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Thesolarwind �o w createsawakebehindany spacecraftimmersedin it. Westudythepropertiesof
this wake usingthesphericalelectrostaticprobesof theElectricFieldsandWaves(EFW) instruments
on theClustersatellites.Thesatellitesspin in a planeinclinedonly a few degreeswith respectto the
ecliptic plane. The solarwind is often closeto this plane,so eachprobe(44 m away from the spin
axis)passesthroughthewake onceevery spinperiod(around4 s), therebysamplinga cut of thewake
electrostaticpotentialstructure.The signatureof the wake is clearly seenin the dataasa pulsewith
anamplitudetypically of a few tenthsof a volt. We presentstatisticsof thewake signaturesaswell as
detailedexamples,compareto solarwind parameters,andshow amethodto removethewakesignature
from theelectric�eld measurements.

1. INTR ODUCTION

A wake necessarilyformsbehindany objectin a supersonic�o w of plasmaor neutralgas. In spaceplasmas,
spacecraftusuallyencountermesosonic�o ws, i.e. �o ws which aresupersonicwith respectto the ion thermal
speed,but subsonicwith respectto theelectronthermalspeed.Theresultis that thewake chargesnegatively
until thepotentialin thewake is suf�ciently negative to prohibit furtheraccumulationof electrons.

A substantiallitteratureon spacecraftwake formationhasaccumulatedover the years. The basictheoretical
understandingwas summarizedalreadyby Al'pert et al. [1] and Gurevich et al. [2] in the sixties, though
signi�cant extensionshave alsobeenachieved in later times,particularlyregardinglaboratorywork, on-orbit
investigationsandnumericalsimulations.Most work have concentratedon wakesbehindobjectsat negative
potentialswith respectto theplasma,asis relevant for satellitesin the ionosphere.Thereareseveral reasons
for this: wakesaremostconspicuousin ionosphericdata,whereall spacecraftmove in themesosonicregime
almostalways; in the ionosphere,spacecraftarelarger thantheDebyelength,giving large wakeschargedto
potentialsof orderK Te=e; wakes in the ionopspherehave in�uence on the charging of spacecraftand thus
areof interestfor spacecraftdesignandoperations;andmostsatellites,particularly the bulk of all manned
spacecraft,operatein theionosphere.

Thoughit wasrealizedearly[3] thatspacecraftin thesolarwind would generallybepositive, wake formation
aroundpositive spacecraftpotentialshas thereforerecieved little attentionuntil recently. Thereare a few
exceptions,including early linearizedanalytical models[4, 5] of uncertainvalidity [1, p. 91], laboratory
investigations[6] andsomenumericalwork, old [7, 8] aswell asmorerecent[9, 10, 11, 12, 13]. Nevertheless,
for satellitesdoingscienti�c measurementsin lessdenseregions,like themagnetosphereabove analtitudeof
a few thousandkilometersandall of thesolarwind, thecaseof wakesaroundpositive spacecraftsis important.
Mesosonic�o ws occurin at leasttwo regionsabove the ionosphere.The polar wind is a mesosonicout�ow
from theEarthinto thelobesof themagnetotail.Becausethepolarwind ion �o w energy mu 2=2 (whichmaybe
below or around10 eV) is not suf�cient to overcomethespacecraftpotentialVS, which canbeseveral tensof
volts positive becauseof thelow densityin thelobes[14], theionsscatteron thepotentialstructurearoundthe
spacecraft,so thatwakesforming behindspacecraftin thepolarwind canhave dimensionsmuchlarger than
thespacecraftsize. Theexplorationof this topic is very recent[15, 16], asreportedelsewherein thepresent
volume[17].

The other region above the ionosphereweremesosonic�o ws arecommonlyencounteredis the solarwind.



Fig. 1. Sketchof ClusterandEFWprobegeometry, with thewake formingbehindthespacecraft.In reality, thewakewill spreadoutatananglerelated
to the�o w Machnumber.

While asatellitein thesolarwind developsapositivepotentialVSof upto or around10V dueto thelow plasma
density, theion �o w kinetic energy mu2=2 of around1 keV will alwaysbesuf�cient for letting theionsreach
the spacecraft.The wake forming in sucha situationwill thusbe narrow, but it will, aswe will see,still be
detectable.Weusethetermnarrow wake for thiswake, formingwhenmu2=2 > eVS, to discriminatefrom the
muchbroaderextendedwakediscussedin [17] thatformswhenmu2=2 < eVS.

We basethis study on datafrom the Electric Fields and Waves (EFW) instrumentson ESA's four Cluster
satellites.EachEFWinstrumentusesfour sphericalsensorsat thetip of wire boomsarrangedasanorthogonal
crossin thesatellitespinplane.Thedistancebetweenopposingprobesis 88 m, andthespinperiodis closeto
4 s. Furtherinstrumentinformationis provided in references[18] and[19], the latteralsogiving a thorough
introductionto themeasurementtechnique.Figure1 shows a sketchof wake generationbehindClusterandits
detectionby EFW. TheClustersatellites[20] werelaunchedby ESA in thesummer2000into a polarorbit of
roughly4 � 20RE andhaveby now acquireddetailedfour-pointmeasurmentsin theterrestrialmagnetosphere
and the adjacentsolar wind for the declininghalf of one solar cycle. Apart from EFW data,we will also
usesupportingdatafrom the ClusterIon Spectrometers(CIS, [21]), particularythe Hot Ion Analyzer(HIA)
instrumentsin thispaper.

2. EXAMPLE DATA

Figure2 shows anexampleof a narrow wake,acquiredby theEFW instrumenton Cluster3 (thatis, number3
of the four Clusterspacecraft)in the solarwind. The datais the electric �eld measurement(probevoltage
difference)from two opposingEFW probesduring 12 s, or threespacecraftspin periods,in the spinning
spacecraftframeof reference.As expected,theeffectof thespacecraftspinis obviousin this rotatingframeof
reference,modulatingtheelectric�eld with asinusoidof periodcloseto 4 s. Thebluecurveshows theoriginal
data.Twiceeveryspin,anarrow (< 0:5 s)pulsecanbeclearlyseenin thedata,positiveonceandnegativeonce
perspin. Thepulsepatternis very repetitive, andpositive andnegative pulsesareapproximatemirror images
of eachother.

The arti�cial natureof thesepulsesis very clear, not least from the perfect repetition at spacecraftspin
frequency. At �rst glance,the pulsesmay be thoughtto thoseseenin electric �eld datafrom the EXOS-
D/Akebonosatelliteby Amanoet al. [22]. However, we will show that any similaritiesare incidental,and
the actualmechanismsbehindthe pulse-like signaturesin Clusterand Akebonoelectric �eld dataare very
different. In the caseof Akebono,which is alwaysinsidethe magnetospherewith an apogeeof 10 500 km,
thereasonpresentedby Amanoet al. is thatphotoelectronsfrom thespacecraft,whosepotentialis a few volts
positive,reachtheprobeswhenthewire boomsarealignedto theambientmagnetic�eld. TheAkebonoelectric
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Fig. 2. Exampleof solarwind wake signaturein ClusterEFW data.Thebluecurve is theoriginal raw data,while thegreencurve shows thedataafter
wake removal (Section3). Theredstars,boundtogetherby the redcurve, shows thewake amplitudedeterminedin the removal process,oncefor
eachspacecraftspinperiod.

�eld resultsareconsistentwith thepreviousinvestigationsof Langmuirprobedatafrom theViking satelliteby
Hilgersetal. [23, 24,25] in anorbit similar to Akebono's, whichwerealsoexplainedby asimilarmechanism.
Thefeatureswe arestudyingarequitedifferent,aswill bediscussedin Section4.1(item9).

3. WAKE IDENTIFICA TION AND REMOVAL

Thewakesignatureis interestingin itself,andalsofor whatit canrevealaboutthesolarwind plasma.However,
it also constitutesa major contaminationof the measurementof the naturally occurringelectric �eld. For
example,any spectrumof theelectric�eld will show strongspinharmonicsbecauseof thewake. It is therefore
of interestto producecleanedelectric �eld data,particularly for the ClusterActive Archive [26], which is
becomingamajorrepositoryof validateddatafrom all Clusterinstrumentsandthemajorsourceof Clusterdata
for thescienti�c community.

Thewake signaturedependson thesolarwind �o w propertiesandis thereforeusuallyslowly changingon the
Clusterspintimescaleof 4 s. Exceptionsto this of courseexist, particularlyat boundaries,but for thebulk of
thesolarwind datathepropositionholdstrue.This enablesusto constructa ”�nd and�x” algorithmbasedon
determiningthewake for a givenspinastheaverageof thewakesfor this andadjacentspins.Thealgorithm
have to take careof a lot of specialcasesrelatedto datagaps,missingdata,interferencefrom theWHISPER
sounderandsoon,but its generalfeaturesareasfollows (seealsoFigure3):

1) Organizethedataperspin.

2) Resamplethedatafrom theoriginal timeseries(at25or 450samples/s)to getuniform1� resolution.

3) For eachspin, form a weightedaverageof the datafrom that spin andits four closestneighbours.We
useweights[0:1; 0:25; 0:3; 0:25; 0:1]. Thewakesignature,which is veryrepetitive (Figure2), will notbe
muchchangedby this,while unrelatedtime variationsfrom wave activity will bedamped.

4) Calculatethe secondderivative of the averageddata. This will exaggeratethe wake signatureat the
expenseof thebackgroundsinusoidalspinsignatureof thenaturalelectric�eld in theplasma.
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Fig. 3. An exampleof wake identi�cation andremoval from onespinof EFW datafrom Cluster3. (a) Theelectric�eld datafor thespinunderstudy
areplottedin black,with thefour adjacentspinsgiven in green.(b) Thesecondderivative of theweightedaverageof the � ve spinperiodsof data
above. (c) After smoothingof thesecondderivative, it is integratedtwice to give awake timeseries.This is setto zerofar from thewake centre.The
amplitudeandwidth of thewake aredeterminedfrom thesedata.(d) Theoriginal time seried(blue)andthecorrecteddata(green).
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5) Apply a smoothing�lter (we use7-pointmoving average)to minimize theeffect of wave noise,which
hasbeenboostedby thedifferentiation.

6) Find candidatesfor wake centrepositionsby looking for maxima of the magnitudeof the second
derivative.

7) Integratetwice to recover asmoothedversionof theoriginal timeseries.

8) Take theaverageof thetwo wakesfoundin thespin(accountfor thesign) to getanaveragewake form
for this spin.

9) Setthedatafarfrom thecandidatewakecentrepositionsin thistimeseriesto zero,sothatonly dataclose
to thewake will beaffectedby theeventualwake removal.

10) Apply restrictionsonallowedanglewith respectto thesolardirection,amplitude,shapeandwidth of the
signaturethatit mustmeetto qualify asawake.

11) Remove thewakesignaturefrom theoriginal timeseriesof thespinunderstudy.

12) Considerthis to beapreliminarywakeestimationandcleaning,thatmaybein�uencedby thefundamen-
tal naturalelectric�eld signalat thespinfrequency, particularlyif thewakeoccurscloseto anextremum
in the spin frequency electric�eld. To minimize sucherrors,we �t a sinusoidalsignalat the spin fre-
quency to thepreliminarycleaneddata,remove this from theoriginaldata,andperformsteps1–11again
ondatathatthushave mostof theoriginalspinelectric�eld removed.

13) Thuswearriveata�nal wakeestimationwhichwesubtractfrom theoriginaldatato createa�nal cleaned
electric�eld signal.Savecharacteristicdatafor thewake: spinphaseangle� , full width athalf maximum
(FWHM) w, andmaximumamplitudeA.

14) Repeatprocedurefor next spin.

That this algorithmis quiteeffective is illustratedby thedatain Figure4. Theupperpanelshows 20 minutes
of full resolutionEFW electric�eld data,in thespinningspacecraftframe,acquiredin thesolarwind andbow
shockregions. Thewake amplitudeis very stablefor morethan10 minutes,andvariesreasonabyslow even
rathercloseto theactivity associatedwith thebow shock,whichwe seefrom 12:32to 12:36.A detailof these
datais shown in the lower panel. It canbeseeenthat thewake signatureappearsin thedatawhenexiting the
turbulent region around12:35:22– it may indeedbe presentinsidethat region aswell, but is hardto discern
evenfor thehumaneye in thisdynamicregion. Thewake is easilyspottedfrom 12:35:24onward,but it clearly
takesafew spinsbeforeit stabilizessuf�ciently for thewakealgorithmto beableto correctlyidentify thewake
pulsein thedataandcorrectfor it. However, it partially alleviatesthewake, andhenceimprove thequality of
any spectrumcalculatedfrom thesedata,eventhoughthe�x is not perfect.But alreadyfrom 12:35:40the�x
is verygood,andat theend(andfor thefollowing hours)it appearsalmostperfectto thehumaneye.

This perfectionis of courseanillusion. Removing thewake,by however clever analgorithm,will alwaysbea
manipulationof thedata.Any realplasmasignalson thesametime scalewill alsoberemovedin theprocess,
andnaturalfeaturesfrom surroundingspinsmaybeintroducedby theaveraging.Nevertheless,it is clearthat
removing thewake vastly increasestheusefulnessof thedata,asthemajorarti�cial signal(which sometimes
candominatethetime series)is removed.

4. WAKE STATISTICS

The algorithmdescribedin Section3 collectsdataon someof threeprimary charcteristicsof the wake: its
positionin thespinplane� , its amplitudeA andits width, quanti�ed astheFWHM value,w. If theshapeof
thewake wasGaussian,theseparameterswould besuf�cient to fully describeit. As thealgorithmis usedin
theproductionof EFW datafor theClusterActive Archive, statisticspile up quickly. In thepresentstudy, we



Fig. 4. Full resolutionraw (blue)andwake corrected(green)electric�eld datafrom EFWprobes1 and2 onCluster3. Theredcurvedenotesthewake
amplitude.Thelower panelis azoomin to a detailof theupperpanel.

limit ourselvesto datafrom Clusterspacecraft3, andrestrictourselvesto thetimeperiodFebruary-April2003.
During thisperiod,1,170,617wakeswereidenti�ed andcorrectedfor onCluster3, formingadecentstatistical
sample.

4.1 1D distributions

Figure5 shows theobserveddistributionsof thewakeparametersandsomecomplimentarydata.TheCISdata
usedin this studyareprimeparametersfrom theClusterScienceDataSystem,CSDS[27]. We commentthe
histogramsoneby one:

1) Vps, theprobe-to-spacecraft potential,canbeviewedasaquasi-logarithmicaldensityproxy [14, 28], but
shouldalsobeimportantfor thewakebecauseit to alargeextentdeterminestheelectrostaticenvironment
aroundthespacecraft.Thedistribution seenis typical for thesolarwind [29].

2) CISn, theplasmadensityfrom theCISHIA detector, shows a distribution typical for solarwind values.
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Fig. 5. Statisticaldistributionsof wake parametersandrelateddatafor thestatisticalsampleusedin this paper. On topof eachpanelis giventhemean
m, standarddeviation s andnormalizedspreads=m for theplottedvariable.

3) CIS v elevation is theangleof the�o w to thespinplaneasobservedby theCIS HIA detector. Because
thespinaxis is inclinedat typically 5–6� with respectto theecliptic plane,thepeakis offset from zero,
andhasameanof 5:0� . Thedistribution showsaclearskewness:wehavenot investigatedthereasonfor
this,or if this is typical for solarwind conditionsat othertimes.

4) TheEFW wake FWHM value,w, hasa meanvalueof 20� . Oneshouldnotethat this estimatemaybe
biasedbecausewehavediscardedall wakeswith width below 10� , assuchcannotbereliablydetermined
with thepredominating25 Hz samplingrateof EFW. Nevertheless,preliminarychecksof dataacquired
at450samples/sdonotshow any big differencefrom thisdistribution,sothenumberof wakesdiscarded
becauseof low width is small: thedropbelow 18� appearsto bereal.

5) TheEFWwakeamplitude,A, showsameanof 52mV, andasmoothdistribution. Veryweakwakesmay
notbedetected,andhencethelower partof thisdistribution couldbeuncertain.

6) Theamplitudecorrectionfactoris discussedin Section4.2.

7) Thecorrectedwakeamplitudeis discussedin Section4.2.

8) The Mach numberis herede�ned as the ratio of the CIS ion �o w speedto the thermalion velocity,
de�ned as

p
K Ti? =mp, whereK Ti? is theperpendiculartemperaturemomentfrom CIS HIA andmp



is theprotonmass.

9) The differencebetweenthe wake direction in the spin planeseenby EFW and the solar wind �o w
direction shows a very narrow distribution. The two measurementsagreeto � 0:9� with a standard
deviation of 1:7� . While themeanvaluewill bediscussedin Section4.3,we maynotethatthestandard
deviation is assmallasit couldeverbe,asthetypicalEFWsamplingrateof 25samples/scorrespondsto
anangularresolutionof 3:6� . This impressive agreementclearlyshows thatthephenomenonat handis
avelocitywake,notamagneticeffectasthosestudiedonViking [23] andAkebono[22] (seeSection2).
In addition,aplot of therelationbetweenmagnetic�eld directionandwakedirection(notshown) shows
nocorrelationatall.

4.2 Gaussianwakemodelling

Onewayto testourunderstandingof thewakedatais to investigatetherelationbetweenwakeamplitude,width
andthe�o w elevationangle.As a �rst model,wemayassumethattheshapeof thewake is Gaussian.Thiswill
bethecaseif theplasmais Maxwellian,if theelectricpotentialin thewakeis sosmallasto not really in�uence
particlemotionandif wearesuf�ciently far from thespacecraft[1, p. 25]. All theserequirementsareprobably
violatedfor Clusterin thesolarwind,with theapproximationof a”neutralwake” (no in�uenceof wakeelectric
�elds on its structure)beingthemostproblematic.This canalsobeseenin thewake signaturein thebottom
panelin Figure3, which suggeststhat the wake deviatesfrom a Gaussianshapeat leastby having a broad
sheatharoundit. Sucha structureis actuallyexpected,with a sheathcharacterizedby self-similarexpansion
surroundingacentralwakecorewheretheneutralapproximationapplies[30, 31].

Nevertheless,aGaussianform is agoodstartingpointnotonly for thisreason,but alsobecauseits factorization
properties.Assumethewake potentialis of theform

�( x; y; z) = A0f (z) exp
�

�
x2 + y2

a2

�
(1)

wherez is thecoordinatealongthe�o w direction,theorigin is at thecentreof thespacecraftanda is relatedto
theFWHM by

w = 2a
p

ln 2: (2)

If a probecuts the wake throughits diameter, as it would do if the �o w wasexactly in the spin plane,we
put y = 0 and the observed extremumamplitudeis clearly the wake amplitudeat that distance,because
�( x) = A0f (z) exp(� x2=a2). If, however, the �o w is out of thespinplaneso that theprobecutsthewake
alongachordwhoseclosestdistanceto thewake axisis b, then

�( x) = A0f (z) exp(� b2=a2) exp(� x2=a2): (3)

Note that the observed FWHM valueis independentof b, aswe derive it from a seriesof datawith varying
x. Hence,if we know that the �o w direction is elevated by an angleb from the spin plane, we expect
the real amplitudeat distancez from the spacecraft,A 0f (z), to be relatedto the amplitudewe observe,
A = max(�( x)) , by

A0f (z) = A exp(b2=a2) (4)

if thewakeis assumedto beGaussianin theangles.Thisis in factasubstantialdifferenecefrom beingGaussian
in theCartesiancoordinatesaswe saw in Section4.1 that thewake width (FWHM) shows a meanaslargeas
20� , andcanreachabove30� at times.Nevertheless,astheEFWprobesareatconstantdistancer = 44m from
thespacecraft,notatconstantdownstreamcoordinatez, assumingGaussianshapein theCartesiancoordinates
would meanthatwe hadto entersomeassumptionon f (z), sowe herestick to theangularGaussianasa �rst
approximation.It thereforemakessenseto correctthewake potentialfor the inevitableunderestimatedueto
the probenot passingthroughthe centreof the wake by meansof Equation(4), with a calculatedfrom the
observedFWHM asin Equation(2) andb is theCIS �o w elevationangle.
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Fig. 6. Two-dimensionalhistogramsof wake andplasmaparameters.Colourscalesgive thenumberof samplesin eachbin.

Thedistribution of this amplitudecorrectionfactor, exp(b2=a2), is plottedin theright panelin thecentrerow
of Figure 5. The distribution of the correctedamplitudes,A exp(b2=a2), is shown in the left panelof the
lower row. Comparingto theuncorrectedamplitudein thecentreof themiddle row, we �nd that thespread,
de�ned astheratioof thestandarddeviations to themeanm, hasdecreasedfrom 0.39to 0.32.Thatthespread
decreasesshows that our basicunderstandingof thewake geometryis correct: hadtheamplitude,width and
�o w elevationnotbeenconnectedby arelationlike (4), thespreadwouldnothavedecreasedby theapplication
of this correctionfactor. While this doesnot imply that thewake is exactly Gaussian,it demonstratesthat the
causeof thepulse-like signaturesis a wakewith asimilargeometricstructure.

Notethatour assumptionof a Gaussianwake is only usedfor deriving a correctedwake amplitude:therestof
this studyis independentof thisassumption.

4.3 2D distributions

To furtherseethecorrelationbetweenthewakeparameters,wepresenttwo-dimensionalhistogramsin Figure6.
Panel (a) illustrateshow the probe-to-spacecraft potential Vps, which is linearly relatedto the spacecraft
potential,dependson the plasmadensityas measuredby CIS. This relation is further discussedelsewhere
in thisvolume[32], andis ofteninvokedfor usingVps asadensityproxy [14].

Panel(b) showsthevariationof wakepotentialamplitudewith Vps, andhencewith density. An increasingtrend
canbediscerned,whichcanbeunderstoodasaneffect of theDebyelengthfor thecharging of thewake. If we
remove all ionsbut keepall electronsin acylindrical regionof aplasma,theresultingpotentialwill scaleas

� �
K Te

e

�
R
� D

� 2

(5)

for wake radii R . � D . Typical Debyelengthsin the solarwind are5–10m, andthe transversesizeof the
depletedregionshouldnotbetoodifferentfrom thespacecraftdimensionsevenasfardownstreamastheEFW
bbomlengthof 44 m, so we shouldindeedbe in this regime. ShorterDebyelengthsshouldthusgive higher
wake potentials,asobserved.



Panel(c) is adeeperlook attherelationbetwwenthewakedirectionfrom EFWandthe�o w directionfrom CIS.
While thepointsobviously line up nicely, thereis a smallbut very consistentdeviation from thestraightline
of slopeoneaswe go away from thepurelyantisunwarddirection(180� ). This meansthatthewake direction
from EFWdatais afew degreesmoresunwardthanthe�o w directionfrom CIS.It is clearthatthis is thereason
for thesmallnegative meanwe saw in Section4.1, Item 9. We do not know theorigin of this phenomenon.It
maybedueto thephotoelectroncloudaroundthespacecraft,which is primarily controlledby thedirectionto
thesunratherthanthe �o w direction,in�uencing thewake structure,or bedueto someartefact arisingfrom
theEFW or CIS measurements.

In Panel(d) of Figure6, we �nd a cleardeviation from whatwe would expectfor a perfectlyGaussianwake
(Section4.2). While Equation(3) implies that theobserved width w shouldbe independentof �o w elevation
angleover thespinplane,Panel(d) shows thatthis is not thecase.

Finally, Panels(e) and(f) in Figure6 show thepulseamplitudedetectedby EFW. Panel(e) shows thegeneral
characteristicexpectedby an axially symmetricwake alignedwith the �o w direction: theprobeson thewire
boomon thespinningsatellitecut a chordthroguhthewake, andthefurtherthechordis from thecentreaxis,
thesmalleris thepulseamplitudedetected.In Panel(f), weshow theresultof applyingtheamplitudecorrection
factorde�ned by Equation(4), which assumesa Gaussianwake structure.Comparingto Panel(e), we seea
partial but certainlynot completeremoval of the dependenceof the amplitudeon �o w elevation angle. This
leadsto thesameconclusionasin Section4.2: theGaussianassumptioncatchessomegeneralaspectsof the
wake,but thedetailedshapeof thewake is notwell describedby aGaussian.

5. NUMERICAL SIMULA TION WITH SPIS

The datapresentedheremakes clear the natureof the pulsesin electric �eld data in the solar wind, and
the algorithmdescribedin Section3 doesa goodjob in cleaningEFW datafrom the in�uence of the wake.
Hoewever, therearestill reasonsfor furtherstudyof thesolarwind wake. If wehave a goodtheoreticalmodel
of thewake, it maybepossibleto usedetermineplasmaparameterslike the ion and/orelectrontemperatures
from thewakemeasurements,by inversionof themodelor �ts to it. Suchtheoreticalunderstandingwill require
bettermodelsthanthesimpleGaussianwe usedin Section4.2,andwould needto becomparedto numerical
simulations,or possiblybeempiricalparametrizationsof resultsfrom suchsimulations.

In Figure7, we show a resultfrom a �rst numericalsimulationusingtheSPISsimulationpackage,available
at http://www.spis .o rg anddescribedin severalpapers[33, 34, 35]. SPISis a comprehensive package
runningon a multitudeof platforms,which makesit very usefulfor desktopsimulationslike this, whereonly
a small amountof manpower canbe investedin the simulation. The simulationpresentedherewasrun on
an ordinary1.8 GHz PentiumM linux laptopcomputerwith 1.5 GB of RAM, on which it completedwithin
20 hours.

The simulatedplasmais typical for the solarwind: numberdensity10 cm� 3, electrontemperature10 eV,
ion temperature5 eV, and�o w speed310 km/s. The ions areall assumedto be protons. In sucha plasma,
the Clusterspacecraftswould usuallyattaina spacecraftpotentialof 4–5 V, ascanbe seenfron Figure6a.
However, in thissimulationwehave put thespacecraftpotentialto zero.Thismakesit muchsimplerto extract
thepotentialdueto thespacecharge in thewake, aswe do not have to subtractany vacuum�eld, andshould
not introduceany appreciableerrorsto thewakestructure:theprotonsall arriveatenergiesaround500eV, and
wouldthuscarelittle aboutafew voltsof potentialanyway. Theelectrondistributionswill beaffected,but only
verycloseto thespacecraft,sothatany impactonthedistantwake from thisassumptionwill benegligible. We
have setSPISto usea full PIC implementationfor theions,while theelectronsareassumedto beBoltzmann
distributed.

The simulation region is a circular conewith its top choppedoff, so it hascircular crosssectionsat the
downstreamandupstreamends.Theupstreamcirclehasaradiusof 13m andis 15m in front of thespacecraft,
while thedownstreamboundaryis 27 m in radiusandis located90 m downstreamof thesatellitebody. The
spacecraftis a circularcylinder, 1.5m in radiusand1 m in height,centredat theorigin with its axisalongthe
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Fig. 7. Wakepotentialfrom aSPISsimulation.Thesolarwind �o w is alongthex direction,andthesatellitespinaxisis alongz. Thepotentialis colour
codedon the xy planeandon a sphericalsurfacewith radius44 m. The latter representsthe wake region crossedby th EFW probes,at different
valuesof z dependingon the�o w elevationangleover thespinplane.

z axis,while the �o w is in thepositive x direction. Thecharacteristicdimensionsfor theautomaticgridding
aresetto 3 m on theouterboundariesand0.5m on thespacecraft.This resultedin adivisionof thesimulation
volumeinto justunder46,000tetrahedra.

The Poissonequationis solved usingan implicit scheme,andsomeunder-relaxationis usedto stabilizethe
plasmacalculations. The total simulationtime is 1 ms, selectedto be roughly threetimes the solar wind
propagationtime throughthe simulationregion. The averagenumberof macroparticlesper cell is set to 60.
Thenumberof macroparticleswas1.85million at thestartof thesimulationand2.63million at theend. No
photoelectronsor magnetic�elds areincludedin thesimulation:this is justi�able asmostphotoelectronswill
be retainedcloseto thespacecraftby its positive potential,andtherelevant particlegyroradii in typical solar
wind magnetic�elds (some5 nT) arelargerthanthesimulationvolume.

Figure7 clearlyshows a wake forming behindthesatellite,charging to about-140mV at thesphericalshell
at 44 m distancewherethe EFW probeswill make their measurements.For zero�o w elevation, eachprobe
crossesthewake alongthe intersectionof theplanarandsphericalsurfaceelementsin Figure7. For nonzero
�o w elevations, the probemoves along the intersectionof the sphericalsurface with a plane through the
spacecraft,similar to the planeshown but turnedaroundthe y axis by the elevation angle. This wake cut
maybeapproximatedby acutof thesphericalsegmentatconstantnonzeroz. Wepresentsuchcutsin Figure8.
While somegeneralsimilarity with theexampleobservationin Figure2c is clear, amoredetailedinvestigation
of the shapesof the observed wakes aswell asa larger numberof simulationswith re�ned grid resolution
would benecessaryfor a detailedcomparison.Oneinterestingfeatureis thelocal maximaon theedgesof the
wake seenin thesimulation.Thereis no obvioussuchstructurein theexampledatain Figure2c: it would be
interestingto studyalargernumberof wakeshapesto seeif they turnuponly in somecases,or neveratall. The
simulatedwake amplitudesat 44 m arearound90 mV for 5� �o w elevationand50 mV for 10� . Thesevalues
lay in theupperrangeof whatwe would expectfrom Figure6e,but we shouldnotethata carefulcomparison
alsowill needto take into accounttheeffectof the10 Hz anti-aliasing�lters and25 Hz samplingfrequency of
theEFW instrument,whichshouldbeappliedto thesimulationdatain orderto make themfully comparable.
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Fig. 8. Wake potentialpro�les 44 m downstreamof thespacecraftfrom theSPISsimulation,obtainedfor differentsolarwind �o w elevation angles
above thespinplane:0� (black),5� (red),10� (green),15� (blue)and20� (cyan).Thehalf-maximumlevelsareindicatedby dashedhorizontalines.

6. CONCLUSIONS

In this paper, we have describedtheformationof wakesbehindspacecraftsin thesolarwind. We have shown
thesignatureof thewake in datafrom electric�eld measurementsontheClustersatellites,andhow to separate
thecontribution from thewake from thenaturalelectric�eld. We presentedstatisticsof thewake basedon a
largesampleof over1 million wakeobservations,showing generalconsistency betweenexpectedandobserved
wake characteristics.We have veri�ed thewake formationin a numericalsimulationwith SPISanddiscussed
its possibleusefor determiningplasmaparameters.Ourprincipalresultscanbesummarizedasfollows:

1) TheClusterelectric�eld instrumentEFWdetectspulse-like signaturesin thesolarwind, repeatedatspin
frequency.

2) Thesestructuresareshown to becausedby a wake behindthespacecraft:they align with the �o w, and
theiramplitudedecreasesasthe�o w elevationangleabove thespinplaneincreases.

3) Wehave constructedanalgorithmfor detectingandremoving thewakesfrom theelectric�eld data.

4) Thewake formationis con�rmed by SPISsimulations.
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[34] J.Forest,J.-F. Roussel,A. Hilgers,B. Thiébault,andS.Jourdain.SPIS-UI,anew integratedmodellingen-
vironmentfor spaceapplications.In Proceedingsof the9th InternationalSpacecraft ScienceTechnology
Conference(SCTC-9). JapanAerospaceExplorationAgency, 2005.
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