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Abstract. Energetic neutralatom(ENA) imagesin the 10-60keV rangeof the
plasmasheetandring currentregion arepresented.The imageswereobtained
during two substormsin themainphaseof the4 October2000stormby thehigh
energy energetic neutralatom (HENA) imageronboardthe IMAGE satellite.
They show ENA emissionsextendingout into thenightsideplasmasheetregion
of L

�
15. During the two substormsequencesthe edgeof the most tailward

ENA emissionsappearsto move earthward in associationwith dipolarization
observed at geosynchronousdistanceby the GOESsatellite. At the time of
geosynchronousdipolarization,the auroralonsetwasobserved by the far ultra
violet (FUV) imageronboardIMAGE. Preliminaryequatorialion distributions
derived from the individual ENA imagesin the substormsequenceshave been
obtainedthrougha constrainedlinear inversiontechnique.Theresultsshow that
theion fluxesin the � 6R� plasmasheetsuddenlydecreasearounddipolarization
during approximately30 min. About 10-20min after the startof the plasma
sheetflux decrease,ion injectionsareseenby thegeosynchronoussatellites.The
peakof the ring currentflux is pushedin from geosynchronousto L=4 over the
substormsequences.Two exosphericmodelsareusedin the inversion. We find
thatmorerealisticplasmasheetfluxesareobtainedwith anexosphericmodelthat
containsenhancedexospherichydrogendensitieson thenightside. Implications
for EarthwardpropagationarediscussedandanEarthwardpropagationvelocity is
estimatedto 27-33km s� � .
1. Introduction

Themagnetosphericsubstormis still theleastunderstood
global magnetosphericphenomena.Oneof the challenges
hasbeento draw conclusionsaboutthe large-scaledynam-
ics from local measurementsin the geomagnetictail and
plasmasheet.Many substormmodelshave beendeveloped,
but two mainmodelshaveemerged.Thetail currentdisrup-
tion (TCD) model[Lui, 1991]andthenear-Earthneutralline
(NENL) model[Baker et al., 1996].

Thispaperreportsthefirst globalimagesof theenergetic
ion distributions in the near-Earth plasmasheetout to 15���

duringtwo substormsin themainphaseof the4 October
2000 storm. The imageswere obtainedin the 10-60 keV
rangewith 6 min resolutionby thehighenergy neutralatom
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(HENA) imager[Mitchell et al., 2000]onboardtheIMAGE
satellite[Burch, 2000].

Energeticneutralatoms(ENA) areproducedwhensingly
positively chargedenergetic ions undergo charge-exchange
collisionswith cold neutralatomsor molecules. The ions
becomeneutralandpropagateunaffectedbyelectromagnetic
fields. If theinitial energy is muchgreaterthantheplanetary
escapeenergy (0.6 eV/nucleon),then the ENAs are unaf-
fectedby gravitationalfieldsandwill maintaintheir energy
andmomentum.In the terrestrialmagnetosphere,theener-
getic ions will chargeexchangewith the geocoronaat high
altitudesandemit ENAs. In this way the ring currentand
theplasmasheetcanbeimaged.In additionto carryingwith
it spectralanddirectionalinformationof theenergeticions,
theENA alsois a directmeasurementof thecompositionof
thoseions.

Thepurposeof this paperis to reportthefirst global im-
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Figure 1. TheIMF B � (bold line) andthe ��
�� (thin line) for
the 4 October2000storm. The two vertical lines mark the
time for thetwo substorms.

agesof the dynamicsof the plasmasheetand to present
preliminary resultsof our inversionsof the ENA images.
The paperfirst describesthe solar wind and geomagnetic
conditionsduring the events. Then the ENA observations
are presentedtogetherwith auroral imagesfrom the far-
ultraviolet (FUV) imageronboardIMAGE.Wethenproceed
by quantifyingthe timing of the dynamicsin the ENA im-
ages. Geosynchronousobservationsof the magneticfield
signaturesfrom GOESandparticleinjectionsignaturesfrom
the Los AlamosNationalLaboratory(LANL) satellitesare
thenput in relation to the signaturesseenin the ENA im-
ages.Last we presentanddiscussthe ion distributionsde-
rivedfrom theENA imagesthrougha constrainedlinearin-
versiontechnique.Theseobservationsshow thattheplasma
sheetflux dropsin associationwith dipolarizationin about
30 min, but arequickly restoredin thesametimescale.

2. Observations

In this sectionwe will presentthe ENA imagesof the
substorms,the energetic particle injectionsanddipolariza-
tionsseenat geosynchronous,andtheauroralonsetseenby
IMAGE/FUV.

2.1. Storm conditions

TheIMF B � is plottedtogetherwith the � 
�� index in Fig-
ure 1. The 4 October2000 stormdisplayedan almost24
hour long mainphasedueto a steadilydecreasingIMF B � .
Thethick line is theIMF-B � andthethinneris the ��
�� . The
two vertical lines at 06:10UT and09:22UT mark the au-
roral onsetsof thetwo substormsasdefinedby thefar ultra
violet (FUV) imageron boardIMAGE.

2.2. ENA observations

Plates1 and2 show four ENA imagesduring eachsub-
storm sequencefor 10-60 keV and integratedover 6 min
(3 spins). The ENA imagesarepresentedin an azimuthal
equidistantprojectionwith a 180� field of view (FOV). To
illustrate the projectionone can think of the detectorbe-
ing locatedin the centerof a sphere,with the pole of the
spherebeingthe directionof the spin axis. The imagehas
thenbeenwrappedonto the surfaceof this sphereandthen
backprojected,with distancespreserved,to theimageplane
tangentialto the imaginedsphere.The dashedgridlinesin
the backgroundmark the latitude(horizontallines) andthe
longitude(vertical lines) of this sphere.The latitudecorre-
spondsto theelevationanglein theinstrumentandthelongi-
tudecorrespondsto thespinangle.Thecoordinatesystemis
geocentric.Thecircleaboutthecenterrepresentsthelimb of
theEarth,while thearcinsidethelimb representsthetermi-
nator. Themagneticdipolefield linesof L shells4, 8 and12
aredrawn for referenceat noon,dawn, midnight,anddusk.
The magneticlocal time (MLT) of eachsetof field lines is
marked in red. All imagesare taken from a vantagepoint
abovethenorthpole.Thisprojectionis closestto whatahu-
maneyewouldsee.Theweakhorizontalbandsof emissions
at theupperportionsof eachimage(grid longitude-30� ) are
the solarcontaminationcausedby residualsunlighthitting
thedetectorplates.

Duringthefirst sequenceof imagesin Plate1 weseehow
the nightsideENA flux increaseswith time in the L � 4 re-
gion. Note how the ENA emissionsfrom the L � 8 region
decreasewith time. Theauroralonsetwasdeterminedfrom
the IMAGE/FUV imagesto be at 06:10UT, corresponding
to Plate1b. The substormsequencewith its onsetat 09:22
UT hada clearerENA signatureandis shown in Plate2. In
this sequenceit is moreevident that the ENA fluxesin the
L � 8 regiondecreasedsiginificantlyafter09:32UT.

Below wewill inverttheisotropiccomponentof theequa-
torial ion distribution from theENA imagesin Plates1 and
2. However, it would requireanimpracticallylargenumber
of inversionsto accuratelytime the dynamics. Therefore,
we summedthe region asmarked in Figure2a andplotted
the summedintensitiesasa functionof time. The summed
regionliesbetween-30� and+30� maplatitude(instrumental
elevational anglemarked by the horizontalgridlines), and
between60� to 90� map longitude(instrumentalspin angle
markedby theverticalgridlines).

Theminimum L-shell the LOS intersectsabove 60� spin
angle is approximatelyL=10 as is sketchedin Figure 2b.
ThismeansthattheENAs within thedashedregionin Figure
2awerecreatedby ionsfrom L � 10. Theseplotsareshown
for thetwo differentsubstormsin Figures3 and4. In Figure
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Plate 1. TheENA imagesin the10-60keV rangeof thefirst substormsequencewith auroralonsetat 06:10UT. Theinsetis
theauroralimageobatinedby theFUV/WIC cameraon boardIMAGE.
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Plate 2. TheENA imagesin the10-60keV rangeof thesecondsubstormsequencewith auroralonsetat09:22UT. Theinset
is theauroralimageobatinedby theFUV/WIC cameraon boardIMAGE.
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Figure 2. In orderto accuratelytime thedynamicstheENA
emissionswithin thesolid line aresummedandplottedasa
functionof time in Figures3 and4.

Figure 3. Thetotal ENA intensityasa functionof time for
the 06:10UT substorm.The intensityis obtainedfrom the
regionenclosedby thedashedline in Figure2.
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Figure 4. Thetotal ENA intensityasa functionof time for
the 09:22UT substorm.The intensityis obtainedfrom the
regionenclosedby thedashedline in Figure2.

Figure 5. Plot of the 75-113 keV protons at geosyn-
chronous.Vertical lines indicatethe injectionsat 06:23UT
(19:23MLT) and09:38UT (22:38MLT).

3 we seehow theENA flux from theL � 10regionstartsde-
creasingrapidlyat 06:03UT � 2 min. In bothFigures3 and
4 thedottedline markstheauroralonsetidentifiedby FUV;
thedashedline markswhenGOESobservedthedipolariza-
tion; the dashed-dottedline markswhenthe particle injec-
tion reachedthe LANL satelliteat geosynchronous.There
is a correspondingrapiddecreasefor theL � 10 ENA fluxes
around09:26UT � 2 min ascanbeseenin Figure4. Note
thattheauroralonsetwasabout4 min beforethedecreaseof
theL � 10ENA emissionshere.

2.3. Geosynchronous ion observations

Figure5 shows the 75-113keV protonsdetectedby the
LANL satellite1989-046. The vertical lines mark the in-
jectionsdetectedat 06:23UT (19:23 MLT) and09:38UT
(22:38MLT).

Figure6showsthegeomagnetic��� (solid)and��� (dashed)
component.The vertical lines mark the dipolarizationsig-
natureassociatedwith eachsubstormat 06:11 UT (21:22
MLT) and09:34UT (00:47MLT). The first dipolarization
shows very little changein the � � componentwhich could
dueto thefact that theGOESsatellitewasduskwardof the
stretchedcurrent sheet. At 07:00 UT the B � component
startedto increaseindicatinga morestretchedfield config-
uration. At 09:34UT we seethe classicalsignatureof the
dipolarizationwith sharplydecreasingB � andincreasingB � .
2.4. FUV observations

TheauroralFUV observationsareshown asinsetsin the
lower left cornerof Plates1 and2. The gridlinesrepresent
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Figure 6. TheB � (dashed)andB � (solid) componentof the
geomagneticfield at geosynchronousmeasuredby GOES.
Theverticallinesmarkthedipolarizationsignaturesat06:11
UT (21:22MLT) and09:34UT (00:47MLT).

thegeomagneticlatitudeandlongitudes.Latitudegridlines
are10� apartstartingat the poleandlongitudegridlinesare
45� apart.Thebright sideof theglobeis thedaysideresult-
ing from resonantlyscatteredsunlight. Note that the grid
appearsto changepositionfrom imageto image.This is due
to a wobbleof thespacecraftspinaxisduringthis particular
date.Oneshouldnot try to estimateany surfacecoordinates
of the emissionsfrom the grid. We can thereforenot de-
terminethe magneticlatitudeof the onsetregion. We have
determinedthetwo onsettimesfrom ahighresolutionimage
sequenceto 06:10UT and09:22UT.

2.5. Earthward propagation

Fromtheaboveobservationsonemayestimateapropaga-
tion velocity. We do this by takingthetime from thestartof
thedecreaseat � 10R

�
in Figures3 and4, until thefirst ion

intensificationsareseenat geosynchronousaltitudein Fig-
ure5 for the06:10and09:22UT substorm.Thisgivesusan
Earthward propagationvelocitiesof 27 and33 km s��� for
the two substorminjections. Thesevaluesagreewell with
in-situ measurements[Huang and Frank, 1994].

3. Inversion method and results

The numericalmethodwe useis calledconstrainedlin-
ear inversionandclosely follows the methoddescribedby
Twomey [1977]. However, we utilize two new and, we
believe, essentialfeaturesrecently introducedby Roelof
[2002] and Demajistre et al. [2002]. First, the unknown
variablesto be invertedare simply the equatorialion in-

tensities�! #"%$'&)(+*-,.*0/%1 at eachdiscretelocation &)(+*-,2103 bin
in the magneticequatorialplane. In other words, the out-
put of the inversionmethodgivesthe ion distribution itself,
ratherthancoefficientsof its expansionin orthogonalfunc-
tions or numericalsplines(e.g., Perez et al. [2001]). Not
only doesthisdirectformulationallow animmediateassess-
mentof thephysicalappropriatenessof theresult,but it also
reproducesmorereadilyphenomenologicalpatternssuchas
”fronts” and”edges” in the ion distribution whosediscon-
tinuities tendto be smoothedby analyticalrepresentations.
Second,the constraintsof the inversionaredeterminedby
a novel ”tuning” techniquebasedon the ENA imageitself.
Theinversionmustbeconstrained,becauseit is only weakly
over-determined,i.e., the numberof pixels in the imageis
only asmallmultipleof thenumberof locationbins &4(5*#,6173
neededto describetheion distribution.

The numberof countsaccumulatedin the 8 th camera
pixel iswrittenin termsof theaveragednormalarea94:+;-&)<!*0=.17>
of the cameraseenby an ENA incident on the instrument
from elevationangle < andazimuthangle= .? ;.@BADC EGF <IHJ8LK�< EMF =N9):O;7&4<!*0=.17>#P � $RQ &4<!*0=.1 (1)

Wewrite P � $SQ &)<!*0=.1 for � � $RQ &4<J*7=.10A'T becauseweas-
sumethattheenergy(or velocity)passbandsA'T arenarrow
enoughsothatthereis nosignificantvariationin thecamera
response.The integral over the angles &)<!*0=.1 in principle
coverstheentiresky (4U sr) andnot just thesmallsolid an-
gleof asinglepixel. This is becauseeachpixel hasa”point-
spread”functionowing to internalscatteringthatcanbesig-
nificantly largerthanthepixel itself. Theaveragingof : ; is
over the time ADC during which the countsareaccumulated
in thepixel, e.g.,a minimumof onespin( ADC =120s)for IM-
AGE/HENA. It alsomustbe integratedover thesolid angle
of thepixel andany significantorbital motionof thespace-
craft during the exposuretime for the pixel. All properties
of the ENA cameramustbe incorporatedinto the function9):+;-&)<!*7=.10> . Examplesfor otherENA instrumentshave been
published:theMEPI particletelescopeon ISEE-1[Roelof ,
1987]andthePIPPIcameraonAstrid-1[C:son Brandt et al.,
2001].Thedetaileddescriptionfor HENA is givenby Roelof
[2002].

Thewell-knownrelationshipbetweenthedifferentialnum-
berflux � � $SQ and�  #"%$ for an”ENA opticallythin” medium
is expressedin termsof a line-of-sight(LOS) integral. The
simplestcaseis thatof ”high-altitude”ENA imagingof ring
currentionsimmersedin thehydrogengeocorona

� � $SQ @BV �#W XY &)TZ1 E[F HJK Y &)\]14�_^a` -".$ &)(5*#,.*0/ ^a` 1I* (2)

where b is the distancevectorfrom thepoint of emissionc
the cameraat position d alongthe LOS. Thus be@fdhgic
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givesthedirectionof theENA. Thecrosssectionfor charge
exchangeis V �IW XY &4TZ1 , and K Y &)\]1 is thegeocoronalhydrogen
density. We assumethat thereis negligibly weakscattering
of the ion alongthemagneticfield line. Thenthemagnetic
moment &aj+gk/�lJ17mn� is conservedandtheion intensityjion
with pitch-cosine/ at any point on a field line may be re-
latedvia Liouville’ s theoremto �_^a` #"%$ with pitch-cosine/ ^a`
at that lines’ equatorialcrossing. Again, we shall assume
energy resolutiongoodenoughthat � � $SQ and �o^0` #".$ maybe
replacedby P � $SQ @p� � $RQ A'T and P�^0` #"%$ @q�_^a` -".$ A'T .

Now Equations1 and2 may be combined.Usually, the
integrationsarecarriedout asindicated,first alongtheLOS
andthenover theangularresponseof theinstrument.How-
everRoelof [2002]hasnotedthatthetriple integralover the
instrumentarrival solid angleandLOScanbe transformed
into a volumeintegral in geomagneticsphericalpolarcoor-
dinates.TheexactJacobianis \]lrmsHJl , sowe haveF <6t0uwvx< F = F H�@ F \ Fzy t7u{v ysF , \]lH l * (3)

where
y

is thegeomagneticco-latitudeand , is themag-
netic longitude(MLT). If we furthermoreapproximatethe
geomagneticfield by a dipole, then

F \|@}&4~n�#��t7u{v l y 1 F (
when the innermostintegral over volume is taken over

y
.

Obviously, ��@�j � � . Thefinal resultis

? ;.@ E[F ( EMF ,6��;-&)(+*-,21#P%^a` -".$ &4(5*#,%*7/ ^a` 1I* (4)

where

� ; &4(5*#,61�@B�_V �#W XY ADC E Fsy t7uwv�� y \ H l K Y &)\]1�9): ; &)<!*0=.17> (5)

In passingfrom Equation4 to 5 we have neglectedthe
pitch-angledependencein P%^a` -".$ &4(5*#,%*7/ ^a` 1 , i.e., we have
madethe approximationof an isotropicequatorialion dis-
tribution. This will be adequatefor this paper, which only
dealswith ENA imagestaken at high latitudesduringperi-
odswhenpitch-angleeffectsappearto be negligible. The
moregeneralcaseis treatedby Roelof [2002].

The integral over colatitude
y

for thekernelin Equation
5 is carriedout (usinganefficient integrationalgorithm)for
eachequatorialposition bin &4(5*#,61 3 . Then the doublein-
tegral in Equation4 canbeapproximatedby linearquadra-
tures. ? ;.@�� 3 ��;0&4(5*#,61 3 P%^a` #"%$ &)(+*-,21 3 * (6)

where the index � runs over all equatorialposition bins&)(+*-,21 . We have thusachieved our goal of formulatingan
ENA imageinversionexplicitly in termsof the equatorial
ion intensitiesindexedby their positionbins &)(+*-,21 3 .

In more concisematrix/vector notationwe write �}@���
, where

�
is anon-squarematrixbecausetherearemore

pixels( 8 ) thanpositionbins( � ). Theelementsin
�

arenot
exactly � ; &4(5*-,2173 , but ratherarelinearcombinationsthereof
resultingfrom the particularquadratureformula appliedto
Equation4. The constrainedleast-squaressolutionfor this
linearsystemis [Twomey, 1977]

� @�& �����[�k�2� 1 ��� ��� V �6l � (7)

where V��6l is the inverseof thecovariancematrix of the
pixelcounts,

�
is asmoothingmatrix,and

�
is theconstraint

strength.

Now we cometo the secondinnovation,the ”tuning” of
the constraintstrength. The ”regularization”

�2�
must be

largeenoughto stabilizethe inversion,but smallenoughto
avoid unnecessarydistortion.In nearlyall casesthatwehave
tested,theunconstrainedinversion(

�
=0) is verypoorlycon-

ditioned.In orderto ”tune” theregularization,wefirst simu-
lateanENA imageusingEquation4 with the38-parameter
modeldevelopedby Roelof and Skinner [2000]. We choose
theparametersto produceatestion distribution P�� X#�3 thatwe
estimateshouldproducean ENA imagesimilar to the one
we aretrying to invert. This could be thoughtof asa first
guessat theresult.We addPoissoncountingstatisticsto the
counts

? � X#�; in the simulatedENA image. We then invert
the imageusingEquation7 andour first guessat the value
of theconstraintstrength

� � X#� . This givesusa solution P � �0�3
thatwe comparewith P � X#�3 . This comparisontells us if

� � X#�
wastoo small (inversionill-conditioned)or too large(solu-
tion overly smoothed),leadingusto ournext guess

� � �a� . We
canalsoadjustthe form of

�
at eachstep. We have tried

severalformsof
�

andhavefoundthattheminimumlength
solution(

� @�� , the identity matrix) consistentlyexhibits
themoststablebehavior. We repeatthisprocessK timesun-
til wefind asuitablecombinationof

� �{� � and
� �{� � , i.e.,one

suchthat
� �{� �3 reproducestheessentialspatialfeaturesof the

testdistribution
� � X-�3 . Finally, we obtainour actualsolution

by using
� �{� � and

� �{� � in Equation7 to invert theobserved
pixel counts

? ; for our bestestimateof the equatorialion
intensitiesP�&)(+*-,21 3 .

In brief, what we have doneis to iteratively ”tune” the
regularizationso that it faithfully retrievesa test ion distri-
bution that cansimulatean ENA imagethat looks like the
observedENA image. If the testintensityfunction is simi-
lar to theactualion intensitythatwe finally invert from the
ENA image,thenour processis self-consistent.This ”tun-
ing” processis greatlyfacilitatedby formulatingthe inver-
sionproblemdirectly in termsof theequatorialion intensity
distribution P%^a` #"%$ &)(+*-,.*0/ ^0` 1 asspecifiedin Equation4.
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Figure 7. Thetwo exosphericmodelsused.Thedashedline
displayenhancedexosphericdensitiesat large altitudeson
thenightside.

4. Exosphere

To illustrate the effects of the exospherewe use here
thesymmetricChamberlainmodel[Chamberlain, 1963]and
anasymmetricmodelbasedon theDE-1 measurementsre-
portedby Rairden et al. [1986]. They provided measured
columndensitiesof the nightsideexospherewhich showed
anexcessover thesymmetricChamberlainmodelwhichof-
ten is referredto as a “geotail”. Both modelscan be de-
scribedby

K�& � *#,21�@¡ z s¢s¢�£¥¤§¦6¨{jr©§ª «s¬ ���I­ ®7¯ g �° &L,61n± * (8)

where ° &4,21�@�jsª ²z³�¨{jSg´�Rt7u{v.& y 1§��µzt!&4,21 ± ª (9)

Here , is the local time anglefrom noonand
y

is the po-
lar anglefrom the z-axis in the GeocentricSolarMagnetic
(GSM) coordinatesystem. A non zero value of � allows
oneto representthegeotailin theform of anaxis-symmetric
(aroundthesun-earthline) exosphere.Setting��@¡¢ restores
thesymmetricChamberlainmodel.All numericcoefficients
in theabove expressionshave beenobtainedfrom thefit to
theChamberlainmodelby Rairden et al. [1986]. By fitting
theircolumndensitiesof thegeotailto Equations8 and9 we
obtain ��@¡¢�ª   . Thesymmetricandaxis-symmetricmodelis
plottedfor , =180� in Figure7. We would like to stressthat
althoughtheexistenceof a geotailis confirmed,thequanti-
tativeknowledgeis thin.

5. Results

The ENA imagesin Plates1 and 2 have beeninverted
usingthe two exosphericmodelsabove ( � =0 and � =0.3 in
Equation9).

Theinversionsof theENA imagesequencein Plate1 are
shown in Plates3 with thesymmetricexosphereandin Plate
4 with the asymmetricexosphere. The ion distribution is
plottedin L-MLT coordinatesout to L=15. In fact, the ion
flux in theinversionis clampedto zeroat L ¶ 2 andL � 15.

The effects from the contaminationof residualsunlight
in the detectoris clearly visible on the daysideat L¿6 as
the enhancedintensities.We have chosento show thecon-
taminationin this paperto illustratehow andwhenit effects
the data,andmoreimportant,how to eliminateit from the
ion distribution. The LOSs toward the sun contamination
in Plates1 and2 (abovemapgrid longitude-30� ) intersects
a minimum L-shell of 6 for both substormsand therefore
ion distributionsbelow L=6 arefreeof solarcontamination.
Also, thefield of view (FOV) of the instrumentcutsoff the
edgesoutside · ²o« � · instrumentallatitude. Here the sensi-
tivity of the instrumentis low and thus the responsefunc-
tion amplifiestheuncertainties.Thereforewe stressthatthe
emptyregionsontheduskanddawn sidesin theinvertedre-
sultsbelow aretheeffectsof thefinite FOV of theinstrument
andnotzeroflux.

At 06:01UT (Plate3a) the ion distribution displaylarge
fluxes out to 13 R

�
in the post midnight sectorwith its

peakat 6 R
�

. Theenhancementaround6 R
�

extendsfrom
postmidnightto thedusksector. In theremainingsequence
(Plates3b-3d) the nightsidefluxes above 7R

�
decreases.

Thepeakof theion distributionmovesearthwardfrom about
6 R
�

to 5 R
�

andspreadsalsoin local time.

Plate4 shows thesequenceof inversionsusingtheasym-
metric exosphericmodel with �¸@ 0.3. It is immediately
clear that the ion fluxesare in generalweaker thanfor the
inversionsin Plate3 with �¹@ 0. Thereasonfor this is that
the asymmetricexospheredisplayshigherdensitythan the
symmetricmodeldoes,ascan be seenin Figure7 andso
lession flux is requiredto matchtheobservedENA images.
At 06:01UT thereare relatively high ion fluxesout to 13
R
�

, which move graduallyearthwardthroughoutPlates4b-
4d. We canseethat the peakion flux movesfrom 6 R

�
to

about4 R
�

andexpandalsoin localtime. A similardevelop-
mentcanbeseenfor the09:22UT substormshown in Plates
5 and6. ThecorrespondingENA imagesareshown in Plate
2. Plate5 shows the inversionusingthe symmetricmodel
exospherewith � =0. The overall fluxesareslightly higher
than for Plate3 andappearsto be moreconfinedin MLT.
Again,weseeintenseion fluxesout to 13R

�
thatdecreases

throughoutthesequencethatmaybeinterpretedasanEarth-
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Plate 3. The invertedion distributions in the 10-60 keV range(6 min integration) for the 06:11UT substormusing the
symmetricRairden et al. [1986]modelexopshere(seeEquations8 and9).
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Plate 4. The invertedion distributions in the 10-60 keV range(6 min integration) for the 06:11UT substormusing the
asymmetricRairden et al. [1986]modelexopsherewith ��@ 0.3from Equations8 and9.
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Plate 5. Theinvertedion distributionsin the10-60keVrange(6 min integration)for the09:22UT substormusingtheRairden
et al. [1986]modelexopshere(seeEquations8 and9).



IMAGE/HENA: Substormimaging 13

Plate 6. The invertedion distributions in the 10-60 keV range(6 min integration) for the 09:22UT substormusing the
asymmetricRairden et al. [1986]modelexopsherewith ��@ 0.3from Equations8 and9.
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wardmotion. Thepeakion flux movesfrom 5 R
�

to 4 R
�

asit also increasesdueto the substorminjection. In Plate
5a a minimum appearsto develop in the 2230-0130MLT
wedgeataround7 R

�
. Onemaybetemptedalsoto attribute

a tailward propagationof this minimum, or the maximum
beyondit. Although interestingwe mustcautionthe reader
thatthiscouldbeaneffectof ouruseof apuredipolefield in
the inversion. Any findingsconcerningthis featurewill be
reportedin a futurepaper.

Plate6 shows the inversionusingtheasymmetricmodel
exospherewith �º@ 0.3. Again, theoverall fluxesarelower
thanthesymmetricmodel.

6. Discussion

It is worthwhile attemptingto put our observationsin a
physicalcontext. Herewe outlinea plausiblescenario.Be-
fore substormonsetat 06:10UT the crosstail electricfield
appearsto beenhanceddueto anegativeor verysmallposi-
tiveIMF ��� . Thisenhancestheconvectionfrom thedayside
magnetopauseand the Earthward E » B drift on the night-
side,resultingin a tail anda plasmasheetwith higher ion
flux thannormal. This appearsasthehigherion flux above
geosynchonousaltitude in Plate3. The IMF � � steadily
decreasesand thereforethe crosstail currentwill build up
until it disruptsat someplacedueto someinternalinstabil-
ity [Lui, 1991] or triggeringfrom the NENL [Baker et al.,
1996; Ohtani, 2001; Slavin et al., 2001]. The disruption
causesthe stretchedmagneticfield configurationto dipo-
larize which inducesan intensedawn-to-duskelectricfield
pulse.Thedipolarizationis observedat geosynchronousby
GOESaround06:11UT asshown in Figure6. At this time
the ion fluxes at geosynchronoushave increasedslightly.
The reasonfor the rapidly decreasingplasmasheetflux ac-
companying thedipolarization,is that theinduceddawn-to-
duskelectricfield will transportthe ionsearthwardthrough
enhancedE » B drift, fasterthantheparticlescanbereplen-
ishedby the overall ¼½»�¾ drift setup by theconvectional
electricfield. Theionshavenow reachedloweraltitudesand
havebeenenergizedthroughbetatronandpossiblyfermi ac-
celeration. This is wherethey areobserved by the LANL
satellitein Figure5.

Now, sincethe IMF � � is still decreasingto morenega-
tive values,a steadysupplyof plasmais convectedin from
thedaysideoverthepolesonreconnectedfield linesandwill
increasethe nightsideion flux assoonas the first dipolar-
izationandthesubstorminjection is complete.Theplasma
sheetwill thin, the crosstail currentwill build up and the
processwill repeatitself for the next substorm. This pat-
tern repeateditself several timesduring the entireday of 4
October.

From our observationsit appearsthat the particlepres-
sureincreasedin the � 6 R

�
plasmasheetsteadilybefore

dipolarization.At dipolarizationthe pressureoutside8 R
�

decreasedrapidly while thepressureinside8 R
�

increased.
Kistler et al. [1992] foundthatthepressureincreasedatdis-
tances¶ 10R

�
andeitherdecreasedor stayedthesameout-

side10 R
�

. We feel that it maybedangerousto generalize
thepressureprofilesof substormswithoutstudyingtheIMF.
The reasonis that an enhancedexternal crosstail electric
field enhancesthe Earthward ¼¸»º¾ drift andthereforein-
creasestheparticlepressurethroughadiabaticenergization.
However, the loadingof freshsolarwind plasmafrom the
lobeswould act to decreasethe temperatureof the plasma
sheetand thereforeact asa competingprocessto cool the
plasmasheet. This balancebetweentheseprocessesare
clearly dependenton IMF and a deeperstudy of their ef-
fect is beyond the scopeof this paper. Several factsimply
that the ionsdo undergo anEarthwardpropagation:(1) Af-
ter plasmasheetfluxesdecrease,the fluxesaroundgeosyn-
chronousincrease;(2) Several studiesof in-situ measure-
mentshaveshown thatearthwardflow occursmainlywithin
30 R

�
[Ohtani, 2001].

7. Summary and conclusions

We have presentedthefirst global imagesandion distri-
butionsof the Terrestrialplasmasheetout to 14 R

�
. The

imageswere obtainedby the HENA instrumenton board
IMAGEduringtwo substormsin themainphaseof the4 Oc-
tober, 2001,storm. A constrainedlinear inversionmethod
wasusedto derivetheion distributionfrom theENA images.
Theinversionusesadipolemagneticfield andanexospheric
modelbasedon theDE-1 observationsreportedby Rairden
et al. [1986]. We summarizeourfindingsasfollows.

1. Before the substormthe ion fluxes above geosyn-
chronouswerehigh dueto anenhancedconvectionin
thestormmainphase.

2. Ion fluxesabove 10 R
�

startedto decrease8 min be-
fore geosynchronousdipolarization(GOES)and13-
16 min beforegeosynchronousinjection (LANL). If
this is interpretedasanEarthwardpropagationthees-
timatedflow velocitiesarein therange27-33km s��� .

3. Plasmasheetfluxesdecreaseoneorderof magnitude
after thedipolarization.After thesubstormthefluxes
arerestored.Weinterpretthedecreasein plasmasheet
flux astheplasmasheetionsbeingacceleratedearth-
ward by the inducedsubstormelectric fields, faster
thanthey canbereplenishedfrom theoverall convec-
tion. After thesubstorm,plasmasheetfluxesincrease
dueto therefilling from theconvection.
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4. The useof a symmetricexosphericmodel basedon
thefit by Rairden et al. [1986]gavepeakplasmasheet
fluxesatL=10about5 ¿ 10® (cmsrs)��� , while anasym-
metric exosphere,with a nightsideexcessof neutral
densities,gave about a factor of five lower plasma
sheetflux.

We would like to stressthat the inversionresultsreported
here are preliminary and qualitative results. The inver-
sion method still needsrefinement,such as more accu-
ratelyincorporatingtheproductionmechanismfor theENAs
originating from the interactionbetweenthe ions and the
exobase.A morequantitative studyof the storm-substorm
relationshipduring the 4 Octoberstorm will be published
soon.

Acknowledgments.

References

Baker, D. N., T. I. Pulkkinen,V. ANgelopoulos,W. Baumjohann,
and R. L. McPherron,Neutral line model of substorms:Past
resultsandpresentview, J. Geophys. Res., , 101, 12,975–13,010,
1996.

Burch, J. L., ed., The IMAGE mission, Kluwer Academic,2000,
reprintedfrom Space Sci. Rev., vol. 91,Nos.1-2,2000.

Chamberlain,J. W., Planetarycoronaeandatmosphericevapora-
tion, Planetary and Space Sci., pp.901–960,1963.

C:sonBrandt,P., S.Barabash,E. C. Roelof,andC. J.Chase,ENA
imagingat low altitudesfrom theSwedishmicrosatelliteAstrid:
Extractionof the equatorialion distribution, J. Geophys. Res.,
106, 25,731–25,744,2001.

Demajistre,R., E. C. Roelof,P. C:sonBrandt,andD. G. Mitchell,
Retrieval of global magnetosphericion distributionsfrom high
energy neutralatom(ena)measurementsby theimage/henain-
strument,J. Geophys. Res., , 2002,to besubmitted.

Huang,C. Y., andL. A. Frank,A statisticalsurvey of the central
plasmasheet,J. Geophys. Res., , 99, 83–95,1994.
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