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Abstract InterplanetargoronalmassejectiongICMES) evolve asthey propagat@utward
from the Sun.They interactwith andeventuallyequilibratewith theambientso-
lar wind. Onedifficulty in studyingthis evolutionis thatICMEs have no unique
setof identifying characteristicsso boundarief the ICMEs are difficult to
identify. Two characteristicpresenin somelCMEs but generallynot present
in the ambientsolarwind, high helium/protondensityratiosandlow tempera-
ture/speedatios, are usedto identify ICMESs. We searchthe Helios 1 and 2,
WIND, ACE, and Ulyssesdatafor ICMEs with thesecharacteristicand use
themto studythe radial evolution of ICMEs. We find that the magneticfield
magnitudeanddensitydecreaséasterin ICMEsthanin theambientsolarwind,
but thetemperaturelecreasesoreslowly thanin theambientsolarwind. Since
we alsofind thatiCMEs expandin radialwidth with distancetheprotonswithin
ICMEs mustbe heated Scalesizesfor He structuresaresmallerthanfor proton
structureswithin ICMEs.
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1. Intr oduction

Coronalmassejections(CMES) are eruptionsof matterfrom the Suninto
interplanetargpace A CME mayresultin theejectionof 1016 g of matterwith
a broadrangeof speedsup to at least2000km/s[e.g., Leppingetal., 2001].
The ejectedmaterialformsaninterplanetarycoronalmassejection(ICME) in
thesolarwind. TheICMEs thatcollide with Earthoften producelarge effects
in Earths magnetospheralmostall of the largestgeomagnetistormsresult
from ICMEs[Gosling,1993].

A centerpiecef spaceweatherresearchs the forecastingof ICMEs and
their magnetospherieffects. Solar obserations have beenusedto detect
Earthward CMEs [i.e., Zhao and Webb, 2003]. Spacecrafimonitors such
asACE and SOHOat the L1 Lagrangepoint provide warningsof incoming
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ICMEs 30-60 minutesupstreanmof Earth. Proxiessuchasthe field direction
within magneticclouds[Chen, 1996] and shocks[Juracet al., 2002] canbe
usedto predictgeomagnetistorms. In the future, STEREQis designedo
remotelysensethe propagatiomof CMEs in the solarcoronawhich produce
Earthward-propagatindCMEs.

For long-range several day in advanceforecastingopasedon solarobsena-
tionsto succeedye needto understandbetterhnow ICMESs evolve in the solar
wind. For the shorterterm, 30-60 minute forecastingbasedon L1 obsenra-
tions, the effect of radial evolution between_1 andEarthis likely small, but
sinceL1 monitorsareoftenhundredof Ry from the Earth-Surine, we need
to understandhe spatialextent of CME material perpendiculato the solar
wind flow. Variationsin the magnetidield magnitude plasmabulk speedand
plasmadensityhave larger scalelengthsin solarwind which causedarge ge-
omagnetidisturbanceshanin thetypical solarwind [JuracandRichardson,
2001],but length-scalesf variationswithin the ICME materialhave notbeen
studied.

This paperreviews the radial evolution andspatialscalesof ICMEs in the
solarwind. One of the difficulties in studyingthesesubjectsis thatit can
be difficult to identify ICMEs andtheir boundaries.We discusstwo criteria
which may be sufiicient to identify ICMEs, enhancedheliumalbundancesnd
lower thanexpectedtemperaturefor a given solarwind speed.We usea list
of ICMEs producedusingthesecriteriawhich spangadialdistancegrom 0.3
to 5.4 AU to describedhe radial changesn ICMEs. We also comparethe
heliumalundance®bsere by ACE andWIND to determinehe scalesize of
enhancedheliumeventsperpendiculato the solarwind flow.

2. Identification of ICMEs

ICMEshave mary identifyingcharacteristicéseereviews by Gosling,1990;
NeugebaueandGoldstein,1997;Gosling,1997);amongthemare

1 Thetemperaturés lowerthannormalfor theobseredsolarwind speed.
2 Thefluctuationlevel of themagnetidield magnitudeas small.

3 Theratio of the He to H densityis largerthannormalbut stronglyfluc-
tuating(e.g.,Berdichersky etal., 2002).

4 Enepgeticprotonsandcosmicraysstreamalongthe magnetidield.

5 Bi-directionalelectronsare obsered, moving in both directionsalong
the magneticfield indicating that the field lines are closedloops con-
nectedo the Sunor to themseles.

6 Enhancemenis minorionssuchasFeandhigherchagestatef heary
ionssuchasFeandO (Burlagaetal.,2001;Leprietal.,2001).
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7 Depresse@negetic particleintensitiesknovn asForbushdecreasere-
sultingfrom theincreasednagnetidield.

8 Slowly rotating magneticfields are signaturesof a subsetof ICMEs
known asmagneticclouds.

9 A precedingshockformedby fasterCME materialencounteringlowver
solarwind whensolarcounterparbbserationsor remoteradio sensing
indicatethepresencef ejecta.

The problemis that, althoughlICMEs may have someof thesecharacteris-
tics, few ICMEs have all of themandmary have a small subsetof them. In
addition,thesecharacteristicsnay not persistacrosghe entirel CME but may
comeandgo within onelCME.

Variouslists of ICMEs have beendevelopedbasedn variousof thesecrite-
ria. Wereferin this paperto thelist developedby CaneandRichardsorj2003]
(hereaftereferredto asC&R) usingdatafrom 1996through2002which cov-
eredthe periodfrom solarminimumto solarmaximum.The startingpoint for
thislist is the criterionthatthe obsered temperaturel s, belessthan0.5 of
thetemperatur@xpectedor the obsered solarwind speed,,, (Richardson
andCane,1995). The expectedemperaturefor agiven speedaretakenfrom
LopezandFreemarj1986]. In additionto thetemperatureriterion,C&R used
shocks,Forbush decreasesand enegetic particle signaturegbut not helium
alundanceor bi-directionalelectrons}o identify ICMEs.

Figurel shavs 12 daysof WIND datafrom 1999. The hatchedareashavs
the time of an ICME from the C&R list. The ICME region lastsabouttwo
days,hasa low temperaturegjiventhe relatively high speedfollows a shock,
andhaslittle magneticfield variation. Althoughthis criterionwasnot part of
the C&R ICME searckcriteria,the ICME alsohasenhancedde atundances.
This exampleis clearly consistenwith the definition of an ICME, although
someambiguityexists asto thelocationof thetrailing edge. But on day 260
the helium alundancealsoincreasegor abouta day coincidentwith a small
temperaturelecreaseMagneticfluctuationsthroughmostof this time period
are small. Basedon the He alundance this event is alsolikely an ICME,
althoughtheboundarie®f theeventarenot obvious.

ThehatchedCME in Figurel shavstwo otherimportantfeatureof ICMEs.
The speeddecreaseacrosshe ICME, sothatthe forward edgemovesfaster
thanthe trailing edge. This speeddifferenceresultsfrom expansionof the

ICME. The magneticfield (andthusmagneticpressure)s high with the first
half of the ICME; mary ICMEs have a larger internal pressurghandoesthe
ambientsolarwind, alsoleadingto expansionof the ICME asit movesout-
ward.
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Fig. 1. Solar wind speed, density, temperature, magnetic field mag-
nitude, and helium/proton density ratios from WIND (black) and
ACE (gray). The hatched region is a ICME identified by C&R. The
dashed line in the bottom panel shows the 0.08 helium to proton
density ratio considered sufficient to identify ICME plasma.

The examplesin Figure 1 shav the difficulties inherentin the study of
ICMESs; namelydeterminingif they arepresentandwhenthey startandend.
In afew casesvhenlCMEs have apparentlybeenlargerin angularextentthan
the spacecrafseparationthe samelCME hasbeenobsered at widely sepa-
ratedradialdistancesFor example theBastilleday2001CME occurredvhen
EarthandVoyager2 wereatnearlyidenticalheliolongitudesandwasobsered
at1l AU and63 AU [Wangetal., 2001]. But sinceradialalignmentsf space-
craft arerare, we wantto look at ICME evolution on a statisticalbasis. We
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choosdéwo ICME characteristicthatarethoughtto be suficient (but notnec-
essary)o identify ICMES; 1) Typs /Terp < 0.5and2) Ny /Nu > 8%. This
methodmalkesthe implicit assumptiorthat ICMEs with thesecharacteristics
aretypical of ICME plasma.

We identify thetimesin the Helios 1 and2, WIND, ACE, andUlyssesdata
thatboththesecriteriaaremet. Helios 1 and2 operatedrom 1976to 1980and
1976to 1985 respectiely, atdistance®f 0.3to 1 AU. WIND waslaunchedn
late 1994andis nearl AU. ACE waslaunchedn 1997andorbitsEarths L1
Lagrangepoint. Ulysseswaslaunchedn 1990andorbits over the solarpoles
atl.3- 5.4 AU (althoughmostICMEs detectedareatlow latitudes).Sincethe
temperaturelecreasewith distanceywe normalizedtio 1 AU assuminga R !
dependencégTottenet al., 1995; seealso Steinitzand Eyni, 1981; Lopezand
Freeman;1995] beforeapplyingthe temperatureriteria. The Ny, /Ny ratio
shouldbe independenbf distancewhich malkesit a usefultracerof ICMEs
[Paularenatal., 2001]. The completdist of ICMEs we identifiedusingthese
criteriais givenby Liu etal. [2004].

3. Radial Evolution of ICMEs
Figure 2 shavs the distribution of ICMEs at 1 AU from ACE and WIND
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Fig. 2. Number of ICMEs at 1 AU as a function of time.



over a solarcycle usingthe abore criteria. The solarcycle dependencés
asexpectedwith lessICMEs at solarminimumthanat solarmaximum. We
notethatadherencéo thesecriteriaresultsin about50% lessICMEs thanin
theC&R list. Also notethatnotall themagneticloudsidentifiedby theWIND
magnetidield instrumenthttp://lepmfi.gsfc.nasa.gbmfi/mag cloud publ1.html)
areonourlist, reinforcingthe uncertaintyinherentin choosing CMEs.
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Fig. 3. Average values of the density, speed, temperature, and
magnetic field magnitude within ICMEs as a function of distance.
Also shown are power law fits to each parameter.
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Figure3 shavstheaveragesolarwind density speediemperatureandmag-
neticfield magnitudewithin ICME plasma.Thecirclesshav datafrom Helios
1and2,thetrianglesirom WIND andACE, andthesquare$rom Ulysses.The
solid lines shawv the bestfit of a power law to the data. The top panelshavs
thatthe densityprofile which bestfits the datais N (r)=6.2 R~23. The aver
agedensity(normalizedo 1 AU) in theICMEs of 6.2is slightly lessthanthe7
cm—3 in the backgroundsolarwind, consistentvith previousresults[Crooker
etal., 2000]. Thedecreasavith R is fasterthanin thebackgroundolarwind;
asexpectedthe solarwind densityasa wholedecreaseas R~2 outto 70 AU
[Richardsoretal., 2003]. Themorerapiddecreasef densitywithin ICMEsis
dueto the expansionof theICMESs, asdiscussedbore.

The secondpanelof Figure 3 shaws the averagespeedwithin the ICMEs.
Thefit line shavsthattheaveragespeeds about450km/sanddoesnotchange
with distance.This is comparabldo the averagespeedof all solarwind near
Earth,440km/s. Thevariationsof the ICME speedsiecreasevith distance.

The third panelshavs the temperaturen ICMEs. The bestfit is T'(r) =
3.5x10*R~9-3K. Theaveragesolarwind temperaturat1 AU is about9.5x 10*
K, sothe ICME temperaturés well below this (asexpectedgiventhatoneof
the ICME identificationcriteriais low temperature)Thesmall R dependence
of T with distancewas unexpected. The temperaturef the backgroundso-
lar wind in theinnerheliospherelecreaseasR ! [Tottenetal., 1995]. Since
ICMEs expandwith distancethetemperaturén ICMEs shoulddecreaséaster
thanin thebackgroundolarwind dueto adiabatiacooling;insteadt decreases
lessquickly. This resultimpliesthat significantheatingof the protonsin the
ICMEs takes place,morethanin the normalsolarwind. ICMEs areoftenas-
sociatedwith streamingelectronsandhigh heatflux; someof this enegy may
coupleto theprotons.

The bottom panelshavs the magneticfield magnitudewithin the ICMEs.
Thefit to the datagives B(r)=7.4 R~!* nT. For anideal Parker spiral, the
radialcomponenbf B decreaseas R~2 andthetangentiafield asR~!. The
averagemagneticfield in the solarwind at 1 AU is 6.3 nT, so B is larger
within ICMEs. The higher B is whatresultsin the higherinternal pressure
within ICMEs which contritutesto their expansion. The bestpower law fit
to the magneticfield magnitudeobsenrationsin the low-latitude background
solarwind givesa R~!! decrease.Thusthe magneticfield within ICMEs
decreasefasterthanthatin the solarwind asa whole, againconsistentvith
ICMEs expandingwith distance.

Oneof thecharacteristicef anICME is thatthespeedf theleadingedgeis
generallygreatetthanthespeedf thetrailing edge whichresultsn adynamic
expansionof the ICME. Figure4 shavs how Aw, the differencebetweenthe
speed®n the leadingandtrailing edgeschangewith distance.The average



8

valueof Av only hasasmallchangefrom about65to 45 km/s,but the scatter
decreasegquickly with distanceandfew ICMEs beyond5 AU have large Awv.
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Fig. 4. The speed difference, Awv, across the ICMEs as a function of
distance. Diamonds show Helios 1 and 2 data, triangles show ACE
and WIND data, and circles show Ulysses data.

Figure5 shawvs theradialwidth of ICMEs asa function of distancewhere
thewidth is determinedby multiplying thetime it takesan ICME to passthe
spacecrafby the averagespeedof the ICME. The averagelCME lengthin-
creasefrom 0.25AU at1 AU to aboutl AU at5 AU, afactorof four increase.
Thusthe expansionof ICMEs inferredfrom obserationsis a measurableand
significant effect.

4. Spatial Scales

Thespaceveatheprogranresultedn numeroustudief thescaldengths
of plasmaandmagnetidield featuresn the solarwind. Plasmdeatureshave
scalelengthsof order100 R while magneticfield scalelengthsaretensof
Rp [Paularengetal., 1998; Zastenkr et al., 1998; RichardsorandPaularena,
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2001]. Scalelengthswerelongerfor geoefective solarwind featuregJurac
andRichardson2001].
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Fig. 5. The radial width of the observed ICMEs as a function of
distance. Diamonds show Helios 1 and 2 data, triangles show ACE
and WIND data, and circles show Ulysses data.

The regions of He enhancemenére thoughtto be prominencematerial
which hasits origin lower on the solar surface. The He enhancementare
oftenpatchyandvariable,but it hasnotbeenclearwhetherthesearetemporal
or spatialvariations. SinceWIND and ACE provide He datanearEarth,we
caninvestigatethe scalesizesof the He enhancementsAs in previouswork,
we look at six hoursggmentsof datafrom two spacecraftThe dataaretime-
shiftedusingthe obseredsolarwind speedo accounfor theradialseparation
of the spacecraft.We thenperformcorrelationson the dataas a function of
lag.

Figure 6 shavs correlationsas a function of the He/H ratio. We did not
specificallyseparat®ut ICME regionsin this partof the study but mostof the
high He/H regionsarelikely ICMEs. Thetop 3 panelsshav thatthe speed,



10

density andB correlationsarebetterwhenHe/H ratiosaregreaterthanabout
5%, consistenwith the JuracandRichardsorj2001]results.Thebottompanel
shavs the He/H correlationsthesecorrelationsarenot significantlybetterfor
higherHe/H ratios.

To determinescalelengthsof the solarwind, we look at correlationsas
a function of spacecrafseparatiormperpendiculato the solarwind flow. To
maintainmeaningfulstatistics we divide the datainto timeswhenthe He/H
ratiois lessthan4% andtimesit is greatethan5%.
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Figure7 shaws the correlationsof densityandHe/H ratio asa function of
Y asg-separatiorof the spacecraffor thesetwo cases.The densitycorrela-
tions are fairly constantout to separation®f about220 Ry for the low He
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caseand250 Ry, for the large He case.For the low He case the He/H ratio
correlationsarevery similarto thosefor thedensity Thisimpliesthesourcere-
gionsof theprotonsandHe vary similarly. For thecasewhereHe/H is greater
than5%, which shouldbepredominatelyCME plasmathescalelengthof the
He/H correlationds muchsmallerthanfor the protondensity with adecrease
in correlationsataboutl40 Rg. ThustheHe seemgo begeneratedby asmall
region of amuchbiggerlCME sourcestructure.
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Fig. 7. Correlations as a function of the Yggsg-separation of the
spacecraft for He/H < 4% and He/H > 5%.

5. Summary

We investigatedhe radial evolution and spatialscalesof ICMEs. We used
the temperature/speedtio and the He/H ratio criteria to identify ICMESs in
spacecrafat positionsfrom 0.3to 5.5 AU from the Sun. We theninvestigated
ICME evolution in a statisticalsenseandfind that ICMEs are abouta factor
of 4 larger in radial width at 1 thanat 5 AU. The densityandmagneticfield
magnitudewithin ICMEs decreasédasterthanthosein the backgroundsolar
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wind. ThesedataareinterpretedasindicatingthatiCMEsexpandwith distance
out to at least5 AU. The temperaturedecreasegessfastin ICMEs thanin
the solarwind, oppositeto expectationsfor a radially expanding(and thus
adiabaticallycooling)structurewhichimpliesthatthe ICME plasmais heated
significantlymore thanthe backgroundsolarwind. The spatialscalesof He
perpendiculato the solarwind flow aresimilar to thatof thedensityin normal
solarwind, but areabouthalf the lengthscale<of protonsin the ICMEs.
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