with our estimates of Hpi(<20 keV) and Hpe (<30 keV). The ion fra
tion of the total parti
le energy input was 28%at Kp 1, 12-14% at Kp 2-3, and 8-11% at Kp 4-6. Hubert et al. [2002℄ used the IMAGEUVI imagers to study four substorm periods and 
on
luded that protons (>1 keV) 
on-tribute 20-50% of the total hemispheri
 power before and after substorms and 10-20% ina
tive substorm periods. Coumans et al. [2002℄ redu
ed the IMAGE SI12 Hpi 
alibrationby a fa
tor of 2, whi
h redu
es these proton 
ontribution estimates to 10-25% of the total



255Hpt in quiet periods and to 5-10% in a
tive substorm periods, whi
h are similar to ourestimates of the period from the Fang et al. [2007℄ study.A.0.4 Comparisons with ImagesPOLAR UVI[25℄ The Ultraviolet Imager (UVI) on the POLAR satellite measured the N2 Lyman-Birge-Hop�eld (LBH) emissions within its spe
tral bandpass of 124-200 nm [Torr et al., 1995℄.The N2 LBH emissions were separated into two regions: one at shorter wavelengths (LBHs,140-160 nm) with signi�
ant O2 absorption, and one at longer wavelength emissions withless O2 absorption loss (LBHl, 160-180 nm). In the absen
e of dayside photoele
trons, N2LBH intensities are a dire
t diagnosti
 of the in
ident auroral ele
tron �ux. The LBHlsensitivity peaked for ele
trons ∼5 keV, with a range of ∼20 eV to 70 keV. Hpe was esti-mated after dayglow removal from LBHl images that showed the full auroral oval or thenightside auroral oval in the �eld of view (FOV). Codres
u et al. [1997℄ found that NOAAMEPED ele
trons >30 keV 
ontribute ∼0.05-6 GW to Hpe (50 eV to 1 MeV) betweenlow and high a
tivities, whi
h is <10% of Hpe found for 
omparable a
tivities from low-energy DMSP and NOAA instruments. Therefore the UVI LBHl Hpe estimates <70 keVshould be similar to Hpe estimates from DMSP (<30 keV) and NOAA (<20 keV) satellites.[26℄ UVI POLAR images are available at http://uvi.nsst
.nasa.gov and UVI Hpe estimatesapproximately every 10 minutes are found at http://
sds.uah.edu/uvi-ost. The POLARsatellite was laun
hed on 24 February (day 54) 1996, with apogee over the NH polar 
ap.Images from the primary UVI dete
tor are available from days 83 to 268. The primary de-te
tor su�ered operational anomalies between days 212 and 289 when it was shut down, soimages from the se
ondary dete
tor were 
erti�ed starting on about day 339 of 1996. The
hallenge of 
reating robust, unsupervised, automated pro
essing algorithms prevented athorough validation of UVI Hpe estimates. Full or nightside oval NH UVI Hpe estimatesbetween 97001 and 01365 were used to 
reate median hourly Hpe estimates, whi
h werethen used to 
reate median daily UVI Hpe estimates.[27℄ Figure A.3 is median hourly NH UVI Hpe estimates 
ombined into median daily Hpeestimates and plotted as 27-day medians (x's). Equivalent median hourly adjusted NOAAand DMSP NH Hpe estimates are 
ombined into median daily Hpe estimates and theninto 27-day medians, plotted as a blue line. Hourly medians were used in this 
ompari-son to eliminate outliers. UVI and NOAA/DMSP Hpe estimates show equinox maxima,with similar magnitudes ex
ept in the NH fall equinox. A preliminary analysis of the UVIimages indi
ates a bright sour
e on the nightside (e.g., a light leak) at 
ertain UTs (orbitlo
ation). The late summer period also presents some of the strongest dayglow periods.These two fa
tors probably a�e
ted the automated pro
essing routines that 
ompiled theUVI Hpe database used here.
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 Figure A.3: Median daily northern hemisphere (NH) estimates of the ele
tron hemispheri
power (Hpe) from hourly medians from POLAR UVI (bla
k x's) using full (0) and nightside(1) auroral �elds-of-view (FOV) 
ompared to median daily Hpe estimates from the NHNOAA/DMSP median hourly 
omposite (blue) plotted as 27-day medians. The POLARapogee on day 1 of 2000 to 2002 is listed at the top. For UVI apogee equatorwards of theaurora, Hpe estimates are low be
ause a smaller portion of the aurora is in the FOV. Thefall equinox UVI Hpe peaks are probably due to a light leak at 
ertain viewing lo
ations.[28℄ Starting in 2000 when the POLAR apogee moved equatorward of 45 N, UVI Hpeestimates are less than adjusted NOAA/DMSP Hpe as a result of viewing the oval on theEarth's limb, where part of the oval is hidden from view. Apart from these questionableNH fall and low-latitude apogee UVI Hpe estimates, the general 
orresponden
e with theNOAA/DMSP intersatellite Hpe 
omposite is good.[29℄ Lummerzheim et al. [1997℄ 
ompared standardized NOAA-12 and 14 estimates ofHpe to POLAR Hpe estimates from the primary UVI dete
tor in the NH on 19-20 May1996 in their Figure 3. This 
omparison is repeated in Figure A.4 with adjusted Hpe fromNOAA and DMSP satellites as stars (NH) or x's (SH). SH Hpe estimates are in
ludedbe
ause seasonal di�eren
es in Hpe are not large in solar minimum 
onditions, as shownin Se
tion A.0.5. The hourly average NOAA/DMSP Hpe is shown as a solid green line forthe NH and as a dashed line for the SH. NOAA and DMSP Hpe have peaks at the sametime as UVI Hpe, and the magnitudes are 
omparable below 20 or 30 GW. The UVI peakof the �rst substorm is ∼50 GW, whi
h is 
lose to the largest SH estimate from F12 of
∼40 GW. The se
ond UVI substorm peak is greater than 120 GW brie�y, with an averagepeak of ∼80 GW between 0030 and 0230 UT, while the largest NH F10 estimate is ∼50GW. Short-term lo
alized intense regions of pre
ipitation are often missed by individual
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 Figure A.4: POLAR UVI estimates of ele
tron hemispheri
 power (Hpe) in the NH (bla
kline) on 19-20 May 1996 
ompared to adjusted Hpe estimates from NOAA and DMSPin the NH (*) and SH (x). Also shown in dark green are Hpe average hourly 
ompositeestimates in the NH (solid line) and SH (dashed line).satellite tra
ks a
ross the aurora that use averaged global auroral patterns to estimate Hpe.IMAGE FUV[30℄ The IMAGE satellite was laun
hed on 25 Mar
h 2000 (00085 in year-daynumber).Summary FUV auroral images are available at http://sprg.ssl.berkeley.edu/image from00139 to 05352. The IMAGE FUV experiment estimates Hpi [e.g., Hubert et al. [2002℄℄from the Spe
trograph Imager (SI), assuming a model ion mean energy as a fun
tion of Kpfrom Hardy et al. [1989℄. The SI instrument was 
omposed of two narrowband dete
tors:one 
entered at 121.8 nm (SI12) to measure the hot Doppler-shifted Lyman-α hydrogen,and the se
ond dete
tor 
entered at the OI 135.6 nm (SI13) emission [Mende et al., 2000b℄.SI12 was minimally sensitive to ele
tron pre
ipitation but was sensitive to proton pre
ip-itation with peak sensitivity ∼8 keV. The SI12 proton energy range was between ∼1 keV[Mende et al., 2001℄ and ∼30 keV [Gérard et al., 2001℄, but protons >30 keV 
ould 
on-tribute signi�
antly.[31℄ Hpe was estimated using the Wideband Imaging Camera (WIC) with a pass-bandbetween 140 and 190 nm [Mende et al., 2000a℄, similar to POLAR UVI. As des
ribed byHubert et al. [2002℄, the SI13 image was mapped to the WIC image and ele
tron meanenergy was determined from the ratio of WIC/SI13 using e�
ien
y versus ele
tron aver-age energy 
urves. Hpe was then found from the WIC signal. These 
al
ulations wereperformed after the proton-indu
ed signals in WIC and SI13 were removed based on the



258 A. Seasonal and Kp Variationsproton estimates from SI12. The 
ontribution of ele
trons with energies >30 keV wasnegligible [Coumans et al., 2002℄. Therefore IMAGE FUV WIC Hpe estimates should besimilar to NOAA/DMSP Hpe estimates from the present study, while IMAGE SI12 Hpiestimates miss lower ion energies (<1 keV) and in
lude ions with higher energies (>20keV), as 
ompared to Hpi estimates from the NOAA SEM-2 instruments.[32℄ Paper 1 estimated from Figure 11 of Coumans et al. [2002℄ that NOAA TED SEM-2proton energy �uxes (0.3-20 keV) in the total auroral oval had approximately the samemagnitude as MEPED (30-240 keV) modeled ion energy �uxes for a median Kp of 4. Simi-larly, Fang et al. [2007℄ showed in their Figure 9 that NOAA MEPED Hpi (30-240 keV) hadabout the same magnitude as the adjusted NOAA TED SEM-2 Hpi (0.3-20 keV) for Kpvalues between 4- and 7+ on 17-18 April 2002. The high-energy 
ontribution to the totalHpi (0.3-240 keV) de
reased for lower Kp in the Fang et al. [2007℄ study, where MEPEDHpi (30-240 keV) was ∼15% of the SEM-2 Hpi (0.3-20 keV) for Kp ∼3, ∼10% for Kp ∼2,and dropped to ∼1% for Kp ∼1-. Therefore IMAGE FUV Hpi (>1 keV) should be largerthan NOAA SEM-2 Hpi (<20 keV) for medium and high Kp levels. For Kp <1, NOAASEM-2 Hpi might be higher than IMAGE FUV Hpi be
ause of the 
ontribution to Hpi ofprotons <1 keV.[33℄ Figures A.5a and A.5
 show NH Hpe estimates from IMAGE FUV images 
omparedwith adjusted Hpe estimates from NOAA and DMSP satellites from both hemispheres for02-03 January 2001 and for 30 January 2001. Previous IMAGE Hpe and Hpi estimatesand standardized NOAA Hpe estimates for 30 January were also shown in Figure 6a ofHubert et al. [2002℄. The format for Figures A.5a and 
 is the same as that in Figure A.4for the POLAR UVI 
omparison. SH NOAA and DMSP Hpe estimates ("x"s) are similarto NH Hpe estimates ("*"s), although there are fewer NH estimates between 3 and 9 UTbe
ause the NH MLT satellite tra
ks do not sample the auroral oval well. Like the UVI Hpe
omparison in Figure A.4, the FUV Hpe peaks above ∼20-30 GW are usually larger thanthe equivalent NOAA/DMSP Hpe 
omposite. However, the SH average hourly 
ompositeHpe (dashed dark green line) repli
ates the FUV peak around 3-6 UT on 2-3 January,while the maximum SH Hpe estimates from N12 (green x) at 2240 UT on 2 January andN16 (red x) at 1145 UT on 3 January are 
lose to the FUV peaks at those times. WhereFUV Hpe estimates are less than 5 GW on 30 January, NOAA and DMSP Hpe estimatesare higher.[34℄ Figures A.5b and A.5d show the same periods, but for Hpi. The initial 
alibration forthe IMAGE Hpi used in Hubert et al. [2002℄ was halved in the present study be
ause of theNOAA MEPED/TED and IMAGE FUV 
omparisons of Coumans et al. [2002℄. SummerSH ("x") Hpi values are usually larger than winter NH ("*") Hpi as explained later. SEM-2NOAA-15 and 16 adjusted Hpi estimates for proton energies <20 keV are about the sameas Hpi estimates from SI12 from about 1 to 4 GW, but N16 (red) and N15 (blue) Hpi (<20keV) estimates between 0400 and 0530 UT on 3 January fall short of SI12 observationsthat peak ∼7 GW when Kp was 4-, when ions >20 keV 
an 
ontribute half the total ion
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 Figure A.5: Same as Figure A.4 ex
ept the bla
k line is NH (a,
) ele
tron or (b,d) ionhemispheri
 power estimates from IMAGE FUV for (a,b) 02-03 January 2001 and for (
,d)30 January 2001.�ux. SEM-2 (<20 keV) Hpi estimates are higher than IMAGE FUV Hpi estimates in thequiet period at the beginning of 30 January, when IMAGE Hpi estimates fall below 1 GWfor a Kp of 2. Be
ause SI12 images are not sensitive to protons <1 keV, they miss soft ionpre
ipitation, parti
ularly around the 
usp on the dayside, whi
h is in
reasingly importantfor periods of low ion energy �ux.[35℄ The good agreement between Hpe and Hpi measurements obtained from global im-agery and those obtained by extrapolation to global patterns using in situ NOAA/DMSPobservations give 
on�den
e that the NOAA/DMSP estimates are reasonable 
hara
teri-zations of hemispheri
 energy input ex
ept during dynami
 periods with lo
alized intenseenergy �uxes.A.0.5 Interhemispheri
 Seasonal VariationsSH/NH Variations in Time[36℄ The top panel of Figure A.6 plots as 27-day averages, the ratio of daily averageHpe(SH)/Hpe(NH) estimates, while the bottom panel shows the SH/NH daily ratio forHpi. The daily Hp estimates were averaged from hourly Hp averages. The means of the



260 A. Seasonal and Kp Variationsratios of the daily Hp averages are listed at the top of ea
h plot. The 28-year mean ofthe ratio of daily Hpe median SH and NH values (not shown) is 1.0000, be
ause one ofthe adjustments made in Paper 1 was to require that the median daily Hpe SH/NH ratiosbe approximately 1.0 over the lifetime of ea
h satellite, as shown in Tables A.1 and A.2.However, daily average SH Hpe estimates were ∼2% larger than in the NH, and NH Hpiestimates were ∼2% larger than in the SH. Larger NH Hpi estimates 
an be tra
ed ba
kto NOAA-15 in Figure A.2, whose NH estimates were larger than in the SH for most ofthe years before 2004 as seen in the SH/NH ratio of the plot and as listed in Table A.1b.

 Figure A.6: Daily ratios of the daily average southern hemisphere (SH) Hpe (top panel)and Hpi (bottom panel) divided by daily average northern hemisphere (NH) Hp values areplotted as 27-day averages. The daily Hp averages are 
al
ulated from hourly Hp averages.The means of the daily SH/NH Hp ratios over the observation periods are listed. Theseasonal variations of the ele
trons and ions are opposite to ea
h other.[37℄ Year boundaries, whi
h o

ur during the SH summer, are shown as dotted lines inFigure A.6 for 1999-2007 and 
learly demonstrate that Hpi is largest in the summer hemi-sphere while Hpe is smallest in the summer hemisphere. The seasonal variations are moredistin
t in the hourly average 
omposites than in the individual satellite SH/NH ratiosplotted in Figures A.1
 and A.2. However, as in Figure A.1
, Hpe seasonal di�eren
es



261appear to be as mu
h as ±25% of the yearly average (or equinox values) in solar maximumand ∼ ±5% in solar minimum. For Hpi, solar 
y
le e�e
ts are not as easy to dis
ern, andsummer-winter extremes vary between ∼ ±10% in 2003-2004, to ∼ ±30% in 2000 or 2005.The Hpi seasonal variation is opposite to that of Hpe, and it appears to be larger.Interhemispheri
 Di�eren
es as Fun
tions of Hemispheri
 Power Magnitudes[38℄ Ridley [2007℄ 
al
ulated the di�eren
e between median daily NH Hpt and SH Hpt(<20 keV) as a fun
tion of daynumber from 25 years of NOAA estimates. The interhemi-spheri
 di�eren
es showed that winter solsti
e Hpt was ∼20% larger than summer solsti
eHpt. Hpt is similar to Hpe sin
e the Hpi 
omponent for <20 keV is ∼8% of Hpt (from Se
-tions A.0.2 and A.0.3, and Hubert et al. [2002℄). In the present study, we similarly binnedadjusted 
omposite hourly averaged NH and SH Hpe (<30 keV) and Hpi (<20 keV) andtheir interhemispheri
 di�eren
es as a fun
tion of daynumber a

ording to the magnitudesof SH or NH Hpe and Hpi. The data were further separated into three Sa bins (Sa<100,100-160, Sa>160). Ordering by Hp magnitude is 
onsistent with how Fuller-Rowell andEvans [1987℄ ordered Hpt as a fun
tion of the magnitude of Hpt.[39℄ The top panel of Figure A.7 displays the annual variation in the interhemispheri
di�eren
es between hourly averaged SH Hpe and NH Hpe binned in daynumber and thenaveraged ea
h day over 28 years. Global averages of Hpe (or the average of ea
h hourly SHand NH Hpe) were 
on�ned to be between 10 and 12 GW for daily 10.7 
m solar �ux (Sa)values of 160 or more. The bottom panel shows the same for 9 years of Hpi, where hourlyaverage SH+NH Hpi were between 1.0 and 1.2 GW. Like Ridley [2007℄, we anti
ipate anannual 
osine variation with a peak on daynumber 173, whi
h is the winter solsti
e for theSH. The �tted 
osine amplitude is 0.80 GW for Hpe and -0.18 GW for Hpi, representinga 1.60 GW (15%) in
rease in the winter solsti
e Hpe over summer, and a 0.36 GW (34%)in
rease of the summer solsti
e Hpi 
ompared to winter.[40℄ Figures A.8a and A.8b plot the seasonal variations as Hpews
1 and Hpiws

2, wherethe winter-summer di�eren
es are twi
e the average of the �tted annual 
osine magnitudes.Three Sa ranges are plotted for Hpews, but Sa was not signi�
ant for Hpiws. Positive valuesare winter ex
esses while negative values are summer ex
esses. The lowest Hpe magnitudesexhibit summer ex
ess Hpe 
ompared to winter, while for global average Hpe >10 GW,winter Hpe values are larger than summer Hpe values. For global average Hpe >40 GW,the winter ex
esses in Hpe are ∼40%. The highest winter ex
esses are for the highest Savalues. Ridley [2007℄ estimated a 20% winter ex
ess NOAA Hpt, whi
h we would expe
tto be similar to Hpe. However, when we average the fra
tional seasonal variation over allmagnitudes of global Hpe, weighting with the number of hourly values in ea
h magnitudebin, we 
al
ulate an average Hpe winter ex
ess of only 7% be
ause the summer Hpe ex
eeds1Hpews = [Hpe(winter) − Hpe(summer)]/Hpe(globalannualaverage)2Hpiws = [Hpi(winter) − Hpi(summer)]/Hpi(globalannualaverage)
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 Figure A.7: NOAA/DMSP di�eren
es between SH and NH Hpe averaged in daynumberfor hourly average (SH+NH) Hpe between 10 and 12 GW for Sa values above 160 sfu arein the top panel. The bottom panel show similar di�eren
es between NOAA SEM-2 SHand NH Hpi averaged in daynumber for hourly average (SH+NH) Hpi between 1 and 1.2GW. Annual 
osine �ts to the di�eren
es for a peak at SH summer solsti
e are listed abovethe �gures and are plotted as smooth 
urves.
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 Figure A.8: (a) Hpews and (b) Hpiws represent the fra
tional di�eren
e between winterand summer. The annual 
osine amplitude is divided by the annual global average Hpe orHpi. Three solar �ux (Sa) levels are shown for Hpews, with dashed lines for the parame-terizations at Sa=81, 131 and 199.the winter Hpe ∼35% of the time. The largest summer Hpi ex
esses 
ompared to winterin Figure A.8b are ∼35% for global Hpi<1 GW. Above ∼2 GW, the summer ex
ess Hpi
ompared to winter is ∼20%. The average Hpi summer ex
ess weighted by the number ofhourly values in ea
h magnitude bin is 28%.[41℄ The �ts of Hpewsversus the global annual average Hpe in Figure A.8a are plotted asdashed lines for Sa values of 81, 131 and 199 as
Hpews = [0.32 + 0.0005 min(Sa, 250)] − [0.81 + 0.001min(Sa, 250)] ∗

exp{−[0.06 + 0.00025 min(Sa, 250)]Hpe(global average)} (A.3)The dashed line in Figure A.8b for Hpiws is
Hpiws = −0.21 − 0.073 ∗ exp[−0.30Hpi(global average)] (A.4)Dis
ussion of Seasonal Variations[42℄ The seasonal di�eren
es in Hpe of ∼ ±40% from Figure A.8a are within the range ofthe largest intersatellite adjustment fa
tors listed in Tables A.1 and A.2, and so were notnoted until Ridley [2007℄ and the present study. The ele
tron aurora is 
omposed mostlyof di�use pre
ipitation from the 
entral plasma sheet, with dis
rete ar
s of usually higher



264 A. Seasonal and Kp Variationsenergies and larger energy �uxes on the poleward edge [e.g., Heelis et al. [1980℄℄. Newellet al. [1996b℄ used DMSP data to examine dis
rete aurora with intense ele
tron a

elerationevents (i.e., energy �uxes >5 mW m−2). The largest probability of �nding these intenseele
tron �uxes was ∼6% in darkness from 20 to 23 MLT. Coumans et al. [2004a℄ found asimilar probability of 7% between 21 and 24 MLT from 15 winter days of IMAGE FUVdata. Newell et al. [1996b℄ found that these intense dis
rete auroral ar
s are suppressedin sunlight by a fa
tor of three. They suggested that the nightside seasonal variation isrelated to an ionospheri
 
ondu
tivity feedba
k me
hanism where higher energy ele
tronsfrom the magnetosphere are a

elerated along �eld line potential drops into dark regions oflow 
ondu
tan
e. Liou et al. [2001℄ showed an in
rease in the typi
al pre-midnight auroralintensity from ∼1.5 mW m−2 in NH summer to ∼2 mW m−2 in NH winter from POLARUVI images during solar minimum 
onditions.[43℄ Using NH UVI images, Liou et al. [1997℄ found in
reasing ele
tron energy �ux fromApril to July during the day-time hours ∼9 MLT and ∼15 MLT. Liou et al. [2001℄ similarlyfound an in
rease in the dayside summer ele
tron energy �ux 
ompared to winter, espe-
ially in the pre- and post-noon se
tors. In Plate 3 of Hardy et al. [1985℄, DMSP ele
tronenergy �uxes on the dayside are approximately equal to the energy �uxes on the nightsidefor Kp 0. The nightside 
ontribution to the total energy �ux in
reases with in
reasing Kp,with the largest lo
al energy �uxes in the post midnight se
tor. Thus for low magnitudes ofHpe, the summer dayside enhan
ements of the ele
tron energy �ux 
ompared to equinox orwinter found by Liou et al. [1997, 2001℄ outweigh the winter nightside in
reases in ele
tronenergy �ux 
ompared to summer found by Liou et al. [2001℄ and Newell et al. [1996b℄.For higher Hpe magnitudes, the nightside winter in
reases in ele
tron energy �ux are moreimportant 
ompared to summer, leading to larger winter Hpe 
ompared to summer Hpe.Figure A.8a shows summer Hpe ex
eeds winter Hpe ∼35% of the time with low Hpe. How-ever, winter Hpe usually ex
eeds summer Hpe, as seen in Figures A.1
, A.6, A.7, and A.8a.[44℄ Newell et al. [2005℄ used DMSP data and Coumans et al. [2004a, 2006℄ used IM-AGE FUV data to study seasonal variations in the ion energy �ux. Newell et al. [2005℄reported on ion �uxes >0.25 mW m−2 based on 11 years of DMSP SSJ/4 observationsfrom 1 January 1984 to 31 De
ember 1994. NH winters (SH summers) from 1 De
emberto 10 January were 
ombined with SH winters (NH summers) from 1 June to 10 July. Thelargest ion energy �uxes were in the nighttime se
tor between 21 and 2 MLT. Newell et al.[2005℄ found an in
rease in the intense ion aurora in winter between 0 and 6 MLT 
om-pared to summer. This winter ion energy �ux in
rease was ∼15% in the most a
tive postsolar maximum years (1992-1994), and was ∼31% in solar minimum (1984-1986). Therewas no summer/winter di�eren
e in ion energy input between 18 and 24 MLT, but therewas an in
rease in dayside ion auroral �ux in summer 
ompared to winter. The summerdayside ion energy �uxes between 15 and 18 MLT in the solar minimum 
ase were 57%larger than in winter. We estimated from the information in Newell et al. [2005℄, that theirtotal DMSP Hpi (<30 keV) was approximately the same for summer and winter in solarminimum be
ause summer dayside in
reases 
ompensated for summer nightside de
reases.



265In solar maximum years, both winter and summer seasons showed an in
rease in the ionenergy �ux of nearly a fa
tor of six in the pre-midnight region from 18 to 24 MLT 
om-pared to solar minimum years, thus redu
ing the importan
e of the dayside ion energy �uxin solar maximum. From the information from Newell et al. [2005℄ presented above, weestimated DMSP Hpi to be ∼7% larger (half of the post-midnight 15% in
rease) in winter
ompared to summer during solar maximum. Using NOAA SEM-2 Hpi (<20 keV), our�ndings show summer Hpi to be larger than winter Hpi.[45℄ Coumans et al. [2004a℄ 
ompared SI12 proton images for 12 summer days (14-17, 21-28 June) and 15 winter days (15-29 De
ember) in the northern hemisphere in 2000. Theintegrated proton �ux of Coumans et al. [2004a℄ was ∼21% larger in summer than in winterfor Kp ≤3 and ∼16% larger for Kp ≥4. The summer Hpi in
rease was mainly due to thein
reased latitudinal width of the pre
ipitation from 8.3 degrees in winter to 13.5 degreesin summer. Figure 2 in Coumans et al. [2006℄ showed that the largest ion energy �uxes inboth winter (77 days) and summer (82 days) during solar maximum (2000-2002) o

urredbetween 0 and 2 MLT, whi
h is similar to the result of Newell et al. [2005℄. However, unlikethe DMSP study of Newell et al. [2005℄, the ion energy �uxes in the post-midnight se
torwere larger in the two summers (2.6 and 3.0 GW) than in the two winters (1.3 and 1.4GW). We 
al
ulated the SEM-2 summer and winter Hpi estimates (<20 keV) in the NHand SH for the same 159 days of the Coumans et al. [2006℄ IMAGE study and found thetwo NH summer and two SH summer Hpi estimates to be between 1.3 and 1.7 GW andthe two NH winter and two SH winter estimates to be between 1.1 and 1.5 GW. Thesewinter SEM-2 Hpi estimates were 
lose to SI12 Hpi estimates, but the summer SEM-2 Hpiestimates were only ∼15-20% larger than winter and not a fa
tor of two larger as foundby Coumans et al. [2006℄.[46℄ Similar to Coumans et al. [2004a℄, Figure 2 of Coumans et al. [2006℄ showed thenightside winter ion auroral oval was ∼8 degrees in width and expanded mostly polewardto 15-19 degrees wide for the 2000 summer and to 10-15 degrees wide for the 2001 summer.We estimated the nightside ion auroral widths from Figures 3-6 in Newell et al. [2005℄ forsummer and winter to be ∼11 degrees in solar minimum and ∼15 degrees in post-solar-maximum. All three studies showed an in
rease in the latitude extent of ion aurora insummer on the dayside 
ompared to winter.[47℄ We found low-energy (<20 keV) Hpi to be larger in summer than in winter in FiguresA.2, A.6, A.7, and A.8b, but we 
annot determine the MLT variations or the width ofthe ion pre
ipitation be
ause the Hpi and Hpe estimates suppress su
h information. OurHpi summer in
reases 
ompared to winter are smaller than the IMAGE SI12 Hpi seasonalvariations, and are opposite to the DMSP study by Newell et al. [2005℄ whi
h found overallin
reases in the winter ion energy �ux 
ompared to summer in solar maximum.



266 A. Seasonal and Kp VariationsA.0.6 Hemispheri
 Power versus Kp[48℄ The auroral energy input is well 
orrelated to the level of magneti
 a
tivity repre-sented by the Kp index, whi
h is always available. Solar wind drivers of magneti
 a
tivityare the IMF Bz 
omponent and the solar wind velo
ity (Vsw), whi
h are not always avail-able. For the present study, we binned the hourly average 
omposite SH Hpe and Hpivalues as a fun
tion of 3-hour Kp, hourly IMF Bz, hourly Vsw, and daily solar �ux for two-or four-month seasons. The two-bin separation values for Bz (- and +), Vsw (< and >430 km s−1), and Sa (< and >130) were 
hosen to have approximately the same numberof statisti
s above and below. Multiple bins for Bz, Vsw, and Sa were 
hosen for other
omparisons. Tables A.3a and A.3b list the hourly averaged SH NOAA/DMSP Hpe andSH NOAA SEM-2 Hpi values as a fun
tion of Kp and season for all 
onditions. All-seasonaverages were found by �rst averaging the two-month fall and spring periods, whi
h havesimilar Hpe and Hpi values, and then averaging over the three four-month seasons of win-ter, summer, and equinox. NH UVI Hpe all-season averages are also listed along with NHSI12 Hpi estimates from Coumans et al. [2006℄ and DMSP Hpe and Hpi estimates fromHardy et al. [1989℄.Ele
tron Hemispheri
 Power as a Fun
tion of Kp[49℄ Figure A.9a shows the SH hourly average Hpe (<30 keV) values binned in Kp. Thediamonds are averages for all 
onditions (all-seasons in Table A.3a). The error bars repre-sent ±1 standard deviation, and no symbol is plotted if there are less than 26 points in aKp bin. A third-order polynomial �t to the diamonds, listed at the top of the plot is
Hpe(GW ) = 2.5103 + 9.9207Kp − 2.1825Kp2 + 0.3033Kp3 (A.5)The seasonal variation is plotted around the polynomial �t as summer red dashed linesand winter blue dot-dashed lines using the formula

Hpe(GW ) = Hpe(Kp)(1 ± 0.5Hpews) (A.6)where Hpe(Kp) is from Eq. A.5 and Sa was assumed to be 130 in Eq. A.3 for Hpews. Theplus sign is for the winter 
urve and the minus sign is for the summer 
urve.[50℄ The polynomial �t is relatively 
lose to the linear �t for Kp 0-7 found by Maedaet al. [1989℄ using NOAA Hpt estimates between 1978 and 1985. The linear �t for Hptis too small for Kp 8 and 9, but agrees well in general be
ause the NOAA Hpt estimateswere normalized to be 
onsistent with NOAA-TIROS, whi
h was 
lose to the 
hosen Hpebaseline, as shown by the X1 fa
tors 
lose to 1.0 in Table A.1a. To keep the �t positive atKp 0, an additional point of 3.55 GW was added at Kp=-0.2. A se
ond-order polynomial�t of Hpe hourly averages to 3-hour ap (not plotted) was
Hpe(GW ) = 8.8186 + 0.5457ap − 0.00053303ap2 (A.7)
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 Figure A.9: (a) Southern hemisphere (SH) average hourly 
omposite ele
tron hemispheri
power (Hpe) values are averaged in Kp bins between 1978 and 2007. The polynomial �tis to all the SH data, where the verti
al bars are plus and minus one standard deviation.The model estimates for summer and winter are plotted as red dashed and blue dot-dashedlines about the polynomial �t where the solar �ux (Sa) was assumed to be 130. No symbolis plotted if there are <25 hours in a bin. The dark green line is the linear �t fromMaeda et al. [1989℄ using NOAA TIROS-standardized total hemispheri
 power estimatesfrom 1978 to 1985. Hourly average Hpe estimates from UVI on POLAR in the NH from1997-1999 are plotted as triangles. Values from DMSP-F6 and F7 between 1983-1984 fromHardy et al. [1989℄ are plotted as x's, where Kp ≥ 6- is arbitrarily plotted at Kp=7. (b)Similar to Figure A.9a ex
ept for SH ion hemispheri
 power (Hpi) values between 1998and 2007 from four NOAA SEM-2 satellites. NH Hpi estimates from SI12 IMAGE in 2000and 2001 are similar to Coumans et al. [2006℄, but separated into summer and winter.



268 A. Seasonal and Kp Variations[51℄ Seasonal variations are responsible for some of the variability within ea
h Kp level,while IMF Bz and Vsw add additional variability. Ea
h Kp level in Figure A.9a shows rela-tively low Hpe (red 
ir
les) during summer, Bz positive, and low Vsw 
onditions 
omparedto relatively high Hpe (blue stars) during winter, Bz negative, and high Vsw 
onditions.[52℄ Also plotted in Figure A.9a are the values from DMSP F6 (normalized to F7) andF7 in 1983-1984 from Table 7 of Hardy et al. [1989℄. As shown in Table A.3a, the Hardyet al. [1989℄ DMSP Hpe are a little larger than the NOAA/DMSP Hpe over 28 years, whi
hmight be expe
ted from Figure A.1b where the median Hpe is relatively large in 1983-1984.[53℄ The average hourly NH POLAR UVI estimates of Hpe between 1997 and 1999as a fun
tion of Kp are plotted in Figure A.9a, avoiding the periods around the fallequinoxes that were 
ontaminated with light leaks. The UVI Hpe estimates are 
loseto the NOAA/DMSP Hpe ex
ept for the lowest Kp levels where they are larger, possiblydue to insu�
ient dayglow removal in the UVI images. Another possibility for the dis
rep-an
y 
ould be an underestimate of low level quiet-time ele
tron energy �uxes in the polar
ap by NOAA and DMSP instruments.[54℄ The fra
tional di�eren
e between four-month Hpe winter and summer over the aver-age Hpe was 
omputed (not plotted) as a fun
tion of Kp. Summer ex
ess Hpe was seenfor Kp 0 and 1 (at low magnitude Hpe), and winter ex
ess Hpe was seen for Kp 2 to 6with poor statisti
s for higher Kps. The NH UVI showed somewhat larger winter ex
essHpe values than the SH NOAA/DMSP Hpe for Kp 1 to 5.Ion Hemispheri
 Power as a Fun
tion of Kp[55℄ Figure A.9b shows all-season average Hpi values for all 
onditions from Table A.3b asdiamonds. The third-order polynomial �t (bla
k line) was a
hieved by adding an additionalpoint at Kp=-0.2 of 0.73 GW to keep the Hpi value at Kp 0 positive:
Hpi(GW ) = 0.5823 + 1.1446Kp − 0.4294Kp2 + 0.0536Kp3 (A.8)A �rst-order polynomial �t of hourly average Hpi estimates to 3-hour ap (not plotted) was

Hpi(GW ) = 0.8290 + 0.0408ap (A.9)The seasonal variation in Hpi is plotted around the polynomial �t using the equation
Hpi(GW ) = Hpi(Kp) ∗ (1 ± 0.5Hpiws) (A.10)whi
h similar to Eq.A.6 for Hpe. Unlike Hpe in Figure A.9a, the summer Hpi 
urve islarger than the winter Hpi 
urve. Also unlike Hpe, the Hpi values at ea
h Kp level for allseasons were slightly higher for Bz positive 
onditions and low solar wind speeds, where



269most of the Bz positive and low Vsw 
onditions were in the lower Kp levels. We will ex-amine IMF Bz and Vsw 
onditions more in Se
tion A.0.7.[56℄ IMAGE SI12 Hpi estimates (>1 keV) from NH images for 40 days in summer (1 June- 10 July 2000) and 37 days in winter (3 De
 2000 - 8 Jan 2001) were plotted in Figure1 of Coumans et al. [2006℄ as a fun
tion of Kp. These IMAGE SI12 Hpi estimates wereseparated into summer and winter estimates and plotted in Figure A.7b, where statisti
swere good between Kp 1 and 5 for summer and between Kp 0 and 3 for winter. The SI12values are larger than other estimates ex
ept at Kp 0, where they are ∼20% lower thanother Hpi estimates, probably be
ause SI12 Hpi estimates are insensitive to ion energies <1keV. For Kp 1 and larger, the summer SI12 Hpi estimates are progressively larger than theHpi estimates from DMSP (<30 keV) or from NOAA SEM-2 (<20 keV), whi
h suggestsions of higher energies (>30 keV) be
ome in
reasingly important in the total ion �ux asKp in
reases.[57℄ The fra
tional di�eren
e between four-month winter and summer SH Hpi showedmostly summer ex
ess Hpi in the entire Kp range (not plotted). The NH SI12 Hpi summerex
ess was a little larger than the NOAA SEM-2 SH Hpi summer ex
ess.A.0.7 Ele
tron and Ion Hemispheri
 Power as a Fun
tion of IMFBz and Vsw[58℄ Many modelers prefer to use parameterizations in terms of IMF Bz and solar windvelo
ity (Vsw) instead of Kp. Brautigam et al. [1991℄ binned DMSP ele
tron and ion energy�uxes as a fun
tion of magneti
 latitude and lo
al time for various Bz and Vsw 
onditionsto 
reate global estimates of Hpe and Hpi. They found minimum values of Hpe for Bz

∼4 nT, and minimum values of Hpi for Bz ∼2 nT. The lines in Figure A.10 are similar toBrautigam et al. [1991℄, where we in
lude 28 years of adjusted hourly averages of individualsatellite tra
k estimates of NOAA/DMSP Hpe and 9 years of NOAA SEM-2 Hpi. BothHpe and Hpi in
rease strongly as a fun
tion of negative Bz. Hpi also in
reases strongly as afun
tion of positive Bz after a minimum around 1 nT. Hpe approximately doubles for Vswbetween 300 and 600 km/s in Figure A.10
, while the in
reases in Hpi with Vsw in FigureA.10d are more modest ex
ept where the large in
reases in Hpi re�e
t larger magnitudesof Bz at higher Vsw velo
ities in the extreme Bz bins. The same trends in Hpe and Hpiwere also seen for ea
h season (not shown). The minimum Hpe and Hpi values in FigureA.10 are not as low as the Hpe and Hpi values at Kp 0 in Figure A.9 or in Table A.3.Therefore, the quietest 
onditions are 
aptured with Kp 0.[59℄ DMSP Hpe and Hpi estimates (<30 keV) from Table 3 in Brautigam et al. [1991℄ (notplotted) were approximately the same magnitude as our NOAA/DMSP Hpe and Hpi forBz positive, but they were larger than our Hpe and Hpi for Bz negative. The NH UVI
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 Figure A.10: Southern hemisphere (SH) average hourly 
omposite (a) ele
tron (Hpe) and(b) ion (Hpi) hemispheri
 power values are averaged in IMF Bz and solar wind (Vsw) binsand plotted as solid lines as a fun
tion of Bz, similar to Brautigam et al. [1991℄. Modelparameterizations are dashed lines. Southern hemisphere (SH) average hourly 
omposite(
) ele
tron (Hpe) and (d) ion (Hpi) hemispheri
 power values are averaged in IMF Bz andsolar wind (Vsw) bins and plotted as solid lines as a fun
tion of Vsw, similar to Brautigamet al. [1991℄. Model parameterizations are dashed lines.



271Hpe (not shown) were similar in magnitude to our NOAA/DMSP Hpe for Bz negative, butwere ∼3 GW higher for Bz positive, whi
h is similar to the ex
ess UVI Hpe for Kp 0 and1 in Table A.3a and in Figure A.9a.[60℄ Hpe 
an be parameterized for negative Bz as:
Hpe(Bz < 0) = 5.0+3.3|Bz_neg|+(0.05+0.003|Bz_neg|)∗ [min(Vsw, 700)−300] (A.11)where Hpe is in GW, Bz in nT, and Vsw in km s−1. Hpe for zero or positive Bz is:

Hpe(Bz ≥ 0) = 5.0 + 0.05[min(Vsw, 700) − 300] (A.12)whi
h is the same as Eq. A.11 with Bz set to zero. The model parameterizations are shownas dashed lines in Figures A.10a and A.10
.[61℄ SEM-2 Hpi estimates in Figure A.10b for large positive Bz are almost as large as thosefor large negative Bz. If we assume Hpi is a 
onstant between Bz -1 and +2 nT, Hpi 
anbe parameterized as:
Hpi(Bz < −1nT ) = 0.71+0.29|Bz_neg|+(0.0002|Bz_neg|+0.00105)[min(Vsw, 700)−300](A.13)and as:
Hpi(Bz > +2nT ) = 0.86 + 0.07Bz_pos + (0.0009Bz_pos − 0.00055)[min(Vsw, 700) − 300](A.14)where these linear model estimates are plotted as dashed lines in Figures A.10b and A.10dusing the a
tual binned values of Bz as a fun
tion of Vsw for the extreme Bz bins in FigureA.10d. The 
onstant values of Hpi between -1 and +2 nT are:

Hpi(−1 < Bz < +2nT ) = 1.00 + 0.00125[min(Vsw, 700) − 300] (A.15)[62℄ The Hpe and Hpi seasonal variations in Equations A.6 and A.10 
an equally be ap-plied to these parameterizations of Hpe and Hpi in Bz and Vsw in pla
e of the Kp relations.A.0.8 Solar Flux Variations in Hemispheri
 Power[63℄ We now examine how SH Hpe and Hpi 
hange as a fun
tion of the 10.7 
m solar �uxadjusted to 1 AU (Sa). The seasonal variations in Hpe are a fun
tion of Sa as shown inFigure A.8a, but do not show if Hpe de
reases or in
reases with in
reasing Sa. Be
auseHpe and Hpi are very strong fun
tions of Bz, we binned hourly Hpe and Hpi as a fun
tionof six Sa ranges (<85, 85-100, 100-130, 130-160, 160-190, >190) using the same Bz and



272 A. Seasonal and Kp VariationsVsw bins given in Figures A.10a and b. To in
rease statisti
s, we then 
ombined various Bzand Vsw bins in Figure A.11 for winter and summer. Be
ause the Bz and Vsw bins re�e
tthe magneti
 a
tivity, the resulting variations of Hp with Sa should re�e
t the e�e
t of theEUV �ux.[64℄ In Figure A.11a-f, Hpe in
reases with Sa for low Vswand Bz>-3 nT. The in
rease is
∼25-30% for winter and ∼20% for summer for Vsw<375 km s−1. We 
he
ked individualbins to see if there were biases in Bz or Vsw. The Vsw average varied up and down within
reasing Sa, but Bz generally de
reased ∼0.05 nT from low to high Sa for -3<Bz<0 nT.Using the Bz_neg term in Eq. A.11, this 
orresponds to an in
rease of ∼0.2 GW, or ∼3%for Figure A.11
, whi
h would exhibit the largest e�e
t where the magnitude of Hpe issmall. So, perhaps the Hpe in
rease with Sa for low Vsw is really only ∼15-25% instead of
∼20-30%.[65℄ For 375<Vsw<450 km s−1, there was no Sa variation for Bz>3 nT. In winter for-3<Bz<3 nT in Figures A.11b and A.11d, Hpe in
reases ∼10% up to Sa ∼150. This isalso 
hara
teristi
 of most winter seasons for Bz<3 nT. The summer Hpe in Figure A.11din
reases ∼10% in the range. Most summer seasons are similar to Figure A.11b where thesummer Hpe in
reases ∼10% up to Sa ∼100, and then drops to values similar to Sa ∼75.For Bz<-3 nT at all Vsw, the Hpe variations were similar to those in Figure A.11b, butwith greater Hpe magnitudes and more separation between the seasons.[66℄ The in
reasing di�eren
e between winter and summer Hpe with in
reasing Sa in the
ommon pattern of Figure A.11b is the reason that there is a Sa variation in Figure A.8a.The winter to summer ex
ess in
reases with Sa for Hpe>10 GW. Similarly, Figures A.11
and e show that winter and summer Hpe are similar over the Sa range for Hpe<8 GW,where Sa variations are not important in Figure A.8a.[67℄ Newell and Wing [1998℄ found that dis
rete ele
tron auroras in sunlight de
rease within
reasing 10.7 
m solar �ux and also found that dis
rete auroras in darkness have no solar
y
le dependen
e. Thus, summer aurora might be expe
ted to de
rease more than winteraurora with in
reasing solar �ux. In our study, we �nd the opposite, where there is an in-
rease of Hpe with Sa, espe
ially for low Vsw, and that this in
rease is larger in winter thansummer. Our in
rease with Sa is largest for low magnitudes of Hpe, or for low a
tivities,and 
ould re�e
t an in
rease in di�use aurora with in
reasing EUV. For most 
onditions,the in
rease of Hpe with Sa is parti
ularly strong for Sa<∼100, and then diminishes or ismasked with in
reased magneti
 a
tivity.[68℄ Figure A.11g shows the Hpi variation with Sa for -3<Bz<3 nT over all Vsw. Thesummer Hpi in
reases ∼50% from Sa 75-115, and then de
reases to ∼33% by Sa 150. Thewinter Hpi in
rease is less at ∼35% up to Sa 115, and then de
reases to ∼25% by Sa 175.More negative Bz of ∼0.2 nT with in
reasing Sa result in an in
rease in Hpi from Eq. A.14of ∼0.06 GW, or ∼8%, whi
h is still less than the observed in
rease of Hpi with Sa. The
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 Figure A.11: (a-f) Hourly 
omposite NOAA/DMSP SH Hpe are plotted for Vsw <375 kms−1 (left 
olumn) and 375<Vsw<450 km s−1 (right 
olumn) as a fun
tion of Sa for summer(red stars) and winter (blue 
ir
les). The Bz bins are di�erent for ea
h row at -3<Bz<0 nT(row 1), 0<Bz<3 nT (row 2), and Bz>3 nT (row 3). (g) Hourly 
omposite NOAA SEM-2SH Hpi are plotted for -3<Bz<3 nT and for all Vsw as a fun
tion of Sa in summer andwinter.



274 A. Seasonal and Kp Variationspattern in Figure A.11g is 
onsistent for most of the individual Vsw and Bz bins. Be
auseions are more important at low a
tivities (Se
tion A.0.8), the in
rease of Hpi with EUVis more apparent for low Sa, and then 
ould be masked by ele
trons or stronger a
tivi-ties at higher Sa. The in
rease of Hpi with in
reasing Sa is 
onsistent with the study byNewell et al. [2005℄ whi
h found that the ion energy �ux in the 'a
tive period' of 1992-1994in
reased in the pre-midnight se
tor by a fa
tor of six from solar minimum values 1984-1987.[69℄ When we examined the Sa variation on bins based on the magnitude of the SH Hpeand Hpi, we found Hpe in
reased 8% (0.2 GW) with in
reasing Sa for all seasons for SHHpe<4 GW, but no e�e
t for larger magnitudes. This 
ould re�e
t more a
tive 
onditionswith higher Sa, or an enhan
ement of Hpe with in
reasing EUV �ux. For SH Hpi binnedin magnitude, a 1-3% in
rease (0.01-0.02 GW) of SH Hpi with in
reasing Sa was found forSH Hpi magnitudes between 0.6-1.4GW.A.0.9 Modeling Hpe and Hpi[70℄ The seasonal variations from Se
tion A.0.5 
an be 
ombined with the estimated Savariations in Se
tion A.0.8 with any of the model Hpe parameterizations as:
Hpe(GW ) = Hpe(Kp, ap, Bz/Vsw) ∗ {1 ± 0.5Hpews cos[(day − 173)2π/365]∗

{1 + 0.0019 ∗ [min(Sa, 200) − 70]}} (if Vsw < 375kms−1 and Bz > −3nT ) (A.16)where the '+' is for the SH and the '-' is for the NH. A 25% in
rease in Hpe from Sa ∼70 to
∼200 is estimated in the last term for Vsw<375 km s−1 and Bz>-3 nT. The ∼10% winterin
reases in Hpe up to Sa ∼150 for most other periods for Bz<3 nT are not in
luded. Hpi
an be modeled as:

Hpi(GW ) = Hpi(Kp, ap, Bz/Vsw) ∗ {1 ± 0.5Hpiws cos[(day − 173)2π/365]∗

{1 + 0.008 ∗ [min(Sa, 115) − 70]}} (A.17)where the '+' is for the SH and the '-' is for the NH. The last term indi
ates a 35% in
reasein Hpi from Sa ∼70 to ∼115 in the last term. Hpe or Hpi(Kp,ap,Bz/Vsw) are the Kp, ap,or Bz and Vsw approximations of the all-season (or equinox) Hp found in Eqs. A.5, A.7,A.8, A.9, A.11-A.12, A.13-A.15, or other formulae.A.0.10 Summary and Con
lusions[71℄ Estimates of the hemispheri
 power of pre
ipitating auroral parti
les from di�erentNOAA and DMSP satellites were re
alibrated after 
orre
ting for sensor degradations,noise and other problems. The best intersatellite 
orrelations were in the SH, where the



275auroral 
overage was better.[72℄ The intersatellite adjustments to a baseline for Hpe (<30 keV) from Tables A.1 andA.2 were within a fa
tor of two for all 24 satellites. The magnitude of the ion baseline (<20keV) from four NOAA SEM-2 satellites was doubled (X1 divisors in Table A.1b ∼0.5) inorder to be 
ompatible with, i.e. ∼77% of, the DMSP Hpi (<30 keV) of Hardy et al. [1989℄for Kp 1-3. SH/NH ratios of Hpe and Hpi were adjusted to be ∼1.0 over the lifetimes of thesatellites. Individual adjusted satellite Hpe and Hpi estimates and hourly estimates from allsatellites 
an be obtained from the CEDAR Database at http://
edarweb.hao.u
ar.edu/.Using SH hourly averages, the 28-year average Hpe (<30 keV) was 17.4 GW, while the9-year average Hpi (<20 keV) was 1.45 GW, or 8% of the total Hpt 'average' of 18.85 GW.[73℄ In the present study, the largest ion fra
tion (<20 keV) of Hpt in the SH was ∼19%during Kp 0, summer, Bz positive, and low Vsw 
onditions, and the smallest was ∼5%during Kp 2-7, winter, Bz negative, and high Vsw 
onditions. This is 
onsistent with theDMSP ion fra
tion (<30 keV) of ∼17% to ∼8% of the total found by Brautigam et al.[1991℄ for similar 
onditions. In
lusion of higher ion (<2.5 MeV) and ele
tron (<1 MeV)energies in
reased the ion fra
tion of the total energy �ux to ∼30% for low a
tivities andto ∼10% for high a
tivities.[74℄ The median hourly POLAR UVI NH Hpe estimates from 1997-1999 agreed with simi-lar estimates from NOAA/DMSP. In 
ase studies, adjusted NOAA and DMSP Hpe agreedwith POLAR UVI or IMAGE FUV Hpe ∼<25 GW, but were usually lower than UVI andFUV Hpe values for more a
tive 
onditions. Adjusted NOAA SEM-2 Hpi (<20 keV) weresimilar to IMAGE SI12 Hpi (>1 keV) when Hpi estimates were between ∼1 and 4 GW. Forquiet 
onditions, the SI12 Hpi missed ion energy �uxes <1 keV, and for a
tive 
onditions,the NOAA Hpi values missed ion energy �uxes >20 keV.[75℄ The ratio of daily average SH Hpe to NH Hpe is greater than 1.0 in June and lessthan 1.0 in De
ember (Fig. A.6), 
orresponding to a solsti
e winter in
rease over summer.But ∼35% of the time, summer solsti
e Hpe ex
eeded winter Hpe, with maximum summerex
esses of ∼30% for the lowest Hpe magnitudes (∼3 GW). Maximum winter solsti
e ex-
esses were ∼35-40% for Hpe >∼40 GW, with the largest winter ex
esses for large Sa (Fig.A.8a). A weighted average of the fra
tional winter ex
ess over all Hpe magnitudes was 7%.This is less than the estimate of ∼20% winter solsti
e in
rease 
ompared to summer fromRidley [2007℄ using 25 years of NOAA Hpt estimates. The in
rease of winter Hpe 
omparedto summer is 
onsistent with the suppression of dis
rete ar
s between 20 and 23 MLT insunlight [Newell et al., 1996b℄. The in
rease of summer Hpe 
ompared to winter for lowHpe (Fig. A.8a) is 
onsistent with the summer sunlit enhan
ement of soft ele
tron aurorain the pre- and post-noon se
tors [Liou et al., 1997, 2001℄ be
ause the dayside 
ontributionto the total aurora is greatest during quiet periods [e.g., Hardy et al. [1985℄℄.[76℄ The seasonal variation of the ratio of SH Hpi to NH Hpi is opposite to that for Hpe,



276 A. Seasonal and Kp Variationswith values greater than 1.0 in De
ember and less than 1.0 in June (Fig. A.6). Summersolsti
e Hpi ex
esses maximized ∼30% for Hpi <∼1.5 GW and de
reased to ∼20% forlarger Hpi. The summer over winter in
rease in NOAA SEM-2 Hpi agrees with the IM-AGE SI12 FUV seasonal Hpi estimates of Coumans et al. [2004a, 2006℄, but disagrees withthe DMSP Hpi estimates of Newell et al. [2005℄, who found extra winter ion energy �uxes
ompared to summer during solar maximum 
onditions.[77℄ Average hourly SH NOAA/DMSP Hpe and NOAA SEM-2 Hpi were binned in Kpand as a fun
tion of IMF Bz and Vsw. Hpe and Hpi estimates as a fun
tion of Bz and Vswwere similar to the results found by Brautigam et al. [1991℄. Hpi minimized for Bz around1.5 nT, and in
reased almost as mu
h for large positive Bz as for large negative Bz. Hpeand Hpi in
reased with in
reasing Vsw, where the Hpi in
reases were relatively modest.NOAA/DMSP Hpe agreed with NH POLAR UVI Hpe for negative Bz 
onditions. TheUVI Hpe estimates were ∼2-3 GW larger than NOAA/DMSP SH Hpe for low Kp (TableA.3a) and for positive Bz 
onditions. For Kp 4 and above, NH IMAGE FUV Hpi wereapproximately double NOAA SEM-2 Hpi (Table A.3b) be
ause ions >30 keV 
ontributeabout half the total Hpi during a
tive periods [Fang et al., 2007℄.[78℄ Hpe values in
reased ∼25% for Sa in
reasing from ∼70 to ∼200 for low Vsw andBz>-3 nT. At larger Vsw, winter Hpe in
reased ∼10% from Sa ∼70 to ∼150, while sum-mer Hpe in
reased ∼10% from Sa ∼70 to ∼100, and then de
reased. The winter-summerex
ess Hpe in
reased with Sa>100. The Hpe in
rease with in
reasing Sa is opposite to theobservation by Newell and Wing [1998℄ that dis
rete aurora in sunlight de
rease linearlywith the 10.7 
m solar �ux. However, our results show the biggest EUV (Sa in dis
reteBz/Vsw bins) responses for low a
tivities when most of the aurora is di�use. Hpi valuesin
reased ∼35-50% for Sa in
reasing from ∼70 to ∼115, and then de
reased slightly. Thein
rease of Hpi with in
reasing solar �ux is 
onsistent with the �nding by Newell et al.[2005℄ of a six fold in
rease of ion energy �ux in the post-midnight region from 0 to 6 MLTbetween low and high solar �ux.[79℄ This study 
on�rms the �nding of Ridley [2007℄ that seasonal (interhemispheri
) vari-ations are present in ele
tron (total) hemispheri
 power estimates. We extend that studyto show the seasonal Hpe variations 
hange from summer to winter ex
esses with in
reasingHpe magnitudes. This is the �rst time variations in Hpe and Hpi as a fun
tion of 10.7 
msolar �ux (Sa) have been estimated. The seasonal, solar �ux, and Bz/Vsw �ts to Hpe arenew, as are the Kp/ap �ts to Hpi.[80℄ The global maps used to estimate DMSP ele
tron and NOAA ele
tron and totalhemispheri
 power are based on NOAA total hemispheri
 power [Fuller-Rowell and Evans,1987℄. The ion and ele
tron energy �uxes were added together from both hemispheres as-suming 
onjuga
y and did not allow for seasonal or interhemispheri
 di�eren
es. It wouldbe useful if these global maps 
ould be updated to in
lude the observed seasonal di�er-en
es, and separated into ion and ele
tron ovals with di�erent auroral lo
ations, widths,



277and 
hara
teristi
s.[81℄ Several global models (e.g. Marsh et al. [2007℄) 
urrently use the Maeda et al. [1989℄formula with Kp to estimate the auroral input. The linear formula of Maeda et al. [1989℄for Hpt is relatively 
lose to the third-order polynomial fun
tion we found for Hpe ex
eptat the highest Kp levels, where the Maeda formula underestimates Hpt. We presented var-ious �ts for Hpe (<30 keV) and for Hpi (<20 keV). These formulae 
an be used in globalmodels to estimate both the ele
tron and ion auroral inputs. Although we showed solar�ux variations in this paper, a major question that remains is: 'Why were the variationsin the ele
tron auroral energy input so di�erent in the last three solar 
y
les?' We willattempt to explain this in a future paper in terms of high speed solar wind streams.



278 A. Seasonal and Kp VariationsName Start-Stop As
N LT +/- S/N NOAA Y0 SH/X1[℄ NH/X1[℄ Init/Adj SH/NHTIROS 78306-81058 1500 LT + S 1.00 1.04 0.97 1.062/0.990NOAA-06a 79190-86321 1929 LT - S 0.80 1.244[0.995℄ 1.238[0.99℄ 1.016/1.012NOAA-07b 81192-85041 1430 LT + S 1.21 0.785[0.95℄ 0.785[0.95℄ 0.972/0.996NOAA-08 83129-85287 1931 LT + S 1.63 0.583[0.95℄ 0.638[1.04℄ 0.925/1.012NOAA-10c 86289-91125* 1930 LT - S 1.00 0.75 0.73 1.004/0.978NOAA-12d 91155-06277* 1930 LT - S 1.00 1.72 1.78 0.972/1.001NOAA-14e 95019-06277* 1400 LT + S 1.00 0.84 0.84 1.119/1.001Name Start-Stop As
N LT +/- S/N NOAA Y0 SH/X1[℄ NH/X1[℄ Init/Adj SH/NHNOAA-15f 98182-present 2000 LT - S 2.70 0.663[1.79℄ 0.737[1.99℄ 0.898/0.999Ele
trons only 0.604[1.63℄ 0.667[1.80℄ 0.906/1.004Ions only 0.459[1.24℄ 0.537[1.45℄ 0.842/0.985NOAA-16g 00286-present 1400 LT + S 1.95 0.836[1.63℄ 0.856[1.67℄ 0.980/1.004Ele
trons only 0.785[1.53℄ 0.805[1.57℄ 0.973/0.999Ions only 0.487[0.95℄ 0.467[0.91℄ 1.000/0.966NOAA-17 02193-present 2200 LT + S 2.59 0.660[1.71℄ 0.676[1.75℄ 0.982/1.005Ele
trons only 0.610[1.58℄ 0.618[1.60℄ 1.000/1.013Ions only 0.382[0.99℄ 0.409[1.06℄ 0.929/0.994NOAA-18h 05157*-present 1400 LT - S 1.80* 0.844[1.52℄ 0.833[1.50℄ 1.046/1.032Ele
trons only 0.783[1.41℄ 0.767[1.38℄ 1.037/1.015Ions only 0.567[1.02℄ 0.511[0.92℄ 1.103/0.995MetOp-02i 06337-present 2130 LT S 2.00* 0.900[1.80℄ 0.910[1.82℄ 1.0003/1.011Table A.1: NOAA Satellite Chara
teristi
s and Corre
tions to Baseline Ele
tron or IonHemispheri
 Power



279Table A.1 : Table of NOAA satellite names, operational dates (two-digit year and three-digit daynumber of year), as
ending (As
) lo
al time (LT) at the equator towards thenorthern hemisphere (NH) where +/- means the orbit pre
esses to later/earlier LTs, var-ious "
orre
tion" fa
tors, and the lifetime ratio of the daily median hemispheri
 power(Hp) estimates of the southern hemisphere (SH) over the NH from the initial ("Init")data and from the �nal adjusted ("Adj") data. A "*" on the operational dates indi
atesa shorter period of good data. With a 98 degree in
lination, the highest NH latitude isrea
hed about 6 hours earlier in LT than the as
ending time, and the highest SH latitudeis about 6 hours later, so an "S" (or an "N") means the SH (or NH) nightside aurora isfavored. All NOAA satellites favor the SH nightside aurora ("S"). Orbit 
hara
teristi
sare also lo
ated at http://www.osdpd.noaa.gov/PSB/NAVIGATION/navpage.html. TheNOAA multipliers (Y0) a
hieve 
onsisten
y with the TIROS or NOAA-12 "standards" forsatellites that are not subje
t to spurious noise 
ounts. The adjustment fa
tors (X) in thepresent study are divisors, and there 
an be more than one adjustment (X1 to X5) if noiseor data dropouts a�e
t the data as listed in the footnotes. (For noise 
orre
tions, ydf isthe year with fra
tional days.) The adjustment fa
tors X in bra
kets are the 
orre
tionsusing the NOAA standard multiplier fa
tors Y0 ([X1℄ = X1 x NOAA Y0), so the X fa
torsoutside the bra
kets give the real range of the 
alibration adjustments.Table A.1a: NOAA SEM-1 satellites : The total hemispheri
 power estimates from the NOAA SEM-1(300 eV to 20 keV) satellites are 
orre
ted to a 
ommon baseline ele
tron hemispheri
 power.Table A.1b: NOAA SEM-2 satellites :The total and ele
tron hemispheri
 power estimates from theNOAA SEM-2 (50 eV to 20 keV) satellites are 
orre
ted to a 
ommon baseline ele
tron hemispheri
 powerand the remaining ion hemispheri
 power estimates are 
orre
ted to a 
ommon baseline ion hemispheri
power. The adjustment fa
tors X1 in bra
kets are the 
orre
tions using the NOAA standard multiplierfa
tors Y0, so the X1 fa
tors outside the bra
kets give the real range of the 
alibration adjustments ([X1℄= X1 x NOAA Y0).
a After 1985.0, NOAA-06 experien
ed a 20%/yr in
rease from noise: SH, NH X=(X1*(1+ydf-1985.0)*0.20)
b After 83218, NOAA-07 experien
ed noise whi
h was more in the NH: SH X2=0.87[1.05℄, NH X2=0.92[1.11℄
c Spurious noise for NOAA-10; 80%/yr in
rease between 87136-88059: X=X1*(1+(ydf-1987.370)*0.80); a software "�x"started 88001, gap 88060-88274, but noise in
reased, 88275-88366: SH X2=3.03, NH X2=3.12; abandoned data after 88366*
d Analysis terminated for NOAA-12 after 02203*; less reliable in-�ight analysis data from 05191 to 06277 with NH X2=1.59
e Analysis terminated for NOAA-14 after 04366*; less reliable in-�ight analysis data from 05191 to 06277. Spurious noise
hanged frequently: 100%/yr in
rease 1995.0-1996.9: X=X1*(1+(ydf-1995.0)*1.00); stable 1996.9-1998.0: SH X2=2.38, NHX2=2.43; 23%/yr de
rease 1998: X=X2*(1-(ydf-1998.0)*0.23); stable 99001-01036: SH X3=1.83, NH X3=1.87; mode 
hange01036 in
reased noise threshold, 2%/yr de
rease 01037-04366: SH X4=1.38, NH X4=0.95, X=X4*(1-(ydf-2001.099)*0.02);05001-06277 in-�ight analysis: SH X5=1.23, NH X5=1.32
f Sensor degradation for NOAA-15 of ∼2%/yr after 2004.0: X=X1*(1-(ydf-2004.0)*0.02)
h Sensor degradation for NOAA-16 of ∼4%/yr from 2004.0 to 2005.5: X=X1*(1-(ydf-2004.0)*0.04); sensor degradation of
∼8%/yr after 2005.5: SH X2=1.53[t℄,1.44[e℄,0.89[i℄, NH X2=1.57,1.48,0.86, X=X2*(1-(ydf-2005.5)*0.08)
h Usable start date for NOAA-18 on 05180*; analysis 
ompletely revised in July 2006 with 
hange in NOAA Y0.
i NOAA Y0 
onsisten
y fa
tor for MetOp-02 assumed 2.00 until the end of the �rst six months of operation. No Hpe (orHpi) 
al
ulated.
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Name Start-Stop As
N LT +/- S/N SH/X1 NH/X1 Init/Adj SH/NHDMSP-F06 83001-87203 0600 LT o N 1.02 0.92 1.101/0.993DMSP-F07a 83320-88117 1030 LT o N 1.025 1.085 0.943/0.998DMSP-F08 87176-94213 0610 LT o N 0.92 0.98 0.943/1.005DMSP-F09b 88039-92094 0932 LT - N 1.27 1.36 1.202/1.002DMSP-F10c 90341*-97318 1944 LT + S 0.83 0.77 1.024/0.989DMSP-F11d 91337-00137* 1659 LT + S 0.63 0.565 1.094/0.993DMSP-F12e 95005-02113* 2049 LT - S 0.88 0.81 1.188/1.001DMSP-F13 95089-present 1711 LT + S 0.99 1.01 0.977/0.996DMSP-F14f 97118-present* 2035 LT - S 1.43 1.43 1.000/1.000DMSP-F15g 99351-05094* 2110 LT - S 1.37 1.35 1.017/1.003DMSP-F16h 03300-present 2000 LT + S 0.81 0.75 1.070/0.990DMSP-F17 06315-present 1733 LT o S 1.13 1.16 0.960/0.985Table A.2: DMSP Satellite Chara
teristi
s and Corre
tions to Baseline Ele
tron Hemi-spheri
 Power



281Table A.2 : This table is similar to Table A.1 ex
ept for DMSP satellites whi
h estimatethe ele
tron hemispheri
 power (Hpe) from two ele
tron dete
tors (32 eV to 30.18 keV).The �rst four DMSP satellites (F06-F09) favor the NH nightside aurora while the latersatellites favor the SH nightside aurora. Orbit LT 
rossings over a satellite lifetime areavailable at https://swx.plh.af.mil/dmsp/ssiesdmspgeneral.html with a login from AFRL,where satellites drift to earlier ("-") or later ("+") LTs, or drift very little in LT ("o"). Theadjustment fa
tors (X) in the present study are divisors, and there 
an be more than oneadjustment (X1 to X4) if noise or data dropouts a�e
t the data as listed in the footnotes.The summer sunlight 
ontamination in the SH DMSP-F09 and F10 was initially deletedby eliminating the most a�e
ted UTs and daynumbers as listed in the footnotes. Later, thesunlight 
ontamination was �tted to smooth 
urves as a fun
tion of UT and daynumber,and subtra
ted from all the a�e
ted UTs to re
over the data and �nd the X divisor adjust-ments and SH/NH ratios listed below. The instrument pa
kage for the DMSP satellitesis SSJ/4 for DMSP-F06 to F15, and is SSJ/5 for DMSP-F16 to F17. The SSJ/5 has 100times the 
olle
tion area of SSJ/4 so more ba
kground noise.
a DMSP-F07 data gap 88026-88115, some tape noise (not adjusted for)
b DMSP-F09 SH summer sunlight 
ontamination for daynumbers > 275 and < 60 for all UTs ex
ept 1000-1659 UT whi
hare a

eptable
c Ellipti
al orbit for DMSP-F10, usable start date 90353*; SH sunlight 
ontamination varied �rst 3 summers: 91001-91059a

eptable UTs 1000-1259, 91291-92059 a

eptable UTs 1100-1259, 92291-93059 a

eptable UTs 0800-1259; variable noise;70%/yr in
rease1992.480-1992.70, X=X1*(1+(ydf-1992.480)*0.70); >1992.70 SH X3=0.96; 1992.70-1993.176 NH X3=0.89;after 1993.175 NH X4=1.09 be
ause the Thule dropouts are severe after 93064.
d Tape noise on DMSP-F11 started 99087, delete data after 99105*
e DMSP-F12 NH summer gaps 95115-95228, 96116-96225; NH Thule dropouts after 98048, tape noise 1998, delete data after98351*
f Sensor degradation on DMSP-F14 ∼11%/yr after 2001.0 not 
ompletely removed by AFRL post-�ight yearly ele
tron highenergy dete
tor (EHED) 
orre
tions so used annual adjustments X=X1*(Revised EHED*/DMSP EHED) where the ratio inparentheses multiplying X1 is (0.885/0.941) for 2001, (0.775/0.944) for 2002 and (0.665/0.866) for 2003; NH Thule dropoutsafter 98333; poor spe
trograms starting in 2003, delete data after 03324 although have low Hpe values earlier and AFRLprodu
es Hpe estimates up to 05094.
g Sensor degradation on DMSP-F15 ∼5.5%/yr after 2001.0 and ∼10.5%/yr after 2005.0 not 
ompletely removed by AFRLpost-�ight yearly ele
tron high energy dete
tor (EHED) 
orre
tions, so used annual adjustments X=X1*(Revised EHED*/DMSPEHED) where the ratio in parentheses multiplying X1 is (0.970/1.000) for 2001, (0.915/1.000) for 2002, (0.860/0.968) for2003, (0.805/0.950) for 2004, (0.712/0.855) for 2005, (0.625/0.760) for 2006, and (0.591/0.760) for 2007. h Analysis forDMSP-F16 
ompletely revised in May 2006.



282 A. Seasonal and Kp VariationsTable A.3 : The 
omposite adjusted NOAA/DMSP hourly averages of the southern hemi-sphere (SH) ele
tron hemispheri
 power (Hpe <30 keV) and NOAA SEM-2 ion hemispheri
power (Hpi <20 keV) in GW are shown as a fun
tion of Kp and season. The SH seasonsand daynumbers for non-leap years are: summer (295-049), winter (112-231), fall (50-111)and spring (232-294), where the equinox periods are half the length of the solsti
e periods.All-season averages from three seasons, averaging fall and spring together into equinox, arealso given. Estimates for periods with 25 hours are pre
eded by '∼'. The Hpe 
ompositehourly averages are from November 1978 to February 2007, while the Hpi averages arefrom July 1998 to February 2007. Northern hemisphere (NH) UVI POLAR Hpe estimatesare between 1997 and 1999 and are shown as a fun
tion of season where the fall period(*) in
ludes 16-33 winter days with light leaks. The UVI fall equinox period exhibits thelight leak enhan
ements, and is not in
luded in the all-season average. The DMSP Hpe(extrapolated to 100 keV) and Hpi (<30 keV) estimates are from Hardy et al. [1989℄ usingDMSP-F06 and F07 in 1983-1984 where the values for Kp=6- were in
luded in Kp=7. TheSI12 Hpi ( 1 keV to over 30 keV) all-season estimates are from Coumans et al. [2006℄, alongwith the summer and winter values used in our study where '∼' is for <100 images.
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Kp SH NH UVI SH NH UVI SH NH UVI SH NH UVI SH NH UVI NH+SHsummer summer winter winter fall fall* spring spring all-seas all-seas* DMSP0 to 0+ 4.58 7.04 3.84 5.74 3.98 13.59 4.09 7.49 4.15 6.76 4.681- to 1+ 7.92 8.68 7.53 10.03 7.25 15.22 7.69 10.05 7.64 9.59 8.142- to 2+ 12.75 12.48 11.88 14.10 12.64 21.29 13.34 14.12 12.54 13.57 14.93- to 3+ 17.75 17.68 18.82 19.23 19.52 29.21 20.45 19.30 18.85 18.74 25.94- to 4+ 26.39 21.96 32.02 31.01 28.91 37.42 29.75 23.35 29.25 25.44 33.65- to 5+ 36.10 29.53 42.35 36.65 38.12 43.19 38.60 36.52 38.94 34.23 43.26- to 6+ 50.70 43.53 52.92 64.26 49.39 61.04 49.79 ∼51.76 51.07 53.187- to 7+ 64.65 ∼31.84 64.92 ∼71.11 62.97 73.98 63.97 ∼73.70 64.35 58.88 77.68- to 8+ 89.60 ∼13.82 73.58 89.08 ∼97.68 94.98 85.079- to 9 129.39 134.05 ∼137.33 ∼129.82 132.34Kp SH NH SI12 SH NH SI12 SH SH SH NH SI12 NH+SHsummer summer winter winter fall spring all-seas all-seas DMSP0 to 0+ 0.89 0.49 0.61 0.58 0.77 0.77 0.75 0.54 0.6741- to 1+ 1.08 1.63 0.85 1.13 0.95 0.98 0.96 1.35 1.262- to 2+ 1.39 2.36 1.10 1.71 1.23 1.24 1.24 2.05 1.613- to 3+ 1.67 3.25 1.46 2.45 1.51 1.57 1.55 2.98 2.064- to 4+ 2.12 3.60 2.02 3.58 1.94 2.09 2.05 3.62 2.435- to 5+ 2.98 4.88 2.59 2.55 2.70 2.73 4.87 2.756- to 6+ 4.23 7.54 3.34 ∼3.23 3.61 3.27 3.67 6.567- to 7+ 6.36 4.38 4.99 5.51 5.33 5.698- to 8+ 10.70 6.70 ∼10.80 ∼5.16 8.469- to 9 15.33 ∼10.23 ∼21.99 ∼12.67 14.30

Table A.3: (a) Ele
tron and (b) Ion Hemispheri
 Power as a Fun
tion of Kp and Season





Annexe BHigh resolution FUV observations ofproton auroraD. H. Chua, K. F. Dymond, S. A. BudzienThermospheri
 and Ionospheri
 Resear
h and Appli
ations Group, NavalResear
h Laboratory, Washington, DCR. P. M
CoyOffi
e of Naval Resear
h, Arlington, VirginiaJ.-C. Gérard, V. CoumansLaboratoire de Physique Atmosphérique et Planétaire, Université de LiègeD. Bisikalo, and V. Shematovi
hInstitute of Astronomy, Russian A
ademy of S
ien
es, Mos
owPublished in Geophysi
al Resear
h Letters (September 24, 2003)

285



286 B. Proton aurora spe
traAbstra
t[1℄ We present new FUV observations of Doppler-shifted Lyman-α emissions from protonaurora obtained from the High Resolution Ionospheri
 and Thermospheri
 Spe
trograph(HITS) aboard the Advan
ed Resear
h and Global Observation Satellite (ARGOS). TheHITS instrument observes the Doppler-shifted H Lyman-a emissions from proton pre
ipi-tation with 1.5 Å resolution. The high spe
tral resolution of these measurements allows theauroral Lyman-α emissions to be separated from the intense geo
oronal ba
kground. Themeasured proton aurora Doppler spe
tra are modeled using a Monte Carlo simulation ofproton �ux transport. The forward modeling performed with this 
ode allows us to inferthe 
hara
teristi
 energies of the in
ident protons from the measured Lyman-α Dopplerspe
tra. The inferred 
hara
teristi
s of dayside versus nightside proton pre
ipitation are
ompared and used to identify the magnetospheri
 regions from whi
h the parti
les likelyoriginated.



287B.0.11 Introdu
tion[2℄ Energeti
 protons originating from the ring 
urrent, radiation belts, and the plasmasheet pre
ipitate into the upper atmosphere with some distribution in pit
h angle and en-ergy. The in
ident protons undergo 
ollisions and experien
e 
harge ex
hange rea
tionswith atmospheri
 
onstituents. Upon 
apturing an ele
tron in a 
harge ex
hange intera
-tion, a pre
ipitating proton will propagate as an energeti
 hydrogen atom that preservesthe velo
ity and dire
tion of the original proton. If the hydrogen atom is in an ele
troni-
ally ex
ited state, deex
itation may o

ur through photon emission. These emissions willbe (red-) blue-shifted as it moves (away) toward an observer. Spe
tros
opi
 measurementof these Doppler shifts therefore provides a means of inferring pre
ipitating proton ener-gies, as was demonstrated by the pioneering work of Vegard [1939℄ and Meinel [1951℄ fromground-based measurements of H Balmer lines.[3℄ Far-ultraviolet (FUV) measurements of H Lyman-α emissions from satellite-borne in-struments have extended our 
apabilities for remote sensing of proton pre
ipitation withgreater spatial 
overage and the ability to make observations under sunlit 
onditions in thedayside auroral regions. Re
ent e�orts to better understand the synopti
 stru
ture of theproton aurora have been driven by the availability of global images of Doppler-shifted HLyman-α emissions obtained by the IMAGE/SI-12 instrument [Mende et al., 2000a, 2001℄.To 
omplement these global observations, high resolution spe
tral measurements of protonaurora with large spatial 
overage are essential. Su
h data are obtained by the High Resolu-tion Ionospheri
 and Thermospheri
 Spe
trograph (HITS) aboard the Advan
ed Resear
hand Global Observation Satellite (ARGOS) whi
h provides detailed FUVobservations ofboth the airglow and aurora. The HITS instrument is a f /5.4 1-meter Rowland 
ir
lespe
trograph with a 100 Å sele
table passband within the 500 - 1700 Å range. IndividualHITS spe
tra have a time resolution of 1-se
ond although these are typi
ally averaged overlonger time periods to improve the 
ounting statisti
s. Over a 60-se
ond interval HITSs
ans a
ross approximately 200 km along the satellite tra
k. The HITS �eld of view spansabout 230 km in the 
ross tra
k dire
tion. The HITS observations o�er two key advantagesfor proton aurora studies:[4℄ (1) The spe
tral resolution of HITS a
hieved on orbit is about 1.5 Å (full-width, half-maximum). This is su�
ient to separate the emissions from the geo
orona at the Lyman-αrest wavelength and the Doppler-shifted Lyman-α emissions arising from proton pre
ipita-tion. The inability to isolate these two Lyman-α 
omponents was a signi�
ant impedimenttoward detailed analyses of proton aurora spe
tra in previous studies.[5℄ (2) The HITS proton aurora measurements from the ARGOS spa
e
raft are availablein both dayside and nightside regions in both northern and southern hemispheres. TheARGOS spa
e
raft is in a 98.7 in
lination, sun-syn
hronous 0230/1430MLT polar orbitat 850 km altitude. While HITS is usually a limb-s
anning instrument, the observationsshown in this study are taken when HITS was set in a �xed viewing orientation wherein
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trathe angle between the HITS look ve
tor and the spa
e
raft nadir ve
tor is about 60 .[6℄ The purpose of this report is to present the initial results from our study of high resolu-tion spe
tral observations of proton aurora. The 
hara
teristi
s of proton aurora observedin the dayside auroral zone are 
ontrasted with those seen in the nightside. The interpreta-tion of the HITS proton aurora observations is aided with the use of a Monte Carlo modelof proton and hydrogen transport and their intera
tions with the neutral atmosphere.B.0.12 HITS Observations[7℄ HITS spe
tra obtained during the re
overy phase of a substorm (AE ≥ 250 nT, Kp= 5+) on De
ember 30, 1999 are shown in Figure B.1. The left-most panels show HITSauroral spe
tra in the northern (Figure B.1A) and southern (Figure B.1B) hemispheres.The wavelength s
ale (Å) and universal time are shown along ea
h abs
issa and ordinaterespe
tively. The Apex magneti
 latitude (MLAT) and magneti
 lo
al time (MLT) [Ri
h-mond , 1995℄ of the observations are shown along the se
ondary y-axes. Also shown is θ,the angle between the HITS look ve
tor and the lo
al IGRF magneti
 �eld. The spe
tralemission rates are 
olor 
oded in units of kiloRayleighs per Angstrom (kR Å−1).[8℄ The H Lyman-α emissions are the most prominent feature in these HITS spe
tra. Two
omponents of this emission 
an be distinguished here: the ubiquitous geo
oronal Lyman-αairglow at the rest wavelength (1215.67 Å) and Doppler-shifted Lyman-α emissions arisingfrom pre
ipitating protons. The latter appear as enhan
ed emissions in the wings of theLyman-α line within a narrow band of latitudes. In the southern hemisphere proton auroraare observed in the pre-midnight se
tor (2300 MLT) between -61�and -64�MLAT (FigureB.1B). During the pass over the northern polar 
ap HITS observes proton aurora emissionsin both the dayside (1000 MLT) and nightside (0400 - 0500 MLT) auroral zones (FigureB.1A).[9℄ Another important feature in the HITS dayglow and auroral spe
tra shown in FigureB.1 is the NI 1200 Å triplet. Sin
e the 1200 Å emission arises in part from ele
tron impa
tex
itation, it serves as a useful indi
ator of the ele
tron aurora's lo
ation relative to theproton aurora. Additional weak spe
tral features with emission rates less than 50 RÅ−1are present in Figures B.1A and B.1B, in
luding the NI 1167 Å, 1176 Å, 1243 Å, and OI1172 Å emission lines.[10℄ In order to extra
t the Doppler-shifted Lyman-α proton aurora emissions from theHITS spe
tra it is ne
essary to �rst remove the geo
oronal Lyman-α ba
kground. Wemeasure the peak emission rate of the geo
oronal Lyman-α line as a fun
tion of solarzenith angle outside the auroral regions where there are no 
ontributions from protonaurora. This variation is modeled using a 
osine squared fun
tion given in equation (1)
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Figure B.1: HITS FUV auroral spe
tra in the northern (A) and southern (B) hemispheres.Panels C, E, and G show representative auroral spe
tra (bla
k 
urves) and the estimatedgeo
oronal Lyman-α 
ontribution to the total line pro�le (red 
urves). Panels D, F, and Hshow the proton aurora Doppler spe
tra following subtra
tion of the geo
oronal 
omponent.The verti
al dashed lines in panels C-H denote the Lyman-α rest wavelength.
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trawhere ΦSZA is the solar zenith angle and A0,1,2 are the �t parameters.
I = A0 cos2(A1ΦSZA) + A2 (B.1)An example of the geo
oronal Lyman-α peak intensity versus solar zenith angle and themodel �t using equation B.1 is shown in Figure B.2. On
e the model is �t to the data, theexpe
ted geo
oronal Lyman-α peak intensity at the auroral lo
ation of interest is 
omputedusing the �t parameters. The geo
oronal ba
kground Lyman-α line shape is formed by
onvolving a delta fun
tion valued at the modeled peak intensity at the auroral lo
ationwith the HITS line spread fun
tion. The resulting geo
oronal Lyman-α line is then sub-tra
ted from the HITS spe
tra to yield the Doppler pro�le of the proton aurora emissions.

Figure B.2: Geo
oronal Lyman-α peak intensity versus solar zenith angle. The model �t tothe data using equation (1) is shown by the solid line. The data point near the solar zenithangle of 120 
orresponds to the proton aurora lo
ation and shows the expe
ted geo
oronalLyman-α peak intensity there based on the model �t.[11℄ Three examples of proton aurora spe
tra are given in Figures B.1C, B.1E, and B.2Gat the times indi
ated by the horizontal lines in Figures B.1A and B.1B. The auroralspe
tra (shown in bla
k) are averaged over the amount of time, t, shown in ea
h plot toimprove the 
ounting statisti
s. The red 
urve in ea
h plot shows the modeled Lyman-αline used in subtra
ting the geo
oronal ba
kground from the auroral spe
tra. The protonaurora Doppler spe
tra following geo
oronal ba
kground subtra
tion are shown in FiguresB.1D, B.1F, and B.1H. We quantify these pro�les by de�ning 
hara
teristi
 widths forthe red and blue wings of the Doppler spe
tra as follows: ∆λred =

R λmax
λLyα

λI(λ)dλR λmax
λLyα

I(λ)dλ
− λLyα ;

∆λblue = λLyα −
R λLyα

λmin
λI(λ)dλR λLyα

λmin
I(λ)dλ

. Here λLyα is the H Lyman-α rest wavelength and I(λ) is thespe
tral emission rate at ea
h observed wavelength. λmin and λmax are the lower and upperlimits of integration for the blue and red widths. These are set to λmin = 1210.0Å and
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λmax = 1230.0Å, 
orresponding to H/H+ energies of 10.3 keV (upward propagating) and64.4 keV (downward propagating) respe
tively. The 
hara
teristi
 red and blue widths in-di
ate the hardness of theH/H+ distributions giving rise to the measured emissions: largerspe
tral widths 
orrespond to more energeti
 H/H+ populations.[12℄ During the orbit shown in Figure B.1A, dayside proton aurora is observed between22:19 - 22:21 UT in the high latitude (70 - 73 MLAT) pre-noon se
tor (1000 MLT). Sub-tra
ting the modeled geo
oronal Lyman-α line yields the dayside proton aurora Dopplerspe
trum shown in Figure B.1F. The red-shifted wing of this dayside proton aurora spe
-trum peaks at 1216.6 Å and is narrow with a 
hara
teristi
 width of 2.1 Å. The faint bluewing of this dayside proton Doppler spe
trum indi
ates the presen
e of a weak ba
ks
at-tered H/H+ 
omponent. The emission rates in the blue wing of the dayside proton spe
trumare less than 150 Rayleighs and the 
hara
teristi
 width is 1.3 Å.[13℄ Doppler-shifted H/H+ emissions in the nightside proton aurora extend beyond 1225.0Å whi
h is indi
ative of higher energy proton pre
ipitation. Near the equatorward regionof the northern auroral zone (65 - 69 MLAT), between 22:27:24 - 22:28:53 UT, HITSobserves a broad red wing in the proton aurora spe
trum with a 
hara
teristi
 width of3.4 Å (Figures B.1C and B.1D). The peak in the Doppler-shifted proton aurora spe
traappears at 1217.2 Å. A stronger blue wing is seen here than on the dayside aurora with a
hara
teristi
 blue width of 1.8 Å. The proton aurora observed by HITS between 21:24 -21:25 UT in the southern hemsiphere, pre-midnight se
tor is similar to that measured inthe post-midnight, northern hemisphere (Figures B.1G and B.1H). Here, the peak in theDoppler pro�le o

urs at 1217.0 Å and the 
hara
teristi
 red and blue widths are 3.5 Åand 2.1 Å respe
tively (Figures B.1G and B.1H).B.0.13 Model Comparison[14℄ In Figure B.3 the HITS proton aurora spe
tra (bla
k 
urves) are 
ompared to syntheti
Doppler-shifted Lyman-α line pro�les (gray 
urves) produ
ed by a Monte Carlo simulationof proton and hydrogen transport. Protons with some distribution in pit
h angle and en-ergy (i.e. Maxwellian, kappa, mono-energeti
) are input into a MSIS-90 model atmosphere[Hedin, 1991℄ and their transport through the neutral atmosphere is des
ribed by solvinga set of 
oupled Boltzmann equations. The model in
ludes elasti
 and inelasti
 
ollisions,ionization, and 
harge ex
hange. Further details of the model are des
ribed by Gérardet al. [2000℄. The ex
itation of Lyman-α emissions is 
omputed and a syntheti
 Lyman-αDoppler pro�le mat
hing the HITS viewing geometry and 
onvolved with the HITS linespread fun
tion is produ
ed. The input parameters of the forward model are varied untilthe χ2 statisti
 is minimized when 
omparing the predi
ted and observed proton auroraspe
tra. In ea
h 
ase, the proton aurora line pro�le produ
ed by the model is added to thegeo
oronal Lyman-α line (from Figures B.1C, B.1E, and B.1G) in order to reprodu
e theoriginal HITS spe
tral measurement. For this study we assume an isotropi
 pit
h angledistribution for the protons input into the model. The in
ident protons are given a kappa
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traenergy distribution (κ = 3.5) and the proton 
hara
teristi
 energies (E0) are varied between100 eV and 25 keV.

Figure B.3: Monte Carlo model �ts to proton aurora Doppler spe
tra observed by HITS inthe dayside northern hemisphere (top), nightside southern hemisphere (middle), and thenightside northern hemisphere (bottom).[15℄ For the narrowly-peaked dayside proton spe
trum the observed Doppler pro�le isbest �t by an input proton distribution with a 
hara
teristi
 energy near 1 keV (FigureB.3, top panel). The model reprodu
es the peak in the auroral spe
trum well, and wesee good agreement in the predi
ted and observed red wing emissions longward of 1217Å. The model predi
ts a larger ba
ks
attered H/H+ 
omponent than the observed spe
-tra shows, sin
e the blue wing of the modeled spe
trum is more intense than that measured.



293[16℄ The proton aurora spe
trum measured by HITS in the nightside southern hemisphereis best mat
hed by pre
ipitating protons with a 
hara
teristi
 energy of 7 keV (FigureB.3, middle panel). The model 
losely reprodu
es the observed blue wing of the protonspe
trum, indi
ating that the fra
tion of ba
ks
attered H/H+ from the input proton beamis estimated well. The model overestimates the peak in the auroral spe
trum by 13% andunderestimates the intensity of the red wing relative to the observations. The bottom panelof Figure B.3 shows the 
omparison of the spe
trum measured by HITS in the northern,nightside auroral zone and the modeled Doppler pro�le arising from proton pre
ipitationwith a 
hara
teristi
 energy of 10 keV. While the general shape of the modeled proton au-rora Doppler pro�le is similar to that of the observations, the HITS spe
trum appears redshifted by about 1 Å relative to the model predi
tion. The peak of the modeled Lyman-αline pro�le is also about 20% more intense than the observed spe
trum.B.0.14 Dis
ussion and Con
lusions[17℄ The 
hara
teristi
s of the pre
ipitating protons inferred from the HITS observationsallude to their likely origins in the magnetosphere. With a narrow Doppler spe
trum andan inferred 
hara
teristi
 energy near 1 keV, the pre
ipitating protons observed by HITSin the dayside aurora near the northern polar 
ap probably represent a magnetosheath-likepopulation originating from either the mantle or low-latitude boundary layer (LLBL). Theobserved dayside proton aurora is not likely to be asso
iated with H/H+ pre
ipitation fromthe 
usp sin
e the HITS measurement was taken in the pre-noon se
tor during a periodwhen the By 
omponent of the interplanetary magneti
 �eld (IMF) was strongly positive(not shown). Previous studies have shown that the 
usp is lo
ated in the post-noon se
torwhen the IMF By 
omponent is positive [Frey et al. [2002℄, for example℄. The nightsideproton aurora seen by HITS is 
onsistent with H/H+pre
ipitation from the plasma sheet,given the relatively broad Doppler pro�les and inferred 
hara
teristi
 energies in the 7 - 10keV range.[18℄ The syntheti
 proton aurora spe
tra produ
ed by the Monte Carlo H/H+ transportmodel agreed well with the observed Doppler pro�les in two of the three 
ases shown (Fig-ure B.3). In the third 
ase, the predi
ted and observed proton spe
tra had similar pro�lesbut the measured spe
trum appeared red-shifted relative to the model spe
trum. One ex-planation for this is that the in
ident proton beam is not isotropi
 as we have assumed inthe model. If the pit
h angle distribution of the in
ident protons is more �eld-aligned, thefra
tion of in
ident parti
les that 
ontinue to be s
attered downward to produ
e red-shiftedemissions in
reases relative to the fra
tion that 
an undergo either magneti
 mirroring orsu�
ient s
attering to 
hange their pit
h angles beyond 90 . This produ
es Doppler spe
-tra with peaks at longer red-shifted wavelengths and with diminished blue wings. Figure4 of Gérard et al. [2000℄ illustrates this behavior.[19℄ One situation in whi
h the above s
enario would be likely is if the nightside northern
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trahemisphere proton spe
trum shown in Figures B.1C and B.3 was obtained equatorwardof the proton isotropy boundary (IB) [Sergeev et al., 1983℄ in a low-latitude proton pre-
ipitation (LLPP) region [Gvozdevsky et al. [1997℄, and referen
es therein℄. Normally the�ux of trapped protons (Jt) and the �ux of pre
ipitating protons (Jp) are 
omparable pole-ward of the proton isotropy boundary (isotropi
 proton �ux distribution). Equatorwardof the isotropy boundary Jt remains high while Jp usually drops rapidly. However duringLLPP events there is an enhan
ed �ux of pre
ipitating protons equatorward of the isotropi
boundary 
aused by the partial �lling of the loss 
one by a moderate amount of pit
h angles
attering. The proton pit
h angle distributions in LLPP regions are usually anisotropi
(Jp/Jt < 1). LLPP typi
ally o

ur following substorms, as is the 
ase for our observations.[20℄ Further studies of proton aurora using HITS observations will in
lude establishing aquantitative relationship between the observed red and blue widths of the Doppler pro-�les (∆λred, ∆λblue) and the 
hara
teristi
 energies of the in
ident protons inferred by theMonte Carlo proton transport model. Coordinated observations between HITS and globalimages from the IMAGE/SI-12 instrument will also enri
h our understanding of the larges
ale stru
ture and dynami
s of proton aurora.
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