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Abstract Interplanetarycoronalmassejections(ICMEs)evolveasthey propagateoutward
from theSun.They interactwith andeventuallyequilibratewith theambientso-
lar wind. Onedifficulty in studyingthisevolution is thatICMEshavenounique
set of identifying characteristics,so boundariesof the ICMEs are difficult to
identify. Two characteristicspresentin someICMEs but generallynot present
in theambientsolarwind, high helium/protondensityratiosandlow tempera-
ture/speedratios,areusedto identify ICMEs. We searchthe Helios 1 and2,
WIND, ACE, and Ulyssesdatafor ICMEs with thesecharacteristicsand use
themto studythe radial evolution of ICMEs. We find that the magneticfield
magnitudeanddensitydecreasefasterin ICMEsthanin theambientsolarwind,
but thetemperaturedecreasesmoreslowly thanin theambientsolarwind. Since
wealsofind thatICMEsexpandin radialwidth with distance,theprotonswithin
ICMEsmustbeheated.Scalesizesfor Hestructuresaresmallerthanfor proton
structureswithin ICMEs.
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1. Intr oduction

Coronalmassejections(CMEs) areeruptionsof matterfrom the Suninto
interplanetaryspace.A CMEmayresultin theejectionof

�������
gof matterwith

a broadrangeof speeds,up to at least2000km/s[e.g.,Leppinget al., 2001].
Theejectedmaterialformsaninterplanetarycoronalmassejection(ICME) in
thesolarwind. TheICMEs thatcollide with Earthoftenproducelargeeffects
in Earth’s magnetosphere;almostall of the largestgeomagneticstormsresult
from ICMEs [Gosling,1993].

A centerpieceof spaceweatherresearchis the forecastingof ICMEs and
their magnetosphericeffects. Solar observations have beenusedto detect
Earthward CMEs [i.e., Zhao and Webb, 2003]. Spacecraftmonitors such
asACE andSOHOat the L1 Lagrangepoint provide warningsof incoming
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ICMEs 30-60minutesupstreamof Earth. Proxiessuchasthe field direction
within magneticclouds[Chen,1996] andshocks[Juracet al., 2002] canbe
usedto predictgeomagneticstorms. In the future, STEREOis designedto
remotelysensethe propagationof CMEs in the solarcoronawhich produce
Earthward-propagatingICMEs.

For long-range,severaldayin advanceforecastingbasedon solarobserva-
tionsto succeed,we needto understandbetterhow ICMEs evolve in thesolar
wind. For the shorter-term, 30-60minuteforecastingbasedon L1 observa-
tions, theeffect of radialevolution betweenL1 andEarthis likely small,but
sinceL1 monitorsareoftenhundredsof �	� from theEarth-Sunline, weneed
to understandthe spatialextent of CME materialperpendicularto the solar
wind flow. Variationsin themagneticfield magnitude,plasmabulk speed,and
plasmadensityhave largerscalelengthsin solarwind which causeslargege-
omagneticdisturbancesthanin the typical solarwind [JuracandRichardson,
2001],but length-scalesof variationswithin theICME materialhave not been
studied.

This paperreviews the radialevolution andspatialscalesof ICMEs in the
solar wind. One of the difficulties in studyingthesesubjectsis that it can
be difficult to identify ICMEs andtheir boundaries.We discusstwo criteria
which maybesufficient to identify ICMEs,enhancedheliumabundancesand
lower thanexpectedtemperaturesfor a givensolarwind speed.We usea list
of ICMEs producedusingthesecriteriawhich spansradialdistancesfrom 0.3
to 5.4 AU to describedthe radial changesin ICMEs. We alsocomparethe
heliumabundancesobserve by ACE andWIND to determinethescalesizeof
enhancedheliumeventsperpendicularto thesolarwind flow.

2. Identification of ICMEs

ICMEshavemany identifyingcharacteristics(seereviewsbyGosling,1990;
NeugebauerandGoldstein,1997;Gosling,1997);amongthemare

1 Thetemperatureis lowerthannormalfor theobservedsolarwind speed.

2 Thefluctuationlevel of themagneticfield magnitudeis small.

3 Theratio of theHe to H densityis larger thannormalbut stronglyfluc-
tuating(e.g.,Berdichevsky et al., 2002).

4 Energeticprotonsandcosmicraysstreamalongthemagneticfield.

5 Bi-directionalelectronsareobserved, moving in both directionsalong
the magneticfield indicating that the field lines areclosedloopscon-
nectedto theSunor to themselves.

6 Enhancementsin minorionssuchasFeandhigherchargestatesof heavy
ionssuchasFeandO (Burlagaetal., 2001;Lepri et al.,2001).
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7 Depressedenergeticparticleintensitiesknown asForbushdecreasesre-
sultingfrom theincreasedmagneticfield.

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

9 A precedingshockformedby fasterCME materialencounteringslower
solarwind whensolarcounterpartobservationsor remoteradiosensing
indicatethepresenceof ejecta.

Theproblemis that,althoughICMEs mayhave someof thesecharacteris-
tics, few ICMEs have all of themandmany have a small subsetof them. In
addition,thesecharacteristicsmaynot persistacrosstheentireICME but may
comeandgowithin oneICME.

Variouslistsof ICMEshavebeendevelopedbasedonvariousof thesecrite-
ria. Wereferin thispaperto thelist developedby CaneandRichardson[2003]
(hereafterreferredto asC&R) usingdatafrom 1996through2002whichcov-
eredtheperiodfrom solarminimumto solarmaximum.Thestartingpoint for
this list is thecriterionthattheobservedtemperature,
���
�� , belessthan0.5of
thetemperatureexpectedfor theobservedsolarwind speed,
������ (Richardson
andCane,1995).Theexpectedtemperaturesfor a givenspeedaretakenfrom
LopezandFreeman[1986]. In additionto thetemperaturecriterion,C&R used
shocks,Forbushdecreases,andenergetic particlesignatures(but not helium
abundanceor bi-directionalelectrons)to identify ICMEs.

Figure1 shows 12 daysof WIND datafrom 1999.Thehatchedareashows
the time of an ICME from the C&R list. The ICME region lastsabouttwo
days,hasa low temperaturegiven the relatively high speed,follows a shock,
andhaslittle magneticfield variation. Althoughthis criterionwasnot partof
theC&R ICME searchcriteria, the ICME alsohasenhancedHe abundances.
This exampleis clearly consistentwith the definition of an ICME, although
someambiguityexistsasto the locationof the trailing edge.But on day260
the helium abundancealsoincreasesfor abouta day coincidentwith a small
temperaturedecrease.Magneticfluctuationsthroughmostof this time period
are small. Basedon the He abundance,this event is also likely an ICME,
althoughtheboundariesof theeventarenotobvious.

ThehatchedICME in Figure1showstwootherimportantfeaturesof ICMEs.
Thespeeddecreasesacrossthe ICME, so that the forwardedgemovesfaster
than the trailing edge. This speeddifferenceresultsfrom expansionof the
ICME. Themagneticfield (andthusmagneticpressure)is high with the first
half of the ICME; many ICMEs have a larger internalpressurethandoesthe
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 show the difficulties inherentin the study of
ICMEs; namelydeterminingif they arepresentandwhenthey startandend.
In a few caseswhenICMEshaveapparentlybeenlargerin angularextentthan
thespacecraftseparation,the sameICME hasbeenobserved at widely sepa-
ratedradialdistances.For example,theBastilleday2001CME occurredwhen
EarthandVoyager2 wereatnearlyidenticalheliolongitudesandwasobserved
at 1 AU and63 AU [Wanget al., 2001]. But sinceradialalignmentsof space-
craft arerare,we want to look at ICME evolution on a statisticalbasis. We
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choosetwo ICME characteristicsthatarethoughtto besufficient (but notnec-
essary)to identify ICMEs; 1) 
���
�����
������ < 0.5 and2) ��������� � > 8%. This
methodmakesthe implicit assumptionthat ICMEs with thesecharacteristics
aretypicalof ICME plasma.

We identify thetimesin theHelios1 and2, WIND, ACE,andUlyssesdata
thatboththesecriteriaaremet.Helios1 and2 operatedfrom 1976to 1980and
1976to 1985,respectively, atdistancesof 0.3to 1 AU. WIND waslaunchedin
late1994andis near1 AU. ACE waslaunchedin 1997andorbitsEarth’s L1
Lagrangepoint. Ulysseswaslaunchedin 1990andorbitsover thesolarpoles
at1.3- 5.4AU (althoughmostICMEsdetectedareat low latitudes).Sincethe
temperaturedecreaseswith distance,we normalizedto 1 AU assuminga � ! �
dependence[Tottenet al., 1995;seealsoSteinitzandEyni, 1981;Lopezand
Freeman,1995]beforeapplyingthetemperaturecriteria. The ��������� � ratio
shouldbe independentof distancewhich makes it a useful tracerof ICMEs
[Paularenaet al., 2001].Thecompletelist of ICMEswe identifiedusingthese
criteriais givenby Liu etal. [2004].

3. Radial Evolution of ICMEs

Figure2 shows the distribution of ICMEs at 1 AU from ACE andWIND

Fig. 2. Number of ICMEs at 1 AU as a function of time.
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over a solarcycle usingthe above criteria. The solarcycle dependenceis
asexpected,with lessICMEs at solarminimumthanat solarmaximum. We
notethatadherenceto thesecriteria resultsin about50%lessICMEs thanin
theC&R list. Alsonotethatnotall themagneticcloudsidentifiedby theWIND
magneticfield instrument(http://lepmfi.gsfc.nasa.gov/mfi/mag cloud pub1.html)
areonour list, reinforcingtheuncertaintyinherentin choosingICMEs.

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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Figure3showstheaveragesolarwinddensity, speed,temperature,andmag-
neticfield magnitudewithin ICME plasma.Thecirclesshow datafrom Helios
1 and2, thetrianglesfrom WIND andACE,andthesquaresfrom Ulysses.The
solid linesshow thebestfit of a power law to thedata. The top panelshows
that thedensityprofile which bestfits thedatais �#"%$'& =6.2 � !)(�* + . Theaver-
agedensity(normalizedto 1 AU) in theICMEsof 6.2is slightly lessthanthe7
cm!)+ in thebackgroundsolarwind, consistentwith previousresults[Crooker
etal., 2000].Thedecreasewith � is fasterthanin thebackgroundsolarwind;
asexpected,thesolarwind densityasa wholedecreasesas � !)( out to 70 AU
[Richardsonetal.,2003].Themorerapiddecreaseof densitywithin ICMEsis
dueto theexpansionof theICMEs,asdiscussedabove.

The secondpanelof Figure3 shows the averagespeedwithin the ICMEs.
Thefit line showsthattheaveragespeedis about450km/sanddoesnotchange
with distance.This is comparableto theaveragespeedof all solarwind near
Earth,440km/s.Thevariationsof theICME speedsdecreasewith distance.

The third panelshows the temperaturein ICMEs. The bestfit is 
 "%$'& =
3.5, ���.- � !)/�* + K. Theaveragesolarwind temperatureat1AU isabout9.5, ���.-
K, sotheICME temperatureis well below this (asexpectedgiventhatoneof
theICME identificationcriteriais low temperature).Thesmall � dependence
of 
 with distancewasunexpected. The temperatureof the backgroundso-
lar wind in theinnerheliospheredecreasesas � ! � [Tottenet al., 1995].Since
ICMEsexpandwith distance,thetemperaturein ICMEsshoulddecreasefaster
thanin thebackgroundsolarwind dueto adiabaticcooling;insteadit decreases
lessquickly. This result implies that significantheatingof the protonsin the
ICMEs takesplace,morethanin thenormalsolarwind. ICMEs areoftenas-
sociatedwith streamingelectronsandhighheatflux; someof thisenergy may
coupleto theprotons.

The bottompanelshows the magneticfield magnitudewithin the ICMEs.
The fit to the datagives 01"%$'& =7.4 � ! � * - nT. For an ideal Parker spiral, the
radialcomponentof 0 decreasesas � !)( andthetangentialfield as � ! � . The
averagemagneticfield in the solar wind at 1 AU is 6.3 nT, so 0 is larger
within ICMEs. The higher 0 is what resultsin the higher internalpressure
within ICMEs which contributesto their expansion. The bestpower law fit
to the magneticfield magnitudeobservationsin the low-latitudebackground
solar wind gives a � ! � * � decrease.Thus the magneticfield within ICMEs
decreasesfasterthanthat in the solarwind asa whole,againconsistentwith
ICMEsexpandingwith distance.

Oneof thecharacteristicsof anICME is thatthespeedof theleadingedgeis
generallygreaterthanthespeedof thetrailing edge,whichresultsin adynamic
expansionof the ICME. Figure4 shows how 243 , thedifferencebetweenthe
speedson the leadingandtrailing edges,changeswith distance.Theaverage
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valueof 243 only hasasmallchange,from about65 to 45km/s,but thescatter
decreasesquickly with distanceandfew ICMEsbeyond5 AU have large 2�3 .

Fig. 4. The speed difference, 2�3 , 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 shows theradialwidth of ICMEs asa functionof distance,where
thewidth is determinedby multiplying the time it takesanICME to passthe
spacecraftby the averagespeedof the ICME. The averageICME lengthin-
creasesfrom 0.25AU at1 AU to about1 AU at5 AU, afactorof four increase.
Thustheexpansionof ICMEs inferredfrom observationsis a measurable,and
significant,effect.

4. Spatial Scales

Thespaceweatherprogramresultedin numerousstudiesof thescalelengths
of plasmaandmagneticfield featuresin thesolarwind. Plasmafeatureshave
scalelengthsof order100 �	� while magneticfield scalelengthsaretensof
�5� [Paularenaet al., 1998;Zastenker et al., 1998;RichardsonandPaularena,
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2001]. Scalelengthswerelongerfor geoeffective solarwind features[Jurac
andRichardson,2001].

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 enhancementare thought to be prominencematerial
which hasits origin lower on the solar surface. The He enhancementsare
oftenpatchyandvariable,but it hasnotbeenclearwhetherthesearetemporal
or spatialvariations. SinceWIND andACE provide He datanearEarth,we
caninvestigatethescalesizesof theHe enhancements.As in previouswork,
we look at six hoursegmentsof datafrom two spacecraft.Thedataaretime-
shiftedusingtheobservedsolarwind speedto accountfor theradialseparation
of the spacecraft.We thenperformcorrelationson the dataasa function of
lag.

Figure6 shows correlationsasa function of the He/H ratio. We did not
specificallyseparateout ICME regionsin thispartof thestudy, but mostof the
high He/H regionsarelikely ICMEs. The top 3 panelsshow that the speed,
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density, andB correlationsarebetterwhenHe/H ratiosaregreaterthanabout
5%,consistentwith theJuracandRichardson[2001]results.Thebottompanel
shows theHe/H correlations;thesecorrelationsarenot significantlybetterfor
higherHe/Hratios.

To determinescalelengthsof the solar wind, we look at correlationsas
a function of spacecraftseparationperpendicularto the solarwind flow. To
maintainmeaningfulstatistics,we divide the datainto timeswhenthe He/H
ratio is lessthan4%andtimesit is greaterthan5%.

Fig. 6. Correlations as a function of the He/H ratio.

Figure7 shows thecorrelationsof densityandHe/H ratio asa functionof
Y 6�78� -separationof the spacecraftfor thesetwo cases.The densitycorrela-
tions are fairly constantout to separationsof about220 �	� for the low He
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caseand250 �	� for the large He case.For the low He case,the He/H ratio
correlationsareverysimilarto thosefor thedensity. Thisimpliesthesourcere-
gionsof theprotonsandHevarysimilarly. For thecasewhereHe/H is greater
than5%,whichshouldbepredominatelyICME plasma,thescalelengthof the
He/Hcorrelationsis muchsmallerthanfor theprotondensity, with adecrease
in correlationsatabout140 �5� . ThustheHeseemsto begeneratedby asmall
regionof amuchbiggerICME sourcestructure.

Fig. 7. Correlations as a function of the Y 6�78� -separation of the
spacecraft for He/H < 4% and He/H > 5%.

5. Summary

We investigatedtheradialevolution andspatialscalesof ICMEs. We used
the temperature/speedratio andthe He/H ratio criteria to identify ICMEs in
spacecraftat positionsfrom 0.3 to 5.5AU from theSun.We theninvestigated
ICME evolution in a statisticalsenseandfind that ICMEs areabouta factor
of 4 larger in radial width at 1 thanat 5 AU. The densityandmagneticfield
magnitudewithin ICMEs decreasefasterthanthosein the backgroundsolar
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wind. ThesedataareinterpretedasindicatingthatICMEsexpandwith distance
out to at least5 AU. The temperaturedecreaseslessfast in ICMEs than in
the solar wind, oppositeto expectationsfor a radially expanding(and thus
adiabaticallycooling)structure,whichimpliesthattheICME plasmais heated
significantlymorethanthe backgroundsolarwind. The spatialscalesof He
perpendicularto thesolarwind flow aresimilar to thatof thedensityin normal
solarwind, but areabouthalf thelengthscalesof protonsin theICMEs.
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