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SimultaneousMultispectral Imaging of the Discrete Aurora

Joshua&Semeter Dirk Lummerzheim, andGerhardHaerendel

Abstract.

A uniquemultispectraimagerandanassociatednultispectrabinalysisframenork
aredescribedvhich togetherconstitutea new diagnostictool for auroralresearch.
By acquiringspatialand spectraldatasimultaneouslymultispectralimaging
allows oneto exploit physicalconnectiondetweenauroralmorphologyandthe
auroraloptical spectrumin a way that sequentiabpectralimaging cannot. The
initial researcHocusis onimagingthetransitionin the incidentenegy spectrum
during the formationof discretearcs- thatis, whenthe precipitatingpopulation
is characterizedby 1 keV electrons.A techniques presentedvhich usestwo
spectralbands(centeredat 4278A and7325A) to extendthe effective dynamic

rangeof passveimagingto muchlower enegies.

1. Intr oduction

The optical auroraprovides two distinct windows
into magnetospherielectrodynamics:(1) the spatial
structuran theplaneperpendiculato B and(2) theop-
tical spectrumln thespatialdimension)arge-scaleau-
roral structures suchasspiralsandfolds - area direct
projectionof magnetospheridynamics,while small-
scalestructures suchascurlsand lamentary aurora-
project nearEarth electrodynamicend plasmainsta-
bilities [Hallinan, 1976]. The optical spectrumpro-
vides information aboutthe enegetic electronsasso-
ciatedwith thesestructures. In the magneticzenith,
for example,theratio of 630QA brightnesgo
4278\ brightnesshaslong beenusedas a proxy for
the characteristienegy of the incidentenegy spec-
trum [Reesand Ludkey, 1974]. Thiswork concernghe
physicalconnectiorbetweenthesecomplementaryli-
mension®f auroralinformation.

Consider for example, auroral curls. Although
they are generallyunderstoodas a manifestationof a
Kelvin-Helmholtz (KH) instability quantitatve com-
parisonswith obsered curl motionshasbeeninconsis-
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tentwith this interpretatiorfVogt et al., 1999,andref-
erencegherein]. The KH instability canarisefrom a
sheaiin the drift velocity createdoy thecorver
gentelectric eld of anauroralarc. The magnitudeof
the sheaiis proportionalto ,
with  perpendiculato the arc. For a curl-free eld,
theintegral of givesthe parallelpotentialdrop ex-
perienceddy the arc-relatecelectrons. The net poten-
tial dropis in turn re ected in the characteristicen-
ey, whichcanbeestimatedrom theopticalspectrum.
Thus,a combinedspatial-spectrainalysiswould add
valuablenewn constraintso studiesof auroralplasma
instabilities.

Becausethe discreteaurorais highly variable, a
true multispectralanalysisrequiresthatthe spatialand
spectraldatabe acquiredsimultaneously Typically,
multispectralimagesare acquiredsequentiallyusing
a monochomatidmagerand a lter wheel, preclud-
ing true simultaneity An imaging spectrograplpro-
videssimultaneouspectralinformation,but is of lim-
ited usein studyingdynamicaurorabecausef thelack
of two-dimensionakpatialinformation. In this paper
we describea uniguenew instrumentand an analysis
framework for high-resolutiormultispectralstudiesof
the discreteaurora. Developedin collaborationwith
the Max-Planck-Institufir ExtraterresctrischBhysik,
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the SimultaneousMultispectralimager (SMI) images
four discretewavelengthghroughasingleopticalchain
ontoasingledetectorwith 1 km spatialresolutionat

-region altitudesand .3 to 10 s time resolution(de-
pendingon signalstrength).

The initial scienti ¢ focusis on the study of low-
enegy ( 1 keV) precipitationin the discreteaurora.
Theimportanceof this enegeticregimeis discussedh
Section2, which describessomeunexpectedfeatures
obsered in electrondistribution functionsover weak
auroralarcs. Section3 providesa review of the infor-
mationin the auroralspectrumsuggestinghe type of
measuremenequiredto studyacceleratiomegion dy-
namicsat low enegies. Section4 describegshe SMI
andits current Iter characteristicsSection5 presents
aspeci c analysigechniquénvolving two spectraim-
ages:onecenterecat 4278A ( First Negative), and
the otherat 7325A (mixture of First Positve and

732). Finally, Section6 presentexamplesthat
demonstratéwo applicationsof this technique:(1) to
resohe the spatial-temporaambiguityassociateavith
changesin the incident enegy spectrumand (2) to
enhancethe sensitvity and dynamicrangeof auroral
imaging.

2. Relationshipamongnumber ux, enemgy
ux, and luminosity

To appreciatethe scienti ¢ efcacy of multispec-
tralimaging,considerrst therelationshipbetweerthe
electronenegy spectrumandauroralluminosity Stud-
iesof theaurorahave historicallyfocusedon brightvis-
ible eventsassociateavith electronenegies keV.
Suchauroraearisefrom a“linear” or “ohmic” acceler
ation region whereinthe characteristienegy (related
to the potentialdrop)is proportionalto the nethumber

ux (relatedto the current). Whatis not well under
stoodis how the parallelelectric eld is formedor how
it is maintained Suchinvestigationsequireknowledge
of enepgeticelectronbehaior duringauroralformation
and decay whenthe electroncharacteristienengy is
1 keV. Optical detectionin this enegetic regime is
dif cult, especiallywhen bright arcsappearsimulta-
neouslywithin the eld [Semeteet al., 2001]. How-
ever, theimportanceof anauroral ux tubeto dynamic
magnetosphere-iongigere couplingis not necessarily

2

indicatedby luminosityor, equivalently by the magni-
tudeof the potentialdrop.

Considerfor example thevelocity distribution func-
tions shawn in Figurel takenfrom a 30 s intenal of
the PHAZE2 rocket ight of Februaryl997[Arnoldy
etal., 1999]. Theleft columnshavs imagesof electron
phasespacealensity asafunctionof parallelandper
pendiculavelocity. Thecenterandright-handcolumns
areplotsof downwarddifferentialnumber ux anden-
elgy ux, respeciiely, calculatedfrom the following
integrals:

(1)

- (2)

wherethe quantities and have beenplottedver
susenegy. Suchplotsareusefulin visualizingwhich
enegetic regimeis responsibldor the majority of the
number ux andenegy ux. Theintegratedquantities

and areshavn in the upperright cornerof the
plotsin Figurel.

The aggreate luminosity of the aurorais propor
tionalto . Onecanseethatas decreaseshenet
enegy ux, andhenceobsenred brightnessdecreases
in proportion. However, this is not the casefor ,
which remainsroughly constantacrossthe examples
shawvn. Semeteret al. [2001] usedthesedatain a
combinedoptical-particleanalysisto shav that when

becomesrery low, a signi cant percentagef the
eld-aligned currentis still carriedby thesuprathermal
populationwhich becomesncreasinglydominatedoy
cold ambientelectrons. With respectto understand-
ing dynamiccouplingbetweerthe magnetospherand
the auroralionospherethe obserational bias toward
brightaurorais physicallyunjusti ed.

The obsenrational challengeis to devise a scheme
wherebyprecipitationin thelinear( 1 keV) andnon-
linear (1 keV) regimesmay be imagedsimultane-
ously We desirethe optical analogto the logarith-
mic sensitvity of a typical auroral electrondetector
Thelogarithmicspacingof enegy channelon rocket-
borne electrostaticanalyzers,for example, has per
sistedbecauseof the early detectionof eld-aligned
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Figure 1. Velocity distribution functionsfor electronaurorarecordedduringa 30 sintenal of the PHAZE2rocket
ight. Theaggrgateluminosityis proportionato  while the eld-aligned currentis proportionalto
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bursts[e.g., Arnoldy 1985], andthe acknavledgment
that low-enegy electronpopulationsmay play a key

role in auroralformation[Johnstoneand Winningham

1982]. An analogou®pticaldetectiorschemeequires
thatwe exploit thewavelength-speci aesponsef the
thermospher#o precipitatingenegetic electrons.

3. Thermosphericresponseo auroral
electrons

For incident electronenegies greaterthan a few
keV, the auroralspectrumis dominatedby the oxygen
greenline at 5577A and by the band systemsof
and , with thetotal luminosity proportionalto net
enegy ux. As of the electronbeamdecreases,
the higheraltitudeemissionf and becomen-
creasinglysigni cant. The changein spectraldistri-
bution re ects changesn the balanceamongelectron
penetrationdepth, speciesdensity andthermospheric
guenchingeffectswhich canbe modelednumerically
from rst principles. Givena modelof the neutralat-
mosphereand an incident electronpopulationin the
form of , the opticalresponsef the thermo-
spherecanbe written canonicallyasthe inner product
of a photonproductionmodelandthe incidentenegy
spectrum-thatis,

3

allE ®)

with  thedifferentialnumberux and theproduc-

tion of photonsatwavelength asafunctionof enegy
andaltitude.

Figure 2 shaws for four prominentauroral
emissionlines calculatedusing the electrontransport
anddegredationmodelof LummerzheinandLilensten
[1994]. The colorcodedcurvesshav how the volume
emissionrate varieswith characteristicenegy (indi-
catedin the legendto the left). Eachpro le wascal-
culatedfor a Gaussiarincidentenegy spectrumwith
a full-width at half-maximumof 10% and net enegy
ux of 1 mW/m . This narrav spectrumapproximates
a monoengagetic beam of electronsat the indicated
enegy, andthe curves representhe optical response
functions.An individual curve maybeapoormodelfor
anauroralemissionpro le but, sinceEq. (3) is linear

4

in ,thethermosphericesponseo atrueauroraldis-
tribution function canbe approximatecby a superpo-
sition of thesemonoenggetic responsdunctions.This
is preciselywhatis donein a so-calledCARD analysis
[Brekle etal., 1989],where is estimatedrom a set
of model productionpro les and measured -region
ionizationratesby inverting a matrix form of Eq. (3)
(i.e., ).

As the optical analogto CARD, Figure 2 gives a
setof “eigen-pro les” which reveal the sensitvity of
the optical spectrumto variousenegetic regimes. As
expected,the 4278 emissionincreasesn magni-
tude and decreasef altitude with increasingenenpy.
The otheremissionshavn arisefrom excited state of
atomicoxygen,andareall anticorrelatedvith incident
enegy. For this reasontheseemissionsare not gen-
erally usedin correlatve studiesof enegetic auroral
electrons.However, this anticorrelationcanbe adwan-
tageousvhenonewishego studyweakauroralprecipi-
tation. Theoxygen6300A emissiorhaslongbeenused
in thiscapacitybutis of limited usein studyingdynam-
ical aurorabecausef its 120s radiative lifetime. Both
thepromptemissionof  8446andthe 7320,7330
doublet(with a 5.8 s radiative lifetime) appearto be
betterchoicesn thisregard. (For a detaileddiscussion
on the auroralspectrumseeChamberlain[1961] and
Vallance-dnes[1974].)

The photometricbrightnessof thesespectralfea-
turesin the magneticzenithcanbe estimatedrom the
curvesof Figure2 undercertainassumptionsf thein-
cidentenegy spectrum(notethatthe actual“apparent
brightness requiresa model for atmosphericscatter
ing, which will beignoredin the presentdiscussion).
Figure 3a shaws the resultsof directintegration. The
constrainthat mwW/m for eachpro le is man-
ifestedin the relatvely constang of 4278, whichis a
proxy for enegy ux. Inrealaurora, and are
known to becorrelatedso Figure3agivesanunrealis-
tic impressiorof thedependencef spectrabrightness
on . Measurementbave shavn that in
high-enegy aurorawith [Lyonsetal.,1979;
Christenseretal., 1987]. The moderatdo low enegy
distribution functionsof Figure 1, on the otherhand,
arebettermodeledby 1. Althoughthe choiceof
is not crucialto theresultsof this work, will be
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Figure 2. Modeledvolumeproductionpro les dueto monoenagetic incidentelectronbeamsfor four prominent

auroralemissions.

assumed.

Figure 3b shawvs the modeledspectralbrightnesses
assuming . Theanticipatedinearincreasen
4278for increasingenegy is now seen.The sensity-
ity of 4278/630Qto characteristienegy is manifested
in the divergenceof thetwo linesasenegy decreases.
Note that 7320 and 8446 also diverge from 4278 for
enegieslessthanafew keV. This behaior will be ex-
ploitedin Sectionb.

NotealsothatFigure3 refersto theauroralspectrum
at a singlepointin the magneticzenith. However, we
endesor hereto understandhe relationshipbetween
the auroralenegy spectrumand its spatialand tem-
poral variability. We now describean instrumentand
analysisframenork for multispectralktudiesof the au-
rora.

4. Simultaneousmultispectral imager

With respectto the goal of characterizinghe pri-
mary electronbeam,the auroralspectrumcanbe con-
sideredredundant. For example, emissionsresulting
from directimpactwith are,to a goodapproxima-
tion, proportionalto one another In the caseof in-
dividual bandswithin a bandsystem(e.g., First Pos-
itive, SecondPositive, First Negative) the proportion-

ality is describedby Franck-Condorfactors, and is
nearlyexact. For the emissionsof atomicoxygen,the
situationis somavhat more complicatedowing to the
very low excitationenegiesandsmallerrequiredpen-
etrationdepth. In the caseof 6300, thereis also a
certain hysteresiscausedby the 120 s radiative life-
times. Nonethelesghefull spectraldetailaffordedby
dispersion-baseithstrumentss not necessaryandthe
four wavelengthsdiscussedn Section3 provide suf-
cientinformationto infer muchaboutthe evolution of
theincidentenegy spectrum.

As suchtheSimultaneoudultispectrallmagerwas
designedto provide two-dimensionalimagesat four
preselecteavavelengthsimultaneouslyThe SMI rep-
resentsa modi cation to the standardnonochromatic
imagingsystermusedextensvely in experimentaberon-
omy[e.g.,Baumgadneretal., 1993]. Theopticallay-
outis illustratedschematicallyin Figure4. The front
objective is a 100 mm f/1.4 achromat.A eld stopis
placedat its focusto de ne a squarefocal planewith
22 diagonal eld of view ( 40 km at a typical -
region auroralaltitude of 100 km). The beamis then
collimatedusinga eld lensand300mm /2.8 achro-
mat. The collimatedbeamis incidenton a mosaicof
squareinterferencelters, eachwith identicaldimen-
sions.Themosaids sizedsuchthatthe 12 cm collima-
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Figure 3. Spectrabrightnessy/s. characteristienegy
for (a) aconstanenegy ux of 1 mW/m , and(b) en-
emgy ux proportionalto characteristi@negy.

tor output apertureis exactly inscribedin the square
mosaic. The individual Iters are removable so that
variouscombinationsf four spectrabandscanbe se-
lected dependingpntheobjectivesof theinvestigation.

In a standardmonochromatidmager a reimaging
lensis placedbehindtheinterferencelter to produce
the nal imagewhich, in this case,would consistof
amixture of the signalstransmittedby thefour Iters.
In the SMI, a wedgeprismis placedbehindeach Iter
to divertthe transmittecbeamoutward from the center
by a smallangle(5.44 ). Figure5 shavs a schematic
drawing of a wedgeprism. The centerof the prism
arrayis at the top at the thinnestpoint of the wedge.
When properly con gured, the reimagedfocal plane
will containfour copiesof theoriginal scenegachcor
respondingo adifferent lter.

This designconceptsuggestsa fundamentatrade-
off betweenspectralandspatialresolution. A greater

front objective

g 3& /Q } ? 7 field stop

collimator

filter mosaic

\I wedges

reimager

detector

A A

Figure 4. Opticalschematidor the SMI.

Figure 5. Wedgeprism. Four suchelementomprise
the SMI wedgeprismarray
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numberof wavelengthscould be imagedby increas-
ing the numberof Iters in the mosaic,decreasinghe
reimagerfocal length (i.e., reducingthe imagesize),
andadjustingthe numberandanglesof the wedgeel-

ements. In principle, an arbitrary numberof spectral
imagescould be arrangedn a singlearraydetectotin

thisway. The spatialresolutiondecreaseasthe num-
ber of wavelengthsincreasesbut the effective system
speedemainsconstant.

The SMI detectorconsistsof a microchanneblate
imageintensi er coupledto a CCD via a ber optic
taper Both the intensi er gain and the CCD expo-
suretime canbe adjustedin software. The CCD is a
576 768rectangulaarray With anapproximateoint
spreadunctionof threepixels,theeffective spatialres-
olutionat 100km altitudeis 300m.

Filter speci cations

In the SMI, we seekto isolateindividual featuresn
the auroral spectrum. This requiresnarrav band I-
tersfabricatedo carefulspeci cations. The transmis-
sioncharacteristicef aninterferencelter areastrong
function of the beamincidentangle. For anglesless
than5 , the centerwavelengthshiftsby 1A/degree.
Themaximumincidentangleproducedby the300mm
collimator is 3.8 . Under this constraint,an inter
ference lter with a transmissionfull-width at half-
maximum (FWHM) of 10A and with centerwave-
length(CWL) shifted2A towardstheredwill transmit
theselectedvavelengthoptimally overtheentirerange
of incidentangles(i.e., the entire eld of view), while
minimizing backgrounctontritution.

Table1 lists the salientfeaturesof the currentSMI
Iter set. The desiredspectralfeatureandits source
speciesare indicatedin the last two columns. The
CWL of the lter wasblue-shiftedby 6A toaccount
for the averageobsered Doppler shift. The larger
FWHM of the 7325 lter is toincludebothlinesof the
7320,733@oublet.

Throughoutthe remainderf this work, we referto
both the Iter andthe associatedmageby the CWL.
This is to clarify that, in general,a spectralimager
imageswavelengthbands,and not individual spectra
lines. In thecaseof 4278,the Iter captureonly apor
tion of the (0,1) bandin the First Negative system.The

TABLE 1. CHARACTERISTICS OF CURRENT SMI
FILTERS

Filter Speci cation

CWL FWHM  SpectraFeature Source
4278 12 4278 N (1N)
4855 15 4861 H
7325 25 7320,7330 0]
8446 12 8446 O

Table valuesare in Angstroms. CWL = centerwave-
lengthof Iter. FWHM = full width at half maximum of
Iter .

calibratedbrightnesswill be proportionalto the inte-
gratedbandintensity

Figure 6 gives an example of multispectraldata
acquiredby the SMI (right panel) and allsky cam-
era (middle and left panels). Theseare raw images
recordedat SondrestromGreenlandfor a weak sta-
ble auroraleventin the magneticzenith. The 6300and
4278imageswererecordedsequentiallyat the Univer-
saltime (UT) andexposurdime shavn in theuppereft
corner The SMI imagewasrecordedvith a 10 s expo-
sureat the UT indicatedin the center Eachquadrant
containsan imageof the same eld throughthe Iter
with CWL asindicated. The white squarein the all-
sky imagesis the projectedSMI eld of view. In this
case theraw signalsrecordedby the 8446,4278,and
7325 lters wereof similar magnitudewhile no signal
at4861is immediatelydiscernable.

5. Multispectral analysisat 7325A and 4278A

Therearemary waysto apply suchdata,but let us
considerfor the presentone speci ¢ application,that
of characterizindpehaior of auroralstructuresduring
changedn characteristieenegy of the incidentelec-
tron beam. This requiressimultaneousneasurements
of emissionsvhoseproductionratespeakat different
electronenegies. Historically, this hasbeenaccom-
plishedusingmeasurementsf 4278and 6300
from a photometeror spectrograph.But without the
concommitanspatialinformation, one cannotresohe
whetherachangéan enegy is causedy corvectionof
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Figure 6. Sampleraw datafrom the SondrestronAllsky camera(left and middle images)andthe SMI (right

image).

a spatially varying source,or temporalvariationin a
stationarysource nhor canoneinvestigaterelationships
betweerauroralmorphologyandthe optical spectrum.

Becausewe are interestedin dynamicaurora,we
will useimagesat 7325insteadof theusual6300mea-
surementsThe 7320,7330\. doublet(hereaftere-
ferredto as 7320) originatesin the  region and de-
pendsonasubstantialux of low-enegy primaryelec-
trons. As such,it is normally quite weakin enegetic
aurora.But, aswill bedemonstrated/320canprovide
a high-resolutiondiagnosticfor low-enegy precipita-
tion structures.The main disadwantageis contamina-
tion by the (5,3) bandof the  First Positve system.

Tounderstandhow properlyto interpretSMI images
at 7325, considerFigure 7, which shawvs three exam-
plesof theauroralspectrumin this wavelengthregime
(from Sivjeeand Shen1997]). Thetransmissiorcurve
of the 7325 lter is shawn asthe shadecturve. There
areessentiallytwo auroralsourcesithin the Iter pass
band: 7320andthe (5,3) First Positve band.
Which of thesefeaturesdominatesiependsn the au-
roral conditions.In normalvisible aurora(Figure 7a),
theimagewill bedominatecbythe  sourcethetwo
broadhumps).For weakprecipitationin the cusp(Fig-
ure7b),the  sourceas of comparablenagnitudgthe
narrav peaksunderthe lter curwe), andfor the mag-
neticcloudevent(Figure7c),the  sourcewasdom-
inant.

As a consequencef the competingsources,the
7325 lter hastheinterestingoropertyof continuingto

provide a signaldown to very low enegies,whenthe

and bandemissionsare no longerdetectable.
Whatis neededs a meansof separatinghe contriku-
tion from eachsource.Simultaneousmagesat 4278A
offer onesolution.

The brightnesgransmittedby a Iter identi ed by

CWL isrelatedto spectraintensityby

(4)
where refersto the transmissionof a lter with
CWL , and isthesourcefunctionin R/A. There

is only oneauroralsourcewithin the 4278 Iter pass
band,sothat

(5)
(6)

where is proportionalto the brightnesf the
First Negative system.

Similarly, thebrightnesdransmittecby the 7325 I-
ter canbewritten

(7)
(8)

where refersto the integratedintensity of
(7320,7330)doublet, and is the transmitted
portionof the(5,3)bandof  First Positive.
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Figure 7. Threeexamplesof the nearinfraredauroral
spectrum(from Sivjeeand Shen1997]) Thetransmis-
sioncurve for the SMI 7325 lter is shavn in gray

To a good approximation, and
are proportionalto one anotherin the aurora. Both
are promptemissiongproduceddirectly by secondary
electronimpact on (the First Negative bandsare

19eV aborethegroundstateof |, theFirstPositive
bands 7 eV). The distribution of secondariest -
region altitudesis relatively insensitve to themeanen-
emgy of theprimarybeam.As such theeneqgy distriku-
tion of thesecondariescaleswith enegy ux, leading
to the proportionalityof the bandsystemq Chamber
lain, 1961,ch. 5]. We canthereforewrite

, where is a constant(notethat de-

pendsonthe Iter transmissiorcurvesandthushasno
directphysicalinterpretation).The transmittedoright-
nessesrerelatedto the spectrabrightnesseby

9)
For very bright aurora, suchthat
. Thus,thevalueof canbe es-

timatedfrom the datathemseles. At lower enegies,
changesin characteristicenegy will producean in-
creasein as increases. Thus, Eq.
(9) alsorevealshow this Iter schemesenesto extend
the sensitvity andexpandthe dynamicrangeto lower
electronenegies.

Therearea few interestingpropertieso noteabout

: (1) becausat is proportionalto the ratio of two
emissionsof the same  parentspecies is inde-
pendenof thermosphericompaosition(2) isnotaf-
fectedby altitude variability betweenoxygenand ni-
trogenemissiongor thesamereasonand(3) if we are
concerneanly with detectingrelative changesn char
acteristiceneqgy, or simply acquiringimagesof theau-
roraat lower characteristienegies, thenwe neednot
be concernedboutabsolutecalibration,sincethecali-
brationconstanis includedin

Theseeffectscanbe modeledusingthe monoener
getic emissionpro les of Figure2. Figure 8a shaws
onceagainthe 4278and 7320A brightnessasa func-
tion of electronenegy (assuming ashefore).
The sum of thesesourcesshavn by the solid curwe,
simulategqualitatvely thebrightnesobseredthrough
the 7325 lter asa function of enegy (i.e., in
(Eq. 9) assuming ). Figure 8b simulatesthe
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ratio versusenegy. As suggestedby Eq.
(9), the ratio approaches constantasthe auroralen-
ergy increasesAt lower enegies,we shouldexpecta
sharpincreasen thisratiobelov 1keV.

The sensitvity of the auroralspectrumin the 7320
to 7330A bandto incident electronenegy hasbeen
demonstratetothobserationally (Figure7) andtheo-
retically (Figure8). Unlikethe4278/6300Qatio,
is only sensitve to belov 1 keV. While not pro-
viding the samerangeof sensitvity astheclassic‘red
to blue” ratio, theproposedechniqueprovidesameans
of sensingchangesn atlow enegies,aswell asa
meanf effectively detectinghediscreteauroraasso-
ciatedwith 1 keV electrons.

6. Results

Thetechnigueproposedn Sections is now demon-
stratedusingdataacquiredoy the SMI in acampaigrat
SondrestromGreenlandjn February—Marctof 2000.
Theimageshave beencalibratedto Rayleighsusinga
low brightnesssource.The peakbrightnesof the fea-
turesin theimageswill beindicatedasrequired.

6.1Fine structure

Figures9 and10shav imagesequenceat4278and
7325. The magneticzenithis indicatedby the square
symbol. Both sequencesvere recordedat .3 s res-
olution. The considerablespeckle(especiallyin the
7325 images)highlights the trade-of betweeninten-
si er gainandexposuretime in capturingspectralim-
agesthroughnarravband lters. Figure9 shavs ade-
velopingauroralstructure.Thereis little apparenmo-
tion duringthe 8 sintenal shavn. Figure10, recorded

3 min later, shavs an evolving small-scalevortex,
which reacheda peakbrightnessof 1600R at both
4278and7325. This structureis much narraver and
moredynamicthanthestructurein Figure9.

Figureslland12 shav the zenithbrightnesseser
sustime at 4278, 7325, and 8446, as well as the
7325/4278ratio in the time intenals of theseevents.
Figurell (associateavith Figure9) shavs a clearde-
creasen the7325/4278atiofrom 0254:20t0 0254:30UT.
Comparingthis resultwith the image sequencendi-
catesthat this decreasavas the resultof a true ener
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Figure 9. SMI measurementst4278A and7325A indicatingatime changan characteristienegy.

Figure 10. SMI measurementat 4278A and7325A of an auroralvortex structureappearingn a high-enegy
discreteauroralarc.



SEMETER:MULTISPECTRALAURORAL IMA GING

12

1400 F
1400 F 1200
1200¢ = woooi
@ 1000} ~ 800}
o 800 | 5 600 §
§ 600¢ 400 B
400 200}
2005 :
g 2000 f
2000 :
r 1500 F
1500 | = :
& i 0 1000}
§ 1000} R
n : 500 F
500 :
[ 5000
5000 E g
: 4000
4000 .
—~ & 3000
£ 3000 ¢ ©
© 3 2000¢
S 2000 ® ;
® E 1000
1000
4F
4E o E
L &% 8 o 3 °
o SE Cood o A ™~ o
™~ E Y <<>> A g O
Sk ®s 0 3 S < 5 2E s @0 %0 © <><><>;
N 2F N %Y O R N © &
0 RLC AN x < PR o R 0V
S &6 © > @00, Dok C%%0m.e 08 00V O o o7
R E 0@%5%5 3 E TR e 058 %, K
: : 0258 0259
0254 0255 0256 uT
uT

Figure 12. Obsered brightnessfor Figure 10 event
alongwith 7325/4278ratio. Ratiois constanthrough
large changesn spectralbrightnesspresumablyindi-
catingachangen number ux ataconstancharacter
istic enegy.

Figure 11. Obsened brightnessfor Figure 9 event
alongwith 7325/4278&atio. Changen ratiois presum-
ably theresultof changen characteristienegy of the
source.
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Figure 13. Obsenred 7325/427&atio asa function of
4278brightnessThetrendcloselymatched-igure8h.

gization of a stationaryauroralform, and not the re-
sult of corvection of a spatially varying source. Fig-
ure 12 (associateavith Figure10), on the otherhand,
shaws a relatively constantout smaller7325/4278a-
tio from 0258:00to 0258:30UT. This aurorais associ-
atedwith a highercharacteristienegy, asmanifested
in thelower averagevalueof the 7325/427&atio. Also
note the constang of this ratio despiteconsiderable
variability in the brightnesscurves, especiallyprior to
0258:30UT.

We canalsoinvestigatewhethertheseobserations
arequalitatively consistentvith the predictionsof Fig-
ure 8b In Figure 13, hasbeenplotted
against for thetwo eventsin Figuresll and12.
To insure adequatesignal-to-backgrawd, only mea-
surementswith 800 R have beenconsidered.
Thetrendcanbeseento matchFigure8b quiteclosely
Fromthesemeasurementsnecanalsoseethat ,the
asymptoticvalue of for large , ap-
pearsto be 1 for thiscon guration.

6.2 Arc genesis

Oneof theimportantbene tsof multispectraimag-
ing at thesewavelengthss to extendthe effective sen-
sitivity to lower enegies, thusallowing accesdo the
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low enegy velocity distribution functionsdiscussedn
Section2. Figure 14 shaws allsky cameraimagesat
6300(left) and SMI imagesat 7325and4278(center
andright) for a nascentauroralarc. Universaltime is
indicatedin theupperright for eachsequenceThein-
setboxin the6300imagescorrespondtn theSMI eld
of view. The squaresymbolin the SMI imagesshawvs
the magneticzenith. The exposuretime for both SMI
andallsky imageswvasi10s.

The 6300 sequenceshavs the formation of an arc
nearthe zenith which expandstoward the southwest.
Underthis spatial-spectralesolution,the nascentarc
appearsas an expandingsheet. However, in the SMI
7325 images, the samearc appearsrst as a series
of separatestructuresthat remain disconnectedintil
0430:14UT. The 10 s exposurecertainly smoothsout
thetruedetail,but onecansurmisethatthesestructures
are individual auroralrays, normally associatedvith
enegeticevents.

Note thatno 4278emissionis detectablén this se-
guence(right panels). For this con guration, the sen-
sitivity at4278was20 R. Theverylarge 7325t0 4278
ratio in this sequencendicatesthat the 7325images
are indeeddominatedby emissionsof 7320 and
not  FirstPositve. The consequencesf suchmea-
surementsvill beexploredin detailin afuturework.

7. Summary and futur e work

We have describeda multispectralimagerand an
associatedmultispectralimaging framework, for the
study of small-scalespatial-spectrabariability in the
discreteaurora. The SMI acquiresmagesat four pre-
selectablevavelengthssimultaneouslpvera20 eld
of view andwith 300 m resolutionat -region alti-
tudes.Thecurrent Iter setis summarizedn Tablel.

Thereare mary waysto apply suchdata, both in
purelyaeronomicabtudiesandstudiesof auroralelec-
trodynamics. This work hasfocusedon the particu-
lar goal of usingmultispectralimagingto increasehe
effective sensitvity anddynamicrangeof the passie
imaging processwith respectto the incident enegy
spectrum. A techniquehasbeenproposedthat uses
thesimultaneougmagesat 7325A and4278A to detect
bothverylow ( 1keV)andveryhighenegy ( 5keV)
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Figure 14. Allsky imageat 6300A andSMI imagesat 7325A and4278A of aformingauroralarc.
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precipitationsimultaneously The techniqueexploits
the pseudo-logarithmicsensitvity of atomic oxygen
emissionsn theauroraloptical spectrumand,assuch,
representanopticalanalogto thelogarithmicspacing
of enegy channelon auroralparticledetectors.

Futurework will involve moredetailedmodelingof
theSMI imageacquisitionusingsyntheticauroralspec-
tra. SMI measurementwill also be combinedwith
simultaneousneasurementsf -regionionizationby
the Sondrestronincoherent-scatteadar
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