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Abstract. Observationsby thePolarsatelliteof largePoynting flux in theplasma
sheetboundarylayer at geocentricdistancesof 4 to 6

���
andbetween22 and

3 hrs magneticlocal time werecorrelatedwith H-bay signaturesfrom ground
magnetometerrecords. We provide evidencethat large Poynting fluxesoccur
duringthesubstormexpansionphase.ThePoynting fluxesexceeded1 ergs/cm

�
s

(125 ergs/cm
�
s when mappedto 100 km), were dominantlydirectedtoward

the ionosphere,and were associatedwith Alfv én waves. Theseobservations
demonstratetheimportanceof Alfv énwave power asa meansof energy transport
from thedistantmagnetotailto the ionosphereduringthemostdynamicphaseof
substorms.

Intr oduction

A magnetosphericsubstormis a transientprocessthat
leadsto a reconfigurationof the magnetotail.Besiderelo-
cation of plasma,it involves the flow of large amountsof
energy in the magnetotail. Considerableamountsof this
energy areeventuallydepositedin the ionosphere.An im-
portant topic in understandingsubstormdynamicsis the
transportof that energy. Thereareseveral formsof energy
transferprocessesbetweenthemagnetosphereandtheiono-
sphere:particletransport,staticfield-alignedcurrents(FAC)
andAlfv énwaves.A comparisonof theseformsduringtwo
Polarplasmasheetcrossingsat geocentricdistancesof 4 to
6 �
	 werepresentedin a recentPolarstudyby Wygant et
al. [2000]. It wasshown thatthecontributionto thetotalen-
ergy flux at thesealtitudesfrom Alfv énicPoyntingflux (1-2
ergs/cm� s) was comparableto or larger than the contribu-
tion from particleenergy flux and1 to 2 ordersof magnitude
largerthanthatestimatedfrom steadystateconvectionelec-
tric fieldsandFAC. It wasalsoshown that the largeAlfv én
wave power occurredon field lines that weremagnetically
conjugateto regionsof strongenergy depositionby auroral
electronsin theionosphere.

Most reportedobservationsof Poynting flux have been
madebelow the auroralaccelerationregion [e.g. Kelley et
al., 1991;Louarn et al., 1994;Nagatsuma et al., 1996;Kletz-
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ing et al., 1996].At thesatellite/rocket locations,thePoynt-
ing flux reachedvaluesof several ergs/cm� s. It is proba-
ble thatthesevaluesaresmallerthanhigh-altitudePoynting
flux (aftermappingto a referencealtitude)dueto processes
in the auroralaccelerationregion (suchasparticleacceler-
ationandwave dispersion)which dissipateelectromagnetic
energy. Thesepreviousstudiesdid not correlatetheir obser-
vationswith substormphases.The first observation of in-
tensePoynting flux in associationwith substormonsetwas
by Maynard et al. [1996] nearthe inneredgeof theplasma
sheet.

A regionof greatimportanceto auroralsubstormphysics
is theplasmasheetboundarylayer(PSBL) [Eastman et al.,
1984]. It is locatedbetweenthe tail lobes and the cen-
tral plasmasheet(CPS),connectingtheauroralacceleration
region with the distant tail where reconnectionprocesses
have beeninvoked [e.g. Baker et al., 1996,andreferences
therein].Althoughit hasbeendemonstratedthatthePSBLis
akey regionin thecreationof theaurora,its full significance
is still not known. Polar’s orbit allows the investigationof
energy flow in the plasmasheetat geocentricdistancesof
4 to 6 �
	 , which is intermediatebetweenthe distantmag-
netotailandtheauroralaccelerationregion. In addition,the
Polarspacecraftprovidesthefirst 3-D measurementsof the
electric field at high-altitudeon plasmasheetauroralfield
lines.

In this paper, we provide evidencethat large Poynting
fluxesassociatedwith Alfv énwavesin thePSBLat highal-
titudesoccurduring timesof rapidchangesin theH (or X)
componentof groundmagnetometerdata. Theseobserva-

1



2 KEILING ET AL.

tions demonstratethe importanceof Alfv énwave power as
a meansof energy transportfrom themagnetotailto theau-
roral accelerationregion during the mostdynamicphaseof
auroralsubstorms.It alsodemonstratesthatthePSBLplays
averyimportantroleasaregionthatcarriesthisenergy flux.

Data analysis

For this study, we incorporateddatafrom theUC Berke-
ley Electric Field Instrument [Harvey et al., 1995], the
UCLA FluxgateMagnetometer[Russell et al., 1995], and
the University of Iowa Hydra PlasmaInstrument[Scudder
et al., 1995]. We utilized all threecomponents(6 second
averaged)of the electric and magneticfield vectors. Hy-
dra measurementsof electronand ion energy flux at 13.8-
secondtimeresolutionin theenergy rangefrom 12eV to 18
keV wereutilized. Grounddatafrom differentmagnetome-
terarrays(CANOPUS,MACCS,IMAGE,210MM [Yumoto,
1996])werealsoused.

Thedatafor thisstudywereobtainedasthePolarsatellite
crossedthelobe-PSBLinterfaceatgeocentricdistancesof 4
to 6 �
	 . Electric and magneticfield measurementswere
usedto calculatethe associatedPoynting flux. In addition,
for eachcrossingwe identifieda groundstationthatwasin
the generalproximity of Polar’s magneticfootpoint. The
grounddatawereusedto establisha relationshipbetween
the high-altitudePoynting flux observationsand substorm
phases.Only theunfilteredH or X component- depending
on which magnetometerchainwasused- is presented,be-
causeit is this componentwhich respondsmoststronglyto
thesubstormauroralelectrojet.This componentis routinely
usedasanindicatorof substormonset/intensification.

Figure 1 presentsone lobe-PSBLcrossing(5/23/1996)
by Polar in moredetail to illustratethe analysistechnique.
Thetop panelshows the ��� componentof theelectricfield
which points northward (approximatelyalong GSE z) and
is approximatelyperpendicularto thenominalplasmasheet
boundary. The secondpanelshows the eastward perturba-
tion of the magneticfield. This componentlies approxi-
mately in the planeof the nominalplasmasheetboundary.
Note thatboth theelectricandmagneticfield datawerede-
trendedin orderto show thesmallerscaleperturbations.The
detrendingwasdoneby subtractinga 3-min runningaver-
agefrom theoriginal data.Thethird panelshows thefield-
alignedPoynting flux calculatedfrom thethreecomponents
of the perturbationelectricfield and the threecomponents
of the perturbationmagneticfield. The calculatedPoynt-
ing flux vectorwasthenprojectedontotheaveragemagnetic
field direction,calculatedfrom themeasuredmagneticfield
vectoraveragedover 3 minutes. The last two panelsshow
theenergy spectraof ionsandelectrons.
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Figure 1. Measurementsfrom the Polar satellite on
5/23/1996during a lobe-PSBLcrossing.The panelsshow,
from top to bottom, the electric field componentapproxi-
mately normal to the planeof the plasmasheetboundary,
the east-westcomponentof the magneticfield (modelsub-
tracted),the Poynting flux componentalong the magnetic
field, andenergy-timespectrogramsof ionsandelectrons.
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Figure 2. Distribution of electricfield eventsasa function
of invariantlatitude(ILAT) andmagneticlocal time (MLT)
for valuesof the electricfield larger than100mV/m (mod-
ified from K1). Thespacecraftlocationsfor the five events
presentedin this studyareindicatedby stars.

Polar enteredthe PSBL, identified from Hydra particle
data(sharpflux increaseof ionsandelectrons)from thelobe
at � 00:37UT ata geocentricdistanceof � 5.84 ��	 . Imme-
diately adjacentto the lobe-PSBLinterface,Polarencoun-
teredlargeelectricandmagneticfield fluctuationswith peak
valuesof 220 mV/m and20 nT, respectively. The electric
andmagneticfieldswerevery similar in waveform. Thera-
tio of thepeakelectricandmagneticfield signalsis 11,000
km/s.Thisis comparableto thelocalAlfv énspeedof 14,000
km/sdeterminedfrom in situplasmaparameters,suggesting
thatthesefieldsweretheperturbationfieldsof Alfv énwaves.
StrongPoyntingflux (exceedingamplitudesof 2 ergs/cm� s),
directedtowardstheEarthwasassociatedwith theseAlfv én
waves(third panel).Thescalein thispanelshowsboththein
situ valueof Poynting flux andits valuemappedto 100km
altitude. ThePoynting flux waslargestnearthe lobe-PSBL
interface.Preliminaryresultsof a study(in process),inves-
tigatingthephasingof theelectricandmagneticwavefields,
indicatethe presenceof frequency componentswhich have
reflectedoff at altitudesbelow thesatellite,but asshown in
the third panel, the earthward propagatingcomponentsby
fardominateover thereflectedones.

In thenext section,thisandfour otherlargePoyntingflux
eventsarecomparedto groundmagneticfield observations.

ConjugateStudy

A survey of two yearsof Polarelectricfield databy Keil-
ing et al. [2000], hereafterK1, yielded 24 very large am-
plitudeelectricfield events(larger than100mV/m). These
fieldswereperpendicularto theambientmagneticfield and

alsoapproximatelyperpendicularto theplasmasheetbound-
ary. The majority of events ( � 85%) occurredinside the
PSBL. Figure 2 shows the distribution of theseevents in
ILAT andMLT. In a temporalcomparisonof 14 eventsto
magnetogramsof magneticallyconjugategroundstations,it
wasfoundthattheeventsoccurredin closetemporalproxim-
ity to substormonset.In thestudypresentedherein,Poynt-
ing fluxeswerecalculatedfor fiveof theseevents(indicated
in Figure2 by stars). Theseeventswereselectedbecause
they show well-correlatedelectricandmagneticperturbation
fields(c.f. Figure1). Theperturbationfieldswereobtained
by subtractingeithera 1-min or 3-min runningaverage(de-
pendingon the scalesizeof large-scalebackgroundfields)
from the original data. The ratios, rangingbetween8,000
and11,000km/s, and the phasingfor the five eventswere
consistentwith Alfv én waves, so that a calculationof the
Alfv énic contribution to the Poynting flux was unambigu-
ous.Thisconclusionis basedonthedetailedanalysisof two
events(5/1/97,5/9/97)by Wygant et al. [2000] andresults
presentedhere.An analysisof theothereventsfrom K1 will
bepresentedin a laterpaper. Preliminaryresultsalsoshow
largeparallel,downwardPoynting flux in conjunctionwith
thesubstormexpansionphasefor themajority of events.A
separationof the Alfv énic contribution, however, requires
additionalinvestigations,becausethewaveformsof theelec-
tric andmagneticfield signalsseemto berelatedin a more
complicatedway.

Thefive eventspresentedin this studyoccurredduringa
varietyof geomagneticconditions:strongsubstorms(  500
nT), weak substorms( ! 150 nT), isolatedsubstorms,and
multiple intensifications.Figure3 shows the Poynting flux
(redline) alongtheambientaveragemagneticfield direction
at Polar’s location overlaid on groundmagnetometerdata
(black line) from magneticallyconjugategroundstationsto
show the temporalrelationshipbetweenthe two quantities.
Eachpanelin Figure3 showsadifferentsubstorm.Thesub-
stormonsets/intensificationsare identifiablein the magne-
togramsby strongnegativeexcursionsof theH (or X) com-
ponent. The magnetogramat Gillam (first panel)shows a
negative300-nTmagneticbaybetween5.3and6.1UT. The
expansionphaselasteduntil 5.7UT, andwasassociatedwith
a strongPi 2 pulsationtrain. During the expansionphase,
PolarmeasuredstrongPoynting flux pulsesdirecteddown-
ward towardsthe ionosphere,which coincidedwith Polar
enteringthePSBLfromthelobe(notshown). At thetimesof
large Poynting flux occurrence,Polar’s magneticfootpoint
waswestandnorthof Gillam by 0.5hrsMLT and5" ILAT,
respectively.

Theeventsshown in theremainingfour panelsof Figure3
show similargoodcorrelationsbetweenstrongPoyntingflux
at Polar’s location and the expansion/intensificationphase
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Figure 3. Temporal comparisonof in-situ field-aligned
Poyntingflux (redline)measuredbyPolarandgroundsigna-
turesof H-bays(blacklines). ThePoynting flux component
shown is parallelto theaveragebackgroundmagneticfield.
ThePoyntingflux scaleshowsin situvalues.Positivevalues
indicatedirectionsdownward,towardsthe ionosphere.The
relativeseparationbetweenPolar’s footpointandtheground
stationsis givenas * MLT and * ILAT.

determinedfrom groundmagnetograms.Therelative sepa-
rationsbetweenPolar’s magneticfootpoint andthe ground
stationsis givenas * MLT and * ILAT. Polar’s locationsfor
thefive eventsrangedbetween4.6 and5.8 �
	 , and22 and
3 hrsMLT. At thetimesof largestPoyntingflux occurrence,
the satellitewas in the PSBL at or very nearits poleward
edge. The fact that we presentonly strongPoynting flux
events,that occurredinsidethe PSBL,shouldnot be taken
to imply thatstrongPoynting fluxesdo not occurdeeperin-
sidetheplasmasheet.Indeed,K1 reportedlargeperpendic-
ular electricfield events,thatoccurredin theCPS.A study
of the natureof thesefields inside the CPSin comparison
to observationsin thePSBLis in process.ThepeakAlfv én
wave power for all five eventsrangedbetween0.8 and2.5
ergs/cm� s. In four events,the net Poynting flux wasdomi-
nantlydirectedtowardsthenorthernhemisphereionosphere.
OneeventshowedlargeincidentandreflectedAlfv énwave
power with similar amplitudes.The importantresultto ob-
servehereis thatthelargestPoyntingfluxesoccurredduring
timesof rapidchangein theH (or X) component.This time
correspondsto the mostdynamicphaseof substorms.The
reasonwhy Polar observed intensePoynting flux only for
several minuteswhile the expansionphaselastedfor up to
20 minutes,is mostlikely a spatialeffect. A simpleexpla-
nationwould be that thePoynting flux is confinedto a thin
layer, which is only crossedby the satellitefor a periodof
severalminutesin thespacecraftframedueto therelativeve-
locitiesbetweenPolar(moving at 1-2 km/s)andtheplasma
sheet,which canexpandat muchlarger velocitiesthanthe
spacecraftvelocities.This canalsoexplain why Polardoes
notencounterlargePoyntingflux duringeverysubstormex-
pansionphase.

Conclusions

In orderto understandsubstormdynamics,it is necessary
to understandtheflow of energy in themagnetotail.Wehave
provided evidencefor 5 substormsthat large Alfv én wave
power in thePSBLat geocentricdistancesof 4 to 6 � 	 was
directly linkedto theexpansionphase.We presentedin-situ
Poynting flux andgroundmagneticfield datafor thesefive
events.Althoughthereis uncertaintyin obtainingtheexact
time of substormonsetusinga singlegroundstation,this is
not critical for our results,which dependonly on substorm
phases.In 4 out of 5 events,theby far dominantflow direc-
tion wasinto theionosphere.Oneeventshowedbothstrong
incidentandreflectedpower. ThePoyntingflux for all events
wasdominantlyassociatedwith north-southpolarizedelec-
tric fieldswhenmappedto theionosphere.Theonlyotherin-
tenseAlfv énicPoyntingflux observationsin themagnetotail
associatedwith substormonsetweredescribedby Maynard
et al. [1996], who examinedeventsnearthe inner edgeof
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the plasmasheetwhich hadlarge downward Poynting flux
into the ionospheredueto dusk-dawn electricfields. They
arguedthat this Poynting flux was part of establishingthe
field-alignedcurrentof thesubstormcurrentwedge.

The peakAlfv én wave power for the eventspresented
hererangedbetween0.8 and2.5 ergs/cm� s, corresponding
to Poynting fluxesof 100and315ergs/cm� s whenmapped
to 100 km altitude. This Poynting flux exceedsthe energy
flux necessaryto power very intenseauroras[Wygant et al.,
2000]. SincePolarmakesonly singlepoint measurements,
we cannotinfer the total energy flow associatedwith these
events.Nevertheless,theseobservationsaresuggestive that
Alfv én wavesplay an importantrole during the energy re-
leaseof storedmagneticfield energy in the magnetotailat
times of substormexpansion. Theoreticalmodelsof sub-
stormswill have to show thesewavesor they aremissinga
key pieceof the physics. Furthermore,it is shown that the
PSBL canbe carrierof the electromagneticenergy flux as-
sociatedwith Alfv énwaves.
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