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SimultaneousMultispectral Imaging of the DiscreteAurora
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Abstract.
A uniquemultispectralimagerandanassociatedmultispectralanalysisframework
aredescribedwhich togetherconstitutea new diagnostictool for auroralresearch.
By acquiringspatialand spectraldatasimultaneously, multispectralimaging
allows oneto exploit physicalconnectionsbetweenauroralmorphologyandthe
auroraloptical spectrumin a way that sequentialspectralimagingcannot.The
initial researchfocusis on imagingthetransitionin theincidentenergy spectrum
during the formationof discretearcs- that is, whentheprecipitatingpopulation
is characterizedby � 1 keV electrons.A techniqueis presentedwhich usestwo
spectralbands(centeredat 4278	A and7325	A) to extendthe effective dynamic
rangeof passive imagingto muchlowerenergies.

1. Intr oduction

The optical auroraprovides two distinct windows
into magnetosphericelectrodynamics:(1) the spatial
structurein theplaneperpendicularto B and(2) theop-
tical spectrum.In thespatialdimension,large-scaleau-
roral structures- suchasspiralsandfolds - area direct
projectionof magnetosphericdynamics,while small-
scalestructures- suchascurlsand�lamentary aurora-
project near-Earth electrodynamicsand plasmainsta-
bilities [Hallinan, 1976]. The optical spectrumpro-
vides information aboutthe energetic electronsasso-
ciatedwith thesestructures. In the magneticzenith,
for example,the ratio of ��� 6300	A brightnessto �	�

�

4278	A brightnesshas long beenusedas a proxy for
the characteristicenergy of the incidentenergy spec-
trum [ReesandLuckey, 1974]. This work concernsthe
physicalconnectionbetweenthesecomplementarydi-
mensionsof auroralinformation.

Consider, for example, auroral curls. Although
they aregenerallyunderstoodasa manifestationof a
Kelvin-Helmholtz(KH) instability, quantitative com-
parisonswith observedcurl motionshasbeeninconsis-
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tentwith this interpretation[Vogt et al., 1999,andref-
erencestherein]. The KH instability canarisefrom a
shearin the 
���� drift velocitycreatedby theconver-
gentelectric�eld of anauroralarc. Themagnitudeof
theshearis proportionalto ������
������������! #"$��% ,
with % perpendicularto the arc. For a curl-free�eld,
the integral of �& givestheparallelpotentialdropex-
periencedby thearc-relatedelectrons.The netpoten-
tial drop is in turn re�ected in the characteristicen-
ergy, whichcanbeestimatedfromtheopticalspectrum.
Thus,a combinedspatial–spectralanalysiswould add
valuablenew constraintsto studiesof auroralplasma
instabilities.

Becausethe discreteaurora is highly variable, a
truemultispectralanalysisrequiresthat thespatialand
spectraldata be acquiredsimultaneously. Typically,
multispectralimagesare acquiredsequentiallyusing
a monochomaticimagerand a �lter wheel, preclud-
ing true simultaneity. An imaging spectrographpro-
videssimultaneousspectralinformation,but is of lim-
itedusein studyingdynamicaurorabecauseof thelack
of two-dimensionalspatialinformation. In this paper
we describea uniquenew instrumentandan analysis
framework for high-resolutionmultispectralstudiesof
the discreteaurora. Developedin collaborationwith
theMax-Planck-Institutfür ExtraterresctrischePhysik,
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the SimultaneousMultispectralImager(SMI) images
fourdiscretewavelengthsthroughasingleopticalchain
ontoasingledetector, with � 1 km spatialresolutionat

� -region altitudesand.3 to 10 s time resolution(de-
pendingonsignalstrength).

The initial scienti�c focus is on the study of low-
energy ( � 1 keV) precipitationin the discreteaurora.
Theimportanceof thisenergeticregimeis discussedin
Section2, which describessomeunexpectedfeatures
observed in electrondistribution functionsover weak
auroralarcs. Section3 providesa review of the infor-
mationin theauroralspectrum,suggestingthetypeof
measurementrequiredto studyaccelerationregion dy-
namicsat low energies. Section4 describesthe SMI
andits current�lter characteristics.Section5 presents
aspeci�c analysistechniqueinvolving two spectralim-
ages:onecenteredat 4278	A ( � �

� First Negative), and
the otherat 7325	A (mixture of �

� First Positive and
�

�

7320	A). Finally, Section6 presentsexamplesthat
demonstratetwo applicationsof this technique:(1) to
resolve thespatial–temporalambiguityassociatedwith
changesin the incident energy spectrumand (2) to
enhancethe sensitivity anddynamicrangeof auroral
imaging.

2. Relationshipamongnumber �ux, energy
�ux, and luminosity

To appreciatethe scienti�c ef�cacy of multispec-
tral imaging,consider�rst therelationshipbetweenthe
electronenergy spectrumandauroralluminosity. Stud-
iesof theaurorahavehistoricallyfocusedonbrightvis-
ible eventsassociatedwith electronenergies ��� keV.
Suchauroraearisefrom a “linear” or “ohmic” acceler-
ation region whereinthecharacteristicenergy (related
to thepotentialdrop)is proportionalto thenetnumber
�ux (relatedto the current). What is not well under-
stoodis how theparallelelectric�eld is formedor how
it is maintained.Suchinvestigationsrequireknowledge
of energeticelectronbehavior duringauroralformation
and decay, when the electroncharacteristicenergy is

� 1 keV. Optical detectionin this energetic regime is
dif�cult, especiallywhen bright arcsappearsimulta-
neouslywithin the �eld [Semeteret al., 2001]. How-
ever, theimportanceof anauroral�ux tubeto dynamic
magnetosphere-ionosphere couplingis not necessarily

indicatedby luminosityor, equivalently, by themagni-
tudeof thepotentialdrop.

Consider, for example,thevelocitydistributionfunc-
tions shown in Figure1 taken from a 30 s interval of
the PHAZE2 rocket �ight of February1997[Arnoldy
etal., 1999].Theleft columnshows imagesof electron
phasespacedensity� asa functionof parallelandper-
pendicularvelocity. Thecenterandright-handcolumns
areplotsof downwarddifferentialnumber�ux anden-
ergy �ux, respectively, calculatedfrom the following
integrals:
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wherethequantities*

�

and *

�

have beenplottedver-
susenergy. Suchplotsareusefulin visualizingwhich
energetic regime is responsiblefor themajority of the
number�ux andenergy �ux. Theintegratedquantities

�
�

and
�

�

areshown in the upperright cornerof the
plotsin Figure1.

The aggregate luminosity of the aurorais propor-
tional to

�+�

. Onecanseethatas �-, decreases,thenet
energy �ux, andhenceobserved brightness,decreases
in proportion. However, this is not the casefor

�.�

,
which remainsroughly constantacrossthe examples
shown. Semeteret al. [2001] usedthesedata in a
combinedoptical-particleanalysisto show that when

�., becomesvery low, a signi�cant percentageof the
�eld-alignedcurrentis still carriedby thesuprathermal
population,which becomesincreasinglydominatedby
cold ambientelectrons. With respectto understand-
ing dynamiccouplingbetweenthemagnetosphereand
the auroral ionosphere,the observational bias toward
brightaurorais physicallyunjusti�ed.

The observational challengeis to devise a scheme
wherebyprecipitationin the linear( � � 1 keV) andnon-
linear ( �

� 1 keV) regimesmay be imagedsimultane-
ously. We desirethe optical analogto the logarith-
mic sensitivity of a typical auroralelectrondetector.
Thelogarithmicspacingof energy channelson rocket-
borne electrostaticanalyzers,for example, has per-
sistedbecauseof the early detectionof �eld-aligned
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Figure1. Velocitydistribution functionsfor electronaurorarecordedduringa30s interval of thePHAZE2rocket
�ight. Theaggregateluminosityis proportionalto

�-�

while the�eld-aligned currentis proportionalto
� �

.
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bursts[e.g., Arnoldy, 1985], andthe acknowledgment
that low-energy electronpopulationsmay play a key
role in auroralformation[JohnstoneandWinningham,
1982].An analogousopticaldetectionschemerequires
thatweexploit thewavelength-speci�cresponseof the
thermosphereto precipitatingenergeticelectrons.

3. Thermospheric responseto auroral
electrons

For incident electronenergies greaterthan a few
keV, theauroralspectrumis dominatedby theoxygen
greenline at 5577	A and by the bandsystemsof �

�

and � �

� , with the total luminosity proportionalto net
energy �ux. As �-, of the electronbeamdecreases,
thehigheraltitudeemissionsof � and �

�

becomein-
creasinglysigni�cant. The changein spectraldistri-
bution re�ects changesin the balanceamongelectron
penetrationdepth,speciesdensity, and thermospheric
quenching,effectswhich canbe modelednumerically
from �rst principles. Given a modelof theneutralat-
mosphereand an incident electronpopulationin the
form of � �

�



���

 � , theoptical responseof thethermo-
spherecanbewritten canonicallyasthe innerproduct
of a photonproductionmodelandthe incidentenergy
spectrum– thatis,

���

��� �
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�

(3)

with *

�

thedifferentialnumber�ux and �

�

theproduc-
tion of photonsatwavelength� asa functionof energy
andaltitude.

Figure 2 shows
���

��� � for four prominentauroral
emissionlines calculatedusing the electrontransport
anddegredationmodelof LummerzheimandLilensten
[1994]. Thecolor-codedcurvesshow how thevolume
emissionrate varieswith characteristicenergy (indi-
catedin the legendto the left). Eachpro�le wascal-
culatedfor a Gaussianincidentenergy spectrumwith
a full-width at half-maximumof 10% andnet energy
�ux of 1 mW/m

�

. This narrow spectrumapproximates
a monoenergetic beamof electronsat the indicated
energy, and the curves representthe optical response
functions.An individualcurvemaybeapoormodelfor
an auroralemissionpro�le but, sinceEq. (3) is linear

in *

�

, thethermosphericresponseto a trueauroraldis-
tribution function canbe approximatedby a superpo-
sition of thesemonoenergetic responsefunctions.This
is preciselywhatis donein aso-calledCARD analysis
[Brekke et al., 1989],where *

�

is estimatedfrom 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
set of “eigen-pro�les” which reveal the sensitivity of
the optical spectrumto variousenergetic regimes. As
expected,the �	�

� 4278emissionincreasesin magni-
tudeanddecreasesin altitudewith increasingenergy.
Theotheremissionsshown arisefrom excitedstatesof
atomicoxygen,andareall anticorrelatedwith incident
energy. For this reason,theseemissionsarenot gen-
erally usedin correlative studiesof energetic auroral
electrons.However, this anticorrelationcanbeadvan-
tageouswhenonewishestostudyweakauroralprecipi-
tation.Theoxygen6300	A emissionhaslongbeenused
in thiscapacity, but is of limited usein studyingdynam-
ical aurorabecauseof its 120s radiative lifetime. Both
thepromptemissionof � 8446andthe �

�

7320,7330
doublet(with a 5.8 s radiative lifetime) appearto be
betterchoicesin this regard.(For a detaileddiscussion
on the auroralspectrumseeChamberlain[1961] and
Vallance-Jones[1974].)

The photometricbrightnessof thesespectralfea-
turesin themagneticzenithcanbeestimatedfrom the
curvesof Figure2 undercertainassumptionsof thein-
cidentenergy spectrum(notethat theactual“apparent
brightness”requiresa model for atmosphericscatter-
ing, which will be ignoredin the presentdiscussion).
Figure3a shows the resultsof direct integration. The
constraintthat

� � 	

! mW/m
�

for eachpro�le is man-
ifestedin the relatively constancy of 4278,which is a
proxy for energy �ux. In real aurora,

� �

and � , are
known to becorrelated,soFigure3agivesanunrealis-
tic impressionof thedependenceof spectralbrightness
on �

, . Measurementshave shown that
�

�

� ���

,

in
high-energy aurorawith �

	

!��

��� � [Lyonsetal.,1979;
Christensenet al., 1987]. Themoderateto low energy
distribution functionsof Figure1, on the otherhand,
arebettermodeledby �

	

1. Althoughthechoiceof �

is not crucial to theresultsof this work, �

	

! will be
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Figure 2. Modeledvolumeproductionpro�les dueto monoenergetic incidentelectronbeamsfor four prominent
auroralemissions.

assumed.

Figure3b shows the modeledspectralbrightnesses
assuming

�+�

���., . Theanticipatedlinear increasein
4278for increasingenergy is now seen.Thesensitiv-
ity of 4278/6300to characteristicenergy is manifested
in thedivergenceof thetwo linesasenergy decreases.
Note that 7320 and 8446 also diverge from 4278 for
energieslessthana few keV. This behavior will beex-
ploitedin Section5.

NotealsothatFigure3 refersto theauroralspectrum
at a singlepoint in themagneticzenith. However, we
endeavor hereto understandthe relationshipbetween
the auroralenergy spectrumand its spatialand tem-
poral variability. We now describean instrumentand
analysisframework for multispectralstudiesof theau-
rora.

4. Simultaneousmultispectral imager

With respectto the goal of characterizingthe pri-
maryelectronbeam,theauroralspectrumcanbecon-
sideredredundant. For example,emissionsresulting
from direct impactwith �

� 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-Condonfactors, and is
nearlyexact. For theemissionsof atomicoxygen,the
situationis somewhat morecomplicatedowing to the
very low excitationenergiesandsmallerrequiredpen-
etration depth. In the caseof 6300, there is also a
certainhysteresiscausedby the 120 s radiative life-
times.Nonetheless,thefull spectraldetailaffordedby
dispersion-basedinstrumentsis not necessary, andthe
four wavelengthsdiscussedin Section3 provide suf�-
cient informationto infer muchabouttheevolution of
theincidentenergy spectrum.

Assuch,theSimultaneousMultispectralImagerwas
designedto provide two-dimensionalimagesat four
preselectedwavelengthssimultaneously. TheSMI rep-
resentsa modi�cation to the standardmonochromatic
imagingsystemusedextensively in experimentalaeron-
omy [e.g.,Baumgardneret al., 1993]. Theoptical lay-
out is 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 auroralaltitudeof 100 km). The beamis then
collimatedusinga �eld lensand300mm f/2.8 achro-
mat. The collimatedbeamis incidenton a mosaicof
squareinterference�lters, eachwith identicaldimen-
sions.Themosaicis sizedsuchthatthe12cmcollima-
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Figure 3. Spectralbrightnessvs. characteristicenergy
for (a) a constantenergy �ux of 1 mW/m

�

, and(b) en-
ergy �ux proportionalto characteristicenergy.

tor output apertureis exactly inscribedin the square
mosaic. The individual �lters are removable so that
variouscombinationsof four spectralbandscanbese-
lected,dependingontheobjectivesof theinvestigation.

In a standardmonochromaticimager, a reimaging
lensis placedbehindthe interference�lter to produce
the �nal imagewhich, in this case,would consistof
a mixtureof thesignalstransmittedby thefour �lters.
In theSMI, a wedgeprismis placedbehindeach�lter
to divert thetransmittedbeamoutwardfrom thecenter
by a small angle(5.44

�

). Figure5 shows a schematic
drawing of a wedgeprism. The centerof the prism
array is at the top at the thinnestpoint of the wedge.
When properly con�gured, the reimagedfocal plane
will containfour copiesof theoriginalscene,eachcor-
respondingto adifferent�lter .

This designconceptsuggestsa fundamentaltrade-
off betweenspectralandspatialresolution. A greater

front objective

field stop

collimator

filter mosaic

wedges

reimager

detector

Figure4. Opticalschematicfor theSMI.

Figure 5. Wedgeprism. Four suchelementscomprise
theSMI wedgeprismarray.



SEMETER:MULTISPECTRALAURORAL IMAGING 7

numberof wavelengthscould be imagedby increas-
ing thenumberof �lters in themosaic,decreasingthe
reimagerfocal length (i.e., reducingthe imagesize),
andadjustingthe numberandanglesof thewedgeel-
ements. In principle, an arbitrarynumberof spectral
imagescouldbearrangedon a singlearraydetectorin
this way. Thespatialresolutiondecreasesasthenum-
ber of wavelengthsincreases,but the effective system
speedremainsconstant.

The SMI detectorconsistsof a microchannelplate
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� 768rectangulararray. With anapproximatepoint
spreadfunctionof threepixels,theeffectivespatialres-
olutionat 100km altitudeis � 300m.

Filter speci�cations

In theSMI, we seekto isolateindividual featuresin
the auroralspectrum. This requiresnarrow band�l-
tersfabricatedto carefulspeci�cations.The transmis-
sioncharacteristicsof aninterference�lter areastrong
function of the beamincident angle. For anglesless
than5

�

, the centerwavelengthshifts by � 1 	A/degree.
Themaximumincidentangleproducedby the300mm
collimator is 3.8

�

. Under this constraint,an inter-
ference�lter with a transmissionfull-width at half-
maximum (FWHM) of 10	A and with center wave-
length(CWL) shifted2 	A towardstheredwill transmit
theselectedwavelengthoptimallyover theentirerange
of incidentangles(i.e., theentire�eld of view), while
minimizingbackgroundcontribution.

Table1 lists thesalientfeaturesof thecurrentSMI
�lter set. The desiredspectralfeatureand its source
speciesare indicated in the last two columns. The
CWL of the

���

�lter wasblue-shiftedby 6 	A toaccount
for the averageobserved Doppler shift. The larger
FWHM of the7325�lter is to includebothlinesof the
7320,7330doublet.

Throughouttheremainderof this work, we refer to
both the �lter andthe associatedimageby the CWL.
This is to clarify that, in general,a spectralimager
imageswavelengthbands,and not individual spectra
lines. In thecaseof 4278,the�lter capturesonly apor-
tion of the(0,1)bandin theFirstNegativesystem.The

TABLE 1. CHARACTERISTICS OF CURRENT SMI
FILTERS

Filter Speci�cation
CWL FWHM SpectralFeature Source
4278 12 4278 N �

� (1N)
4855 15 4861 H

�

7325 25 7320,7330 O
�

8446 12 8446 O

Table valuesare in Angstroms. CWL = centerwave-
length of �lter . FWHM = full width at half maximumof
�lter .

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 Sondrestrom,Greenland,for a weak sta-
bleauroraleventin themagneticzenith.The6300and
4278imageswererecordedsequentiallyat theUniver-
saltime(UT) andexposuretimeshown in theupperleft
corner. TheSMI imagewasrecordedwith a10sexpo-
sureat the UT indicatedin the center. Eachquadrant
containsan imageof the same�eld throughthe �lter
with CWL as indicated. The white squarein the all-
sky imagesis theprojectedSMI �eld of view. In this
case,the raw signalsrecordedby the8446,4278,and
7325�lters wereof similarmagnitude,while no signal
at4861is immediatelydiscernable.

5. Multispectral analysisat 7325	A and 4278	A

Therearemany waysto applysuchdata,but let us
considerfor the presentonespeci�c application,that
of characterizingbehavior of auroralstructuresduring
changesin characteristicenergy of the incident elec-
tron beam. This requiressimultaneousmeasurements
of emissionswhoseproductionratespeakat different
electronenergies. Historically, this hasbeenaccom-
plishedusingmeasurementsof � �

� 4278and � 6300
from a photometeror spectrograph.But without the
concommitantspatialinformation,onecannotresolve
whethera changein energy is causedby convectionof
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Figure 6. Sampleraw datafrom the SondrestromAllsky camera(left andmiddle images)and the SMI (right
image).

a spatially varying source,or temporalvariation in a
stationarysource,nor canoneinvestigaterelationships
betweenauroralmorphologyandtheopticalspectrum.

Becausewe are interestedin dynamicaurora,we
will useimagesat7325insteadof theusual6300mea-
surements.The �

�

7320,7330	A doublet(hereafterre-
ferred to as7320)originatesin the

�

region andde-
pendsonasubstantial�ux of low-energy primaryelec-
trons. As such,it is normally quite weakin energetic
aurora.But, aswill bedemonstrated,7320canprovide
a high-resolutiondiagnosticfor low-energy precipita-
tion structures.The main disadvantageis contamina-
tion by the(5,3)bandof the �

� First Positive system.

Tounderstandhow properlyto interpretSMI images
at 7325,considerFigure7, which shows threeexam-
plesof theauroralspectrumin this wavelengthregime
(from SivjeeandShen[1997]). Thetransmissioncurve
of the7325�lter is shown astheshadedcurve. There
areessentiallytwo auroralsourceswithin the�lter pass
band: �

�

7320 and the �

� (5,3) First Positive band.
Which of thesefeaturesdominatesdependson theau-
roral conditions.In normalvisible aurora(Figure7a),
theimagewill bedominatedby the �

� source(thetwo
broadhumps).For weakprecipitationin thecusp(Fig-
ure7b),the �

�

sourceis of comparablemagnitude(the
narrow peaksunderthe �lter curve), andfor themag-
neticcloudevent(Figure7c), the �

�

sourcewasdom-
inant.

As a consequenceof the competingsources,the
7325�lter hastheinterestingpropertyof continuingto

provide a signaldown to very low energies,whenthe
�

� and �
�

� bandemissionsareno longerdetectable.
What is neededis a meansof separatingthe contribu-
tion from eachsource.Simultaneousimagesat 4278	A
offer onesolution.

The brightnesstransmittedby a �lter identi�ed by
CWL � , is relatedto spectralintensityby

�

���

	�


���

�

�

�

���

� � ��� � � � � �

�

(4)

where
�

���

refers to the transmissionof a �lter with
CWL � , , and � is the sourcefunction in R/ 	A. There
is only oneauroralsourcewithin the 4278 �lter pass
band,sothat

�
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�
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����
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�

����� ��� (5)
	 �

���
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�

��� (6)

where
�

���

���

�

���
is proportionalto thebrightnessof the

�
�

� FirstNegative system.

Similarly, thebrightnesstransmittedby the7325�l-
ter canbewritten

�

� � ���

	 


���

�

�

�
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�

���
�
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�
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�

���

�

�
� � (7)

	 �

�

�

%

�

�

�

�

���

� (8)

where
�

�
� refers to the integratedintensity of �

�

(7320,7330)doublet, and
�

�

�

�

���

� is the transmitted
portionof the(5,3)bandof �

� FirstPositive.
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Figure 7. Threeexamplesof thenearinfraredauroral
spectrum(from SivjeeandShen[1997]) Thetransmis-
sioncurve for theSMI 7325�lter is shown in gray.

To a good approximation,
�

�

�

�

���

� and
�

���

���

�

���

are proportionalto one anotherin the aurora. Both
arepromptemissionsproduceddirectly by secondary
electronimpact on �

� (the First Negative bandsare
� 19eV abovethegroundstateof �

� , theFirstPositive
bands � 7 eV). The distribution of secondariesat � -
regionaltitudesis relatively insensitive to themeanen-
ergy of theprimarybeam.As such,theenergy distribu-
tion of thesecondariesscaleswith energy �ux, leading
to the proportionalityof the bandsystems[Chamber-
lain, 1961,ch. 5]. We canthereforewrite

�

�

�

�

���

�

�

� �

���

� �

�

��� , where
�

is a constant(note that
�

de-
pendson the�lter transmissioncurvesandthushasno
directphysicalinterpretation).Thetransmittedbright-
nessesarerelatedto thespectralbrightnessesby

�

� � ���

� 	

����


	

�

�
�

�

���

� �

�

���

%

�

� (9)

For very bright aurora,
�

�
�

���

�

�����

�

�
�

suchthat
�

� � ���

"

� 	

����


�

�

. Thus, the valueof
�

canbe es-
timatedfrom the datathemselves. At lower energies,
changesin characteristicenergy will producean in-
creasein

�

� � ���

"

� 	

����
 as
�

�
� increases.Thus, Eq.

(9) alsorevealshow this �lter schemeservesto extend
thesensitivity andexpandthedynamicrangeto lower
electronenergies.

Therearea few interestingpropertiesto noteabout
�

: (1) becauseit is proportionalto the ratio of two
emissionsof the same �

� parentspecies
�

is inde-
pendentof thermosphericcomposition;(2)

�

is notaf-
fectedby altitudevariability betweenoxygenandni-
trogenemissionsfor thesamereason;and(3) if weare
concernedonly with detectingrelativechangesin char-
acteristicenergy, or simplyacquiringimagesof theau-
roraat lower characteristicenergies,thenwe neednot
beconcernedaboutabsolutecalibration,sincethecali-
brationconstantis includedin

�

.

Theseeffectscanbe modeledusingthe monoener-
getic emissionpro�les of Figure 2. Figure8a shows
onceagainthe 4278and7320	A brightnessasa func-
tion of electronenergy (assuming

�
�

���
, asbefore).

The sum of thesesources,shown by the solid curve,
simulatesqualitatively thebrightnessobservedthrough
the 7325 �lter as a function of energy (i.e.,

�

� � ��� in
(Eq. 9) assuming

� 	

! ). Figure 8b simulatesthe
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Figure 8. (a) Modeledspectralbrightnessvs. �
, at

7320	A and4278	A. (b) Estimatedqualitative response
of

�

� � ���

"

�
	

����
 vs. � , .

ratio
�

� � ���

"

� 	

����
 versusenergy. As suggestedby Eq.
(9), the ratio approachesa constantasthe auroralen-
ergy increases.At lower energies,we shouldexpecta
sharpincreasein this ratiobelow � 1 keV.

The sensitivity of theauroralspectrumin the 7320
to 7330	A band to incident electronenergy hasbeen
demonstratedbothobservationally(Figure7) andtheo-
retically(Figure8). Unlikethe4278/6300ratio,

�

� � ���

"

�
	

����


is only sensitive to �-, below � 1 keV. While not pro-
viding thesamerangeof sensitivity astheclassic“red
to blue” ratio,theproposedtechniqueprovidesameans
of sensingchangesin �-, at low energies,aswell asa
meansof effectively detectingthediscreteauroraasso-
ciatedwith � 1 keV electrons.

6. Results

Thetechniqueproposedin Section5 is now demon-
stratedusingdataacquiredby theSMI in acampaignat
Sondrestrom,Greenland,in February–Marchof 2000.
The imageshave beencalibratedto Rayleighsusinga
low brightnesssource.Thepeakbrightnessof thefea-
turesin theimageswill beindicatedasrequired.

6.1Fine structure

Figures9 and10show imagesequencesat4278and
7325. The magneticzenithis indicatedby the square
symbol. Both sequenceswere recordedat .3 s res-
olution. The considerablespeckle(especiallyin the
7325 images)highlights the trade-off betweeninten-
si�er gainandexposuretime in capturingspectralim-
agesthroughnarrowband�lters. Figure9 shows a de-
velopingauroralstructure.Thereis little apparentmo-
tion duringthe8 s interval shown. Figure10, recorded

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

Figures11and12 show thezenithbrightnessesver-
sus time at 4278, 7325, and 8446, as well as the
7325/4278ratio in the time intervals of theseevents.
Figure11 (associatedwith Figure9) shows a clearde-
creasein the7325/4278ratiofrom0254:20to0254:30UT.
Comparingthis result with the imagesequenceindi-
catesthat this decreasewas the result of a true ener-
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Figure 9. SMI measurementsat4278	A and7325	A indicatinga time changein characteristicenergy.

Figure 10. SMI measurementsat 4278	A and7325	A of an auroralvortex structureappearingin a high-energy
discreteauroralarc.
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Figure 11. Observed brightnessfor Figure 9 event
alongwith 7325/4278ratio. Changein ratio is presum-
ably theresultof changein characteristicenergy of the
source.

Figure 12. Observed brightnessfor Figure 10 event
alongwith 7325/4278ratio. Ratio is constantthrough
large changesin spectralbrightness,presumablyindi-
catinga changein number�ux at a constantcharacter-
istic energy.
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Figure 13. Observed7325/4278ratio asa functionof
4278brightness.ThetrendcloselymatchesFigure8b.

gization of a stationaryauroralform, and not the re-
sult of convection of a spatiallyvarying source. Fig-
ure12 (associatedwith Figure10), on theotherhand,
shows a relatively constantbut smaller7325/4278ra-
tio from 0258:00to 0258:30UT. Thisaurorais associ-
atedwith a highercharacteristicenergy, asmanifested
in theloweraveragevalueof the7325/4278ratio. Also
note the constancy of this ratio despiteconsiderable
variability in thebrightnesscurves,especiallyprior to
0258:30UT.

We canalsoinvestigatewhethertheseobservations
arequalitatively consistentwith thepredictionsof Fig-
ure 8b. In Figure 13,

�

� � ���

"

� 	

����
 hasbeenplotted
against

� 	

����
 for the two eventsin Figures11 and12.
To insure adequatesignal-to-background, only mea-
surementswith

�

� � �

, � 800 R have beenconsidered.
Thetrendcanbeseento matchFigure8bquiteclosely.
Fromthesemeasurements,onecanalsoseethat

�

, the
asymptoticvalueof

�

� � ���

"

�
	

����
 for large
� 	

����
 , ap-
pearsto be � 1 for thiscon�guration.

6.2Ar c genesis

Oneof theimportantbene�tsof multispectralimag-
ing at thesewavelengthsis to extendtheeffective sen-
sitivity to lower energies, thusallowing accessto the

low energy velocity distribution functionsdiscussedin
Section2. Figure 14 shows allsky cameraimagesat
6300(left) andSMI imagesat 7325and4278(center
andright) for a nascentauroralarc. Universaltime is
indicatedin theupperright for eachsequence.Thein-
setboxin the6300imagescorrespondsto theSMI �eld
of view. Thesquaresymbolin theSMI imagesshows
themagneticzenith. The exposuretime for both SMI
andallsky imageswas10 s.

The 6300sequenceshows the formationof an arc
nearthe zenith which expandstoward the southwest.
Under this spatial–spectralresolution,the nascentarc
appearsasan expandingsheet. However, in the SMI
7325 images,the samearc appears�rst as a series
of separatestructuresthat remain disconnecteduntil
0430:14UT. The 10 s exposurecertainlysmoothsout
thetruedetail,but onecansurmisethatthesestructures
are individual auroral rays, normally associatedwith
energeticevents.

Note thatno 4278emissionis detectablein this se-
quence(right panels).For this con�guration, the sen-
sitivity at 4278was20 R. Thevery large7325to 4278
ratio in this sequenceindicatesthat the 7325 images
are indeeddominatedby emissionsof �

�

7320 and
not �

� First Positive. Theconsequencesof suchmea-
surementswill beexploredin detail in a futurework.

7. Summary and futur e work

We have describeda multispectralimagerand an
associatedmultispectralimaging framework, for the
studyof small-scalespatial–spectralvariability in the
discreteaurora.TheSMI acquiresimagesat four pre-
selectablewavelengthssimultaneouslyover a 20

�

�eld
of view andwith � 300 m resolutionat � -region alti-
tudes.Thecurrent�lter setis summarizedin Table1.

Thereare many ways to apply suchdata,both in
purelyaeronomicalstudiesandstudiesof auroralelec-
trodynamics. This work hasfocusedon the particu-
lar goalof usingmultispectralimagingto increasethe
effective sensitivity anddynamicrangeof the passive
imaging processwith respectto the incident energy
spectrum. A techniquehasbeenproposedthat uses
thesimultaneousimagesat7325	A and4278	A to detect
bothverylow ( � 1keV) andveryhighenergy ( � 5 keV)
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Figure 14. Allsky imageat6300	A andSMI imagesat 7325	A and4278	A of a formingauroralarc.



SEMETER:MULTISPECTRALAURORAL IMAGING 15

precipitationsimultaneously. The techniqueexploits
the pseudo-logarithmicsensitivity of atomic oxygen
emissionsin theauroralopticalspectrumand,assuch,
representsanopticalanalogto thelogarithmicspacing
of energy channelsonauroralparticledetectors.

Futurework will involve moredetailedmodelingof
theSMI imageacquisitionusingsyntheticauroralspec-
tra. SMI measurementswill also be combinedwith
simultaneousmeasurementsof � -region ionizationby
theSondrestromincoherent-scatterradar.
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