
Multi-spacecraft observationsof broadbandwavesnear the
lower hybrid fr equencyat the Earthward edgeof the

magnetopause
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Abstract. Broadbandwaves aroundthe lower hybrid fre-
quency (around10 Hz) nearthe magnetopausearestudied,
usingthe four Clustersatellites. Thesewavesarecommon
at theEarthwardedgeof theboundarylayer, consistentwith
earlierobservations,andcanhave amplitudesat leastup to
5 mV/m. Thesewavesaresimilar on all four Clustersatel-
lites, i.e., they are likely to be distributed over large areas
of the boundary. The strongestelectricfields occurduring
a few seconds,i.e., over distancesof a few hundredkm in
theframeof themoving magnetopause,a scalelengthcom-
parableto the ion gyroradius. The strongestmagneticos-
cillations in the samefrequency rangeare typically found
in the boundarylayer, andacrossthe magnetopause.Dur-
ing an event studiedin detail, the magnetopausevelocity is
consistentwith a largescaledepressionwave, i.e.,aninward
bulge of magnetosheathplasma,moving tailward alongthe
nominalmagnetopauseboundary. Preliminaryinvestigations
indicatethata ratherflat front sideof thelargescalewave is
associatedwith aratherstaticsmallscaleelectricfield, while
a moreturbulentbacksideof the largescalewave is associ-
atedwith smallscaletimevaryingelectricfieldwavepackets.

1 Intr oduction

Themagnetopauseisacomplex boundarybetweentheEarth’s
magnetosphereandtheshockedsolarwind. Thesolarwind-
magnetosphereinteractionneverceases,andin a globalper-
spectiveparticles,energyandmomentumareessentiallycon-
stantlybeingtransferredacrossthemagnetopauseto themag-
netoshere.Wavesat frequenciesfrom well below theproton
gyrofrequency (of the orderof 1 Hz) andup to higher fre-
quenciesmay be importantfor particlediffusion acrossthe
magnetopause,andfor theonsetof reconnection.Wepresent
hereobservationsof electricandmagneticfield variationsup
to 10 Hz andhigherin thespacecraftframeof reference,ob-
tainedby thefour Clustersatellitesduringmultiplecrossings
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of the dusksidemagnetopause.Our investigationincludes
datafrom thefirst doubleprobeelectricfield experimentthat
athighsamplingrates,25samples/sor higher, routinelypro-
videsobservationsfrom theouterboundariesof themagne-
tosphere.

The large scaleshapeand location of the magnetopause
have beenmappedby earlierspacecraft,andthis boundary
is structuredon many lengthscales(Russell,1995;Fairfield,
1995). Also, waves covering a broadfrequency rangeare
usuallypresentnearthemagnetopauseasobservedbyseveral
singlespacecraft(Holzer et al., 1966;Gurnettet al., 1979;
Blecki et al., 1988;LabelleandTreumann,1988;Tsurutani
et al., 1989;ThorneandTsurutani,1990;Anderson,1995;
Lucek et al., 2001) and thereare also occasionalobserva-
tionsobtainedsimultaneouslyby two satellites(Rezeauetal.,
1993). The importanceof thesewavesfor diffusionandfor
theonsetof reconnectionis discussedin reviews by Labelle
andTreumann(1988),Sibecket al. (1999)andRezeauand
Belmont(2001).

In the following we presentobservationsfrom the four
Clustersatellitesof electricandmagneticfields andwaves,
andplasmadensity, from anorbitwhenthespacecraftexperi-
encedmultiple crossingsof thedusksidemagnetopause.We
investigatethedetailsof theelectricfield at theboundaryof
a largescalemagnetopausewave, a tailwardmoving inward
bulgeof magnetosheathplasma.Preliminaryresultsindicate
thatonthefrontsideof thelargescalewavetheelectricfields
areratherstaticin the magnetopauseframe,while the elec-
tric fieldsonthemoreturbulent“backside”of thelargescale
waveconsistof timevaryingelectricfield wavepackets.

2 Cluster instruments

Clusteris a uniquefour satellitemissiondesignedto inves-
tigatetheEarthsmagnetosphereandits boundariesin detail
(Escoubetet al., 1997). In this studywe usedatafrom the
ElectricField andWave (EFW) instrumentwith two pairsof
probesonwireboomsin thespinplaneof eachsatellite.Each
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pair hasa probe-to-probeseparationof 88 m, (Gustafssonet
al., 1997,2001). For the event presentedhere,a sampling
rateof 25 samples/swith ananti-aliasingfilter at 10 Hz was
usedfor the electricfield. Also, the potentialof the probes
with respectto the spacecraftwassampledat 5 samples/s,
and this measurementcan be usedto estimatethe plasma
density(Pedersen,2001).We alsousedatafrom theSTAFF
searchcoil magnetometers(Cornilleau-Wehrlin et al., 1997)
andtheFGM fluxgatemagnetometers(Baloghetal., 1997).

3 Observations

On December31,2000,theClustersatellitescrossedthethe
high-latitude,duskward magnetopauseseveral times. The
upperpanelof Fig. 1 showstheprobe-to-spacecraftpotential����� (EFWonsatellite4)obtainedby takingtheaverageof the
differencebetweenprobeandsatellitepotentialfor all four
probes.This differenceis oftenreferredto asthenegativeof
the spacecraftpotential. Thepotential ����� is positively cor-
relatedwith thedensity, i.e.,ahigh ����� correspondsto ahigh
density. During the7 hoursdisplayedin thefigure,thesatel-
lites movedfrom (3,11,9)

���
in GSEcoordinatesto (6,15,7)���

with spacecraftseparationsof typically a few hundred
to thousandkilometers. In Fig. 1 a � ��� of -20, -10 and -5
V correspondsto about0.8, 2 and20 particles �
	��� . The
middlepanelof Fig. 1 shows themagnitudeof themagnetic
field observed by FGM, while the bottompanelshows the
elevationangleof themagneticfield in GSEcoordinates(so
that +90 degreescorrespondsto a northward field). In the
upperpanelof Fig. 1, a low ����� correspondto the magne-
tosphere,several increasesto around-10 V indicateentries
into a boundarylayer, while increasesto around-5 may be
crossingsof the magnetopauseinto the magnetosheath.An
increaseof � ��� togetherwith a cleardecreaseof the eleva-
tion of the magneticfield, suchasaround10:20and11:30
UT, indicateclearexcursionsinto themagnetosheath.Since
thesatellitespeedof theorderof 1 km/sis muchlower than
theplasmaspeed,amoreappropriatedescriptionmaybethat
themagnetopausemotionbringsthesatelliteinto themagne-
tosheath.Comparingwith a nominalmodelmagnetopause,
the satellitesare always outsidethis boundaryat distances
from 0.5

� �
(beginning of the period) to 2

� �
(endof the

period).Themultiple crossingsin Fig. 1 indicatesignificant
motionof themagnetopause,althoughtheWIND spacecraft
(at a distanceof about250

� �
from Earth)observeda rather

steadysolarwind with a pressureof about1 nPa. As dis-
cussedbelow at leastsomeof the magnetopausecrossings
correspondto large scalesurfacewavesratherthan just ra-
dial motionof themagnetopause.

Figure2 shows 22 minutesof data,startingat 10:00UT,
December31,2000.Panelashows � ��� asin Fig.1, i.e.,anin-
dicationof thedensity, plottedfor all four Clusterspacecraft.
The satellitesencountera boundarylayer and possiblythe
magnetosheathfor abouta minuteafter10:02,thereis a sig-
nificantdensityperturbationjust after10:05,andthespace-
craft thenenterthe magnetosheathbetweenabout10:17:30

and 10:21:00. Panelsb-e show EFW ��� (in GSE coordi-
nates)electricfield datafrom satellites1 to 4 at frequencies
up to 10 Hz. It is clearthatbroadband(in thesatelliteframe
of reference)wavesareseenon all spacecraftat densitygra-
dients,andsometimesin nearbylow densitymagnetospheric
regions.(Thesignalupto around1 Hz in thisfigureis mainly
causedby artificial non-linearcouplingbetweenthe plasma
and the probes. In the magnetosheathsuchsignalscan be
seenup to about3 Hz.) Panel f displayselectric field be-
tween10 and50 Hz, andpanelg shows magneticfield up
to 10 Hz, both using datafrom the STAFF instrumenton
satellite4. The protongyrofrequency is about0.3 Hz, and
the lower hybrid frequency is approximately10 Hz. Panelf
showsthatthebroadbandwavesobservedby EFWexist also
at higher frequencies. Comparingpanelse and g we find
thatthestrongelectricandmagneticoscillationsat a few Hz
arenearlyanti-correlated,theformerbeingconfinedto den-
sity gradientsandalso the low densitymagnetosphere,the
lattermainlyoccurringin theboundarylayerandthemagne-
tosheathwith higherdensities.

Figure3 displaysthe latter part of the event in Fig. 2 in
higher time resolution. It is againclear that the strongest
electricfield emissionsaredetectedneardensitygradients,
andalsothatsuchwavesmayoccurelsewherein thelow den-
sity magnetosphere.(As in Fig. 3, somesignalsin themag-
netosheathup to about3 Hz aredueto artificial non-linear
coupling.)Notethatsatellite2 movedinto a boundarylayer
around10:17:35UT, a few secondsbeforethe otherspace-
craft, andthat thebroadbandemissionshown in panelc ac-
cordinglyoccursafew secondsbeforeemissionsontheother
spacecraft.Panelsh andi of Figure3 show the magnitude
of the magneticfield, andthe elevationangle,on satellite4
(from FGM). Thedecrease(increase)of theelevationangle
near10:18:00UT (10:20:30)is consistentwith thespacecraft
crossingthe magnetopauseandentering(leaving) the mag-
netosheath.Note that the sharpincrease(decrease)of �����
occursa few secondsbefore(after)thesuddenchangein the
elevation angleof the magneticfield. Startingat the mag-
netosphericside, thesedataareconsistentwith first a den-
sity increasewhenmoving into a boundarylayer, andthena
changeof magneticfield direction,consistentwith a current
sheet,whenmoving into the magnetosheath.(Thedecrease
of � ��� to -24 V just after 10:17:30UT may be due to low
density, andalsoto low electrontemperature.)Panelh shows
magneticfluctuationsconsistentwith thelow frequency part
of panelg. Consideringthe wavesat frequenciesup to 10
Hz, at leastduring this event, thestrongestbroadbandwave
electricfieldstendoccurat theEarthwardedgeof thebound-
ary layer, while thestrongestmagneticoscillationsappearin
theboundarylayerandalsoacrossthemagnetopauseinto the
magnetosheath.

The magnetopauseand the associatedelectric and mag-
netic oscillationsare moving acrossthe Cluster satellites.
Thevelocity of themagnetopausecanbeestimatedby vari-
ousmethods.Onemethodis to consideronespecificvalue
of � ��� andnotethe timeswheneachof the four spacecraft
reachesthat level (Fig. 4a). Fromthis, andknowing thepo-
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Fig. 1. Observationsby Clustersatellite4 on December31, 2000. Theupperpanelshows thepotential mon&p .This parameteris positively correlatedwith the
density, i.e., a high m n&p correspondsto a high density. A m n&p of -20, -10 and-5 V correspondsto about0.8, 2 and20 particles qsrutcv . The middle panel
displaysthemagneticfield from FGM, andthebottompanelshows theelevation angleof this field in GSEcoordinates(sothat90 degreescorrespondsto a
strictly northwardfield.)
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Fig. 2. Clusterobservationsfrom 31 December, 2000. Panela shows thepotential m�n>p from EFW (satellites1-4 correspondto black, red,greenandblue,
respectively). A m n>p of -20, -10 and-5 V correspondsto about0.8,2 and20 particlesqsr tVv . Panelsb-edisplayEFW ¯® electricfield up to 10 Hz. (The
signalfrom aroundthesatellitespinfrequency (0.25Hz) to 1 Hz is mainly artificial, seetext). Panelf andg show satellite4 STAFF electric(10-50Hz) and
thetotal magnetic(up to 10Hz) field, respectively. Notethebroadbandelectricemissionsat thepotentialgradients,andthemagneticemissionsin regionsof
high m n>p .
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Fig. 3. Clusterobservationsfrom 31December, 2000.Thisdisplaycorrespondsto thelatterpartof Fig. 2, andtheuppersevenpanelsaresimilar to thatfigure.
(Note thedatagapduring thefirst minutein paneld.) Panelsh andi show the magnitudeof the magneticfield from FGM on satellite4, andthe elevation
angleof this field (sothat90degreescorrespondsto astrictly northwardfield), respectively.



106

sitions of the spacecraft,the velocity of the densitystruc-
ture canbe calculated.This is doneunderthe assumptions
that themagnetopauselocally is flat, andthat thevelocity is
constantandnormal to the magnetopause.Anotherway is
similar to themethodusedby Baleetal. (2001).By comput-
ing cross-correlationsof thederivativesof thetime-seriesof����� , it is possibleto find thetimedelaybetweenthedifferent
spacecraftpassingthe structure(Fig. 4b). Using the same
assumptionsas above, the velocity can be calculated. By
usingthederivative in thecross-correlation,ratherthan ����� ,
the transitioninto thestructureis emphasized.Having esti-
matedthe magnetopausevelocity, � ��� from differentspace-
craftcannow beshiftedin timetooverlap(Fig.4c). A certain
time interval in thesatelliteframenow correspondsto a cer-
tain length interval in the magnetopauseframe. The meth-
ods describedabove give similar velocities,around �'úüû
ý�þ ÿ ����� þ ÿ ��� þ�������	 	�
� . Thespeedis about110km/s,with
a variationbetweenestimatesof lessthan10 km/s, andthe
variation in directionbeing lessthan15 degrees. We here
note that preliminaryanalysisof FGM magnetometerdata,
includingminimumvarianceanalysis,is in reasonableagree-
mentwith theseobservations.Futurestudiesshouldinclude
more minimum varianceanalysisof electric and magnetic
fields to estimatethe normal of the magnetopauseat each
satellite,andto testthe assumptionof a flat magnetopause.
Fig. 5 showsasketchof thelocationof thesatellites,andthe
magnetopauseandits velocity.

Somedetailsof the moving magnetopauseandboundary
layer are consideredin Fig. 6a. A time seriesof the � �
electric field componentfrom satellite 2, near the bound-
arycrossingleaving themagnetospherearound10:17:30UT,
is shown in the upperpanelof Fig. 6a. (Compensationfor
slight differencesbetweenprobeshave beenusedin this fig-
ure. Also, someeffects of the wake causedby the satel-
lite body in the magnetosheathhasbeenremoved by filter-
ing.) The electricfield hasonesinglemajor negative peak
at 10:17:35UT. This peakoccursjust before the increase
of � ��� . This singlepeakgivesa significantcontribution to
the broadbandspectrumin panelc of Fig. 3. Otherelectric
field oscillationsareconcentratedin theregionof lowest � ��� ,
10:17:20to 10:17:35UT. As mentionedbefore,this low � ���
maybedueto low density, andalsoto low electrontemper-
ature. The lower panelof Fig. 6ashows theelectricfield in
the frequency domain,usinga wavelet transform.This dis-
play givesa high time resolutionat higherfrequencies,and
clearly shows the broadbandcharacterof the singleelectric
field peakin frequency space,and also the location of the
electricfield emissionsto theregionof low ����� .

A time seriesof � � from satellite2, nearthe boundary
crossingenteringthemagnetospherearound10:21:00UT, is
displayedin theupperpanelof Fig. 6b. Theelectricfield is
foundin smallregions,eachincludinga few oscillationsata
few Hz. Theoscillationsoccurjust after thesharpdecrease
of � ��� . The lower panelof Fig. 6b shows this electricfield
in the frequency domain.Similar to theexampleabove, the
strongestelectricfields are found just after the decreaseof� ��� . In contrastto the exampleabove, we herefind a few

a)

b)

c)

Fig. 4. a) Theparameterm�n>p for all four satellites,with a few specificpo-
tentialsindicated,b) thederivative of thispotentialfor two satellitesandthe
correspondingcross-correlation,c) thelow passfilteredpotentialsshiftedin
time to overlap.In this lower panel10scorrespondto about1000km.
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Fig. 5. A sketchof the locationof theClustersatellitesandtheorientation
of the magnetopauseduring the magnetopausecrossingon December31,
2000,near10:17UT. Satellites1 to 4 areindicatedby black,redgreenand
blue,respectively.

small ”wavepackets”,eachcontaininga few ocsillationsat a
few Hz.

An importantpoint is how muchof the observedelectric
field variationsaretruetimevariationsin thereferenceframe
of themagnetopause,andhow muchis dueto Dopplershift
in the satellite frame causedby the motion of the magne-
topause.To investigatethis it is useful to plot the electric
field time seriesfrom eachsatellitein a commonreference
frame,usingthemagnetopausevelocity estimatedabove. In
Fig. 7a the ��� componentfrom all four satellitesnearthe
outboundcrossingat around10:18UT is plottedasa func-
tion of time. Thered line correspondingto satellite2 is the
sameelectric field as in Fig. 6a. The first major negative
peakof theelectricfield is indicatedfor eachspacecraft.As
for satellite2, eachindicatedpeakoccursnear(within about
a second)the start of the sharprise of ����� . In Fig. 7b the
sametimeseriesareshiftedusingthemagnetopausevelocity
obtainedfrom changesin the � ��� parameterobservedoneach
satellite(seeFig.4). Heretheindicatedpeaksnearlyoverlap,
occurringwithin lessthanonesecond.Also, at timesbefore
10:17:38andafter 10:17:42in Fig. 7b, the fluctuationsare
rathersmall.

An electricfield with a componentof a few mV/m in the
negative � directionexists on all four spacecraft.The time
seriesfrom thedifferentsatellitesarefar from identical,and
it may be arguedthat otherpeaksshouldalsobe indicated
asmajordisturbances.However, we emphasizethatwe use
oneparameter, ����� obtainedon four satellitesto estimatethe
magnetopausevelocity. This velocity is thenusedto study
anotherparameter, the electricfield, andto find thatsimilar
structuresoverlapwhenplottedin themoving magnetopause
frame.

Our interpretationis that the electricfield structuresob-
served during the outboundcrossingareratherstatic in the
magnetopauseframe,andmove acrossthe satelliteswith a
velocity of about100 km/s. Normal to the magnetopause,

the time scaleof the structureis a few times0.1 secondin
the satelliteframe,correspondingto a lengthscaleof a few
times10kilometersin themagnetopauseframe(asobserved
by singlesatellites).Thestructuresarereasonablystaticdur-
ing at leasta few seconds(as observed by satellitescross-
ing themagnetopauseat differenttimes). Along themagne-
topause,thelengthscaleis at leasta few hundredkilometers
(theseparationbetweensatellites).

In Fig.8a, ����� for theinboundmagnetopausecrossingnear
10:21UT is shown for all four satellites. In Fig. 8b these
time serieshave beenshifted, using an estimatedmagne-
topausevelocity of (10, 43, 27) km/s, in GSEcoordinates.
This correspondsto a speedof about50 km/s. Comparedto
theoutboundcrossing,it is herelessclearhow to estimatethe
magnetopausespeed.Theblueline correspondingto satellite
4 indicateseither a more structuredmagnetopause,or fast
time variations. Using the estimatedmagnetopauseveloc-
ity above, the ��� componentshave beenshiftedin time and
plottedin Fig. 8c. Theredline correspondingto satellite2 is
thesameelectricfield asin Fig. 6b. As for satellite2, most
enhancementsof theelectricfield occurwithin about10sec-
ondsafter the sharpdecraseof ����� . Satellites1 and2 show
a few wavepacketswith a few oscillationsat a few Hz each.
Satellites3 and4 show noclearwavepackets,but changesin
the electricfield up to a few mV/m canbe found. No clear
correlationbetweendifferentsatellitescanbefound.

Our interpretationis that the electric field structuresob-
servedduring theoutboundcrossingaremainly dueto time
variationsin themagnetopauseframe.If staticstructuresare
presenttheir lengthscalealong the magnetopausemust be
lessthana few hundredkilometers(thesatelliteseparation).
Alternatively, they must last lessthana few seconds(since
they arenotobservedbysatellitescrossingthemagnetopause
at differenttimes)andwe would not call them“static”. Our
interpretationof thetime varyingstructuresis that they nor-
mal to magnetopausehave a durationof a few seconds,cor-
respondingto afew hundredkilometersin themagnetopause
frame(asobservedby singlesatellites).Thestructuresmust
last lessthana few seconds(sincethey arenot observedby
satellitescrossingthe magnetopauseat different times) or
have a scalelengthalongthe magnetopauselessthana few
hundredkilometers(theseparationbetweensatellites).Our
discussionabovegivesonly limits for possibletimeandspa-
tial variations. We interpret the structuresas mainly time
variationssincetheselimits excludemany reasonableessen-
tially spatialvariations,includingvery low frequency Alfv én
waveswith longwavelengths.

Figures6, 7 and8 show that the strongestelectricfields
occuron time scalesof abouta second,correspondingto a
lengthscaleof abouthundredkilometerin the frameof the
moving magnetopause.This scaleis comparableto an ion
gyroradius.(A protongyrofrequency of 0.3Hz, andaproton
temperatureof 100eV or 1 keV, correspondto gyroradii of
about100or 300km, respectively).

It is interestingto put thedetailsof thetwo magnetopause
crossingsdiscussedabove into a largerperspective. Theve-
locity of themagnetopauseduringtheoutboundcrossingleav-



108

0 10 20 30 40 50 60 70 80 90 100

-6

-4

-2

0

2

E
y� (GSE), S/C 2

[m
V

/m
]

Wavelet specgram of E
y� (GSE), S/C2

F
re

q 
[H

z]

Time [s] since 2000-12-31 10:17:00
0 10 20 30 40 50 60 70 80 90

2

4

6

8

10
S/C potential

0 20 40 60 80 100 120 140 160 180

-5

0

5

E
y� (GSE), S/C 2

[m
V

/m
]

Wavelet specgram of E
y� (GSE), S/C2

F
re

q 
[H

z]

Time [s] since 2000-12-31 10:20:00
0 20 40 60 80 100 120 140 160

2

4

6

8

10
S/C potential

a)�

b)

Fig. 6. a)  ® componentof the electricfield from satellite2 (upperpanel)anda wavelet transformof this signal(lower panel),usinga linear color scale,
for theboundarycrossingleaving themagnetosphere.Thepotential m n&p is indicated,seealsopanela of Fig. 3, b) similar to a,but for theboundarycrossing
enteringthemagnetosphere.



109

34 36 38 40 42 44 46 48
−6

−5

−4

−3

−2

−1

0

1

2

E
y 

[m
V

/m
]

a)

34 36 38 40 42 44 46 48
−6

−5

−4

−3

−2

−1

0

1

2

E
y 

[m
V

/m
]

b)

t [s], from 2000−12−31 10:17 UT

Fig. 7. a) The  ® componentof theelectricfield from 10:17:00UT on Decemeber31, 2000,for all four Clustersatellites(1:black;2:red;3: green;4:blue),
b) Thesamesignals,but shiftedin time to correspondto acommonmoving magnetopauseframe.



110

−5 0 5 10 15 20
−25

−20

−15

−10

−5

V
ps

 [V
]

a)

−5 0 5 10 15 20
−25

−20

−15

−10

−5

V
ps

 [V
]

b)

−5 0 5 10 15 20

−6

−4

−2

0

2

4

E
y 

[m
V

/m
]

c)

t [s], from 2000−12−31 10:21 UT

Fig. 8. a) Thepotential m n>p from 10:21:00UT on Decemeber31, 2000,for all four Clustersatellites(1:black;2:red;3: green;4:blue),b) Thesamesignals,
but shiftedin timeto correspondto acommonmoving magnetopauseframe.c) The  ® componentof theelectricfield for all four satellites,shiftedasin panel
b.



111

ing themagnetospherewas(-100,-10, -55)km/sin GSEco-
ordinatesand for the inboundcrossing,(10, 43, 27) km/s.
Sincethe satelliteswerepositionednearthe nominaldusk-
sidemagnetopause,themagnetopausevelocitiesareconsis-
tent with a depressionwave, i.e., an inward bulge of mag-
netosheathplasma,moving pastalong the nominalmagne-
topauseboundary. In this interpretation,theoutboundcross-
ingwith staticelectricfield structurescorrespondsto aalarge
scalewave reachingthespacecraft,while theinboundcross-
ing with timevaryingelectricfield wavepacketscorresponds
to a moreturbulent”backside”of thelargescalewave.

Differencesbetweenthefrontsideandthebacksideof large
scalemagnetopausewaves are known from other studies,
(e.g.RezeauandRussell,1992;Bale et al., 2001). Prelim-
inary investigationsof otherClusterboundarycrossingsdur-
ing the time periodin Fig. 1, show bothelectricfield single
peaksandwavepackets.Thestrongestelectricfieldsaretyp-
ically around5 mV/m. Thesestrongfieldsarefoundjust be-
foretheincreaseof ����� , or justafterthedecreaseof ����� , asin
Fig.6,or afew seconds(typically afew hundredkm) into the
magnetosphere,or areco-locatedwith thestrongestgradient
of ����� . It might bethata ratherflat front sideof a largescale
waveusuallyisassociatedwith amorestaticsmallscaleelec-
tric field, while a moreturbulentbacksideof the largescale
waveis associatedwith smallscaletimevaryingelectricfield
packets. A statisticalstudyis neededto confirm any differ-
encesin thefinestructureof theelectricfield observedat the
front andbacksidesof largescalemagnetopausewaves.

Preliminaryinvestigationsof the detailedSTAFF magne-
tometerdatashow thattheelectricfield structuresin Figs.6,
7 and8 areaccompaniedby similar magneticvariations,ei-
thersinglepeaksor wavepackets.Beforeverydetailedcom-
parisonsof theelectricandmagneticfieldsareperformed,it
is useful to considerthe averagepropertiesof the different
fields.

Oneway to investigatethefield oscillationsis to studythe
ratio of the electric � andmagnetic� power spectra.This
ratio will of coursevary nearboundariessuchas thosein
Fig. 3 sinceeither � , or � , or both at the sametime, are
large. Electricfield power spectrafrom theboundarywhere
satellite4 is leaving the magnetospherenear10:17:30UT,
areshownin Fig.9a.Thefirst (blue)spectrumcorrespondsto
theregion of strongestelectricfields,while thenext (green)
spectrumis from theregionof somewhatweakerelectric,but
strongermagnetic,fields. Theratio ��
�� is muchsmallerin
the secondcaseas shown in Fig. 9b. Note that thesefig-
uresgiveanaveragedescriptionof theboundaryregion,and
do not indicatephenomenasuchassmall scaleburstsof the
electricfield. Although the ratio ��
� changesby abouta
factor of 10, the electric and magneticperturbationscould
bedueto samephenomenonif thechangein theratio is due
to a changein backgroundplasmaparameters.Althoughthe
majorfield perturbationsmayberatherstaticin themagne-
topauseframe,in a preliminaryinvestigationit is still mean-
ingful to investigatethesefields in termsof the Alfv én ve-
locity. We note that the quasi-staticmagneticfield magni-
tudeis nearlyconstant,while thedensitychangesby abouta

factorof 25 (0.8 to 20 �
	��  ) during the boundarycrossing
near10:17:30UT, correspondingto a changeof the Alfv én
velocity of a factorof 5. The ratio ��
�� changesby a fac-
tor of about10 during this crossing. For a comparisonof
��
�� at frequenciesmuch higher than the proton gyrofre-
quency (about0.3 Hz) with theAlfv énvelocity to bemean-
ingful, somemodelmustbe used.A possibleinterpretation
of broadbandspectrain termsof Doppler shifted low fre-
quency Alfv énwavesis discussedby Stasiewicz etal. (2001)
(for otherinterpretations,anddiscussions,seeWahlundetal.
(1998), Stasiewicz et al. (2000), Lund (2001), Stasiewicz
andKhotyaintsev (2001)).Electricfield powerspectrawhen
satellite4 is enteringthe magnetospherenear10:21:00UT
areshown in Fig. 9c, togetherwith thecorresponding��
�
ratios, Fig. 9d. During this boundarycrossingthe electric
field is strongon the magnetosphericside of the boundary
(blue line), but alsoduring the decreaseof � ��� (greenline)
whenalso the magneticoscillationsarestrong. As for the
previous crossing,thesefiguresgive an averagedescription
of theboundaryregion. While Fig. 6 shows thatphenomena
occurringduring a few secondsmay dominatethe electric
field nearthe magnetopause,Fig. 9 shows that even when
averagingoverseveralsecondsgreatcaremustbeusedwhen
selectingregionsfor detailedstudiesandthatvaryingback-
groundplasmaparametersmustbeconsidered.

4 Discussionand Conclusions

Broadband(in the satelliteframe)electricfield oscillations
are commonnearcrossingsof the boundarylayer and the
magnetopause,consistentwith earlierobservations,andcan
have amplitudesat leastup to 5 mV/m. During a crossing,
thesewavesaresimilaronall four Clustersatellites,i.e.,they
are likely to be distributed over large areasof the bound-
ary. We have studiedwavesup to 10 Hz, correspondingto
the approximatevalueof the local lower hybrid frequency.
Theseoscillationstypically occur nearthe Earthward edge
of theboundarylayer. Magneticoscillationsin thesamefre-
quency rangearetypically found in theboundarylayer, and
acrossthemagnetopause.Thestrongestelectricfieldsoccur
during a few seconds,i.e., over distancesover a few hun-
dredkm in the frameof the moving magnetopause,a scale
lengthcomparableto theion gyroradius.Preliminaryresults
indicatethat on the frontsideof a large scalemagnetipause
wave theelectricfieldsareratherstaticin themagnetopause
frame,while theelectricfieldson themoreturbulent“back-
side” of thelargescalewave consistof time varyingelectric
field wavepackets.

When investigatingaveragewave propertiesover larger
distances,correspondingto severalseconds,greatcaremust
betakensincethesepropertiesmayvaryconsiderablyneara
boundary. It shouldbefurther investigatedif changesin the
averagewave properties,suchasthe ��
� ratio, canbe ex-
plainedby varying backgroundplasmaparameterstogether
with someappropriatemodel.

Wavesat themagnetopausecanbeimportantfor transport
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acrossthis boundary. To investigatethe importanceof the
observedfield oscillations,it is necessaryto reveal their na-
ture. Severalpossibilitiesshouldstill beconsidered.Waves
andnearlystaticstructurescanbegeneratedbycurrents,den-
sity gradients,shearin theplasmaflow, andpossiblyby other
gradients.Wavesmay alsopropagatein from otherregions
and accumulateat the magnetopause.Also, very low fre-
quency waves and static structuresin the moving magne-
topauseframeof referencemay occurat higherfrequencies
in the satelliteframe. Although the electricwave fields are
closely associatedwith the steepslopeof � ��� , i.e., with a
large relative changein density, generationby nearbycur-
rentsandachanging��
� ratiodueto changingbackground
parametersshouldstill be considered.Currentsat the mag-
netopausecould,at leastin principle,drive thelower hybrid
drift instability (Winske et al., 1990; Shapiroet al., 1994;
Drakeetal.,1994).As in previousinvestigations,thedensity
gradientis ontheEarthwardedgeof themagnetopause(East-
man et al., 1996). Lower hybrid wave generationby den-
sity gradients,and its consequencesfor the magnetopause,
hasbeenconsideredby Gary and Sgro (1990), Treumann
et al. (1991) and Lakhina et al. (1993). Doppler shift of
nearly static structuresto several Hz due to the motion of
the magnetopausehasbeenconsideredby Stasiewicz et al.
(2001). In somescenarios,large wave amplitudesand re-
connectionoccurwithout any local instability (Belmontand
Rezeau,2001).Also, shearin theplasmaflow usuallyoccurs
acrossthemagnetopause.Onetypeof generationmechanism
causingbroadbandwavesat frequenciesof the orderof the
ion gyrofrequency dependson sheardueto inhomogeneous
plasmaflow, eithercausedby changesin theflow parallelto
theambientmagneticfield (Gavrishchakaet al., 1999)or by
inhomogeneousperpendicularflows e.g. (Amatucci,1999;
Koepke et al., 1999;PẽnanoandGanguli,2000).Recentin-
vestigationsof Frejadatashow thatsuchperpendicularshear
may well contribute to the generationof wavesat altitudes
around2000km in theauroralregion (Hamrinet al., 2001).

The EFW high resolutionelectric field observationson
Clustercanbe usedto studythe detailsof the electricfield
andwavestructuresnearthemagnetopause.In thisarticlewe
have usedthe probe-to-spacecraftpotential � ��� obtainedon
all four Clustersatellitesto find densitygradients,andto esti-
matethevelocity of themagnetopause.This velocity is then
usedto study the electricfield in the magnetopauseframe.
Themagnetopausevelocity duringaneventstudiedin detail
is consistentwith adepressionwave, i.e.,aninwardbulgeof
magnetosheathplasma,moving tailward alongthe nominal
magnetopauseboundary. Preliminaryinvestigationsindicate
that a ratherflat front sideof the large scalewave is asso-
ciatedwith a ratherstaticsmall scaleelectricfield, while a
moreturbulentbacksideof thelargescalewave is associated
with small scaletime varyingelectricfield wave packets. A
statisticalstudy is neededto confirm any consistentdiffer-
encesin thefinestructureof theelectricfield observedat the
front andbacksidesof largescalemagnetopausewaves.

����� �������� "!�# ��$�$�% ��& ' (�)�*�+�(�,"-�. *�/0/21 (�3
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Fig. 9. a)andb) Electricfield powerspectraand ihkj ratiosobtainedwhen
satellite4 is leaving themagnetosphere,andc) andd) correspondingspectra
whenthesatelliteis enteringthemagnetosphere.Theblue line correspond
to theEarthwardpartof eachevent.Timesarein secondsafter10:17:00UT,
Dec 31, 2000. The boundarybetweenspectrafor eachcrossing(43 s and
235 s) areindicatedin Fig. 3. The electricfield  is the total field in the
satellitespinplane,while j is thetotalmagneticfield.
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L. Åhlénareacknowledged.

References

Amatucci,W. E., Inhomogeneousplasmaflows: A review of in situobserva-
tionsandlaboratoryexperiments,J. Geophys. Res., 104, 14481–14504,
1999.

Anderson,B. J., ULF signalsobserved nearthe magnetopause,in Physics
of the magnetopause, editedby P. Song,B. U. Ö. Sonnerup,andM. F.
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