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Abstract. CoronalMassEjections(CMEs)areplasmaeruptionsfrom thesolaratmospherewhich
involve previously closedfield regions which are expelled into the interplanetarymedium.Such
regionsandthe shockswhich they maygenerate,have pronouncedeffectson cosmicray densities
bothlocally andatsomedistanceaway. Theseenergeticparticleeffectscanoftenbeusedto identify
CMEs in the interplanetarymedium,wherethey areusuallycalled“ejecta”. Whenboth the ejecta
andshockeffectsarepresenttheresultingcosmicray eventis calleda “classical,two-step”Forbush
decrease.This paperwill summarizethecharacteristicsof CMEs,their effectson particlesandthe
presentunderstandingof themechanismsinvolvedwhichcausetheparticleeffects.Theroleof CMEs
in long termmodulationwill alsobediscussed.

1. Introduction

Decreasesin thecosmicray countrate,which reachmaximumdepressionwithin
abouta day and last typically for abouta week,werefirst observed by Forbush
(1937)andHessandDemmelmair(1937)usingionisationchambers.It wasthe
early 1950’s work of Simpsonusing neutronmonitors (Simpson,1954) which
showedthattheorigin of thesedecreaseswasin theinterplanetarymedium.There
aretwo basictypes.“Recurrentdecreases”(Lockwood,1971)aremoregradualand
moresymmetricin profile,andarewell associatedwith corotatinghighspeedsolar
wind streams(e.g., Iucci et al., 1979b).“Non-recurrentdecreases”arecausedby
transientinterplanetaryeventswhich arerelatedto massejectionsfrom the Sun.
Historically all shorttermdecreaseshave beencalled‘Forbushdecreases’.How-
ever, someresearchersusethenamemoreselectively to applyto only thosewith a
suddenonsetandagradualrecovery. In thefollowing, thetermForbushdecreaseis
usedfor thenon-recurrentdecreases(i. e. thoseassociatedwith transientsolarwind
disturbances)andonly thistypeof short-termcosmicraydecreasewill bediscussed.

Figure1 shows an exampleof a “classical”Forbushdecrease.In this figure a
measureof theisotropicintensity(shown by thethick line) isobtainedbyaveraging
thecountratemeasuredby threeneutronmonitors(DeepRiver, KerguelenandMt.
Wellington)with similarresponsesandspacedapproximatelyequallyin longitude.
The ratesfrom the individual monitorsare shown (with thin lines) in order to
illustratethevariability which occursbetweenstations.Thepresenceof two steps
is indicated.Thefirst decreaseoccursin theturbulentfield region thatis generated
behindtheshockwhich this fastejecta(CME) createsin themediumaheadof it.
A reductionin thecosmicray densityalsooccursinsidetheejectabecauseof its
closedfield line geometry. This paperis aboutsuchparticledecreases.Sinceit is
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Figure 1. Percentagedecrease
for three neutron monitor
stationsspacedaboutequally
in longitude (Deep River,
Mt.Wellington, Kerguelen).
The heavy line indicatesthe
average of the count rates
which is an approximate
measure of the isotropic
intensity. The two stepsare
indicated.

importantto understandthe characteristicsof CMEs, in orderto understandFds,
this paperpresentssomeof the basiccharacteristicsof CMEs beforediscussing
the particleobservationsandtheir interpretation.Of particularimportanceis the
topology of CMEs and in particularwhetherthey are completelyclosed.Also
of importanceis the occurrencerateof CMEs sincethis tells us what we should
expectfor theoccurrencerateof Fds.TheCME rateis alsoimportantif we want
to understandthecontribution of Fdsto long term(11-and22-year)modulation.

2. Coronal Mass Ejections, CMEs

2.1. AT THE SUN

CMEs are observed with “white light" coronagraphsand were first imagedin
the early 1970s(Tousey, 1973;Goslinget al., 1974).Coronagraphimagesshow
Thompsonscatteredlight from coronalelectronsandprovide informationon the
coronaldensityandhow it changeswith time. A goodsummaryof the extent of
our knowledgeof thecharacteristicsof CMEshasbeenpresentedby Hundhausen
(1998)with particularemphasison thes SolarMaximumMission(SMM) results.
CME speedsoccur in the approximaterange20–2000km/secwith the average
speedbeingabout400km/sec.Theextremelyfasteventstendto occurnearsolar
maximum.Angularsizesoccurin therange5� -120� with theaveragesizeslightly
lessthan50� . (Themaximumsizejustquotedexcludeseventsthatareviewedhead-
onandhavesizesof 360� .) TheaverageCME kineticenergy is about5 � 1030 ergs.
Since1996,ourknowledgeof CMEsis beinggreatlyenhancedby observationsby
SOHOandtheLASCOcoronagraphs.However theobservedCME characteristics
(e.g. speeds,sizes)areconsistentwith thepreviouscoronagraphobservations(St.
Cyr et al., 1997).
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Although CMEs take a numberof different forms it is believed that the pro-
cesseswhich have beenseento occur for loop-like ejectionsmay be applicable
more generally. CMEs tend to occur nearmagneticneutral lines and often are
precededby theswellingof a coronalhelmetstreamer. Thehelmetstreamergets
distortedand finally disruptedby the expansionof the underlyingclosedfield
region. This closedfield region is an arcadeof field lineswhich often containsa
prominence.Thusprominenceeruptionis acommon,but notnecessary, occurrence
in conjuctionwith CME lift-of f. (When prominencesare observed on the solar
disk they arecalledfilamentsandthusprominenceeruptionis the samething as
filamentdisappearance.)Flaresalsooftenoccurin associationwith CMEsbut they
arenotnecessaryandarecertainlynot theinstigatorsof massejectionashasbeen
sometimesassumed.Flaresandprominenceeruptionsaredifferentphenomenaand
often occursimultaneously. Usually the flaresassociatedwith CMEs areof long
durationandalsohave associatedmeterwavelengthtypeII and,particularly, type
IV radio bursts(Robinsonet al., 1986).Type IV emissionis believed to occur
insideCMEsandis agoodflaresignaturefor themoreenergeticones.It is notyet
clearwhethertheshock-generatedtypeII emissionsaregeneratedbyshocksdriven
by CMEsor from shocksassociatedwith theflareprocess.Flaresarebelieved to
begeneratedby theheatingresultingfrom reconnectionof field linesblown open
by theCME. WhenCMEsoccuroutsideactive regionstheprominenceeruptionis
oftenassociatedwith only a ‘flare-likebrightening’.Notethatsomewherebetween
30%-50%of CMEshave no associatedflaresor prominences(St.Cyr andWebb,
1991).However theassociationratewith on-diskphemomenais greatlyenhanced
by the UV and soft X-ray observationsnow available from SOHOand Yohkoh
respectively.

Thepre-SOHOCME ratehasbeensummarisedby WebbandHoward(1994).
They found a rate of about 0.25 CMEs/dayat solar minimum rising to about
2.5–3CMEs/dayat solar maximum(seealso Fig. 2). The absoluteratesare an
underestimatebecauseof sensitivity limitations but the overall variation of rate
asa functionof epochin the solarcycle shouldbe representative. Howard et al.
(1985)notethatexclusionof minorCMEsfrom theratesdeterminedfrom Solwind
observationsdecreasedthe amplitudebut did not substantiallyaffect the phase
of the occurrencerate. It is too early to get any long-termratesfrom LASCO
but the St. Cyr et al. (1997) study obtaineda CME rate of 0.7CMEs per day
during 3 monthsin early 1997 i. e. abouta factorof 3 higherthanthe Webband
Howardsolarminimumrate.Thisis becauseof theincreasedsensitivity of LASCO
comparedto previouscoronagraphs.

It is clear, basedon theirsizes,thatCMEsarerelatedto thelarge-scalecompo-
nentsof thesolarmagneticfield but their role in its long-termevolution is not yet
determined.Sincethemodelof WangandSheeley (1995)successfullypredictsthe
strengthof theradialcomponentof theIMF from photosphericfield observations
without theinclusionof CMEsthis suggeststhatCMEsarenot generallya signif-
icant componentof the solarwind. This canalsobe deducedfrom Fig. 2 which
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Figure2. TheCME rate(large, filled circles) comparedwith theinterplanetarymagneticfield (small,
opensquares) (IMF). Carringtonrotationaveragesareused.The IMF hasbeensmoothedusinga
runningmeanover3 rotations.(TheCME datawereprovidedby O. C. St.Cyr.)

shows thattheCME rate(SMM dataCarrington-rotationaveraged;St Cyr, private
communication)doesnot trackverywell theaverageinterplanetarymagneticfield
strength.Usingonetechniquefor identifying themin the interplanetarymedium,
SmithandPhillips (1997)estimatethatCMEscontribute8% to theinterplanetary
magneticfield. WebbandHoward(1994)foundthatCMEscontribute10%to the
solarwind massflux.

2.2. IN THE INTERPLANETARY MEDIUM

Someresearchersuse the term CME for the ejectedmaterial identified in situ
in the interplanetarymedium.Others(including myself) believe that a different
nameshouldbeusedbecausea) of historicalprecedentandb) it is not clearhow
bestto identify the completeCME in the interplanetarymedium.It wasknown
someyearsbeforeCMEswereidentifiedthat interplanetaryshocksaredrivenby
materialejectedfrom theSun.Theso-called“drivergas”hadbeenidentifiedin the
interplanetarymedium(e.g. Hirshberg et al., 1970)but it wasnot known how to
identify thatmaterialattheSun.Varioussignaturesareknown whichidentifydriver
gasi. e. the interplanetarycounterpartsof CMEs,which henceforthwill becalled
‘ejecta’. The signaturesof ejectaincludedepressedplasmaprotontemperatures,
bidirectionalparticleflows andstrongmagneticfields(seeRichardsonandCane,
1993for acomprehensive list of references).Not all arepresentin all ejectaandthe
varioussignaturesoftendonotoverlapparticularlywell. Figure3 showssolarwind
datafor anejectain April 1979.Thesolid verticalline indicatesthetimeof shock
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Figure3.Solarwind dataduringaperiodwhenanejectawasencountered.Thetopthreepanelsshow
themagneticfield andits componentout of theecliptic, theprotontemperature,densityandspeed.
The dashedline in the temperaturepanelshows the expectedtemperaturefor normal solar wind
expansion.The blackenedareais a low temperatureregion, indicative of an ejecta.The vertical,
dashedlinesindicatetheextentof theejectaandthesolid line indicatesthepassageof ashockwhich
theejectacreates.Horizontallines in thedensitypanelindicatethedurationsof periodsof particle
bi-directional(BD) flows, (seethe text for moredetails)anotherindicatorof ejectamaterial.Note
thattheBD flowsareintermittentandthedifferentmeasuresdonotoverlap.Thebottompanelshows
theisotropiccosmicrayintensityasdeterminedby usingthreewell-spacedneutronmonitors(dotted
line) andtheanti-coincidenceguardon IMP 8 (solid line). A suddendecreasein cosmicray count
rateonentryinto theejectais particularlyevidentin theIMP 8 data

passageandthedashedlines the boundariesof the ejecta.The third panelshows
the observed solarwind protontemperaturealongwith the expectedtemperature
calculatedfrom the observed wind speed.The black region indicatesthe region
of low temperatureindicative of ejectamaterial.This techniquefor identifying
ejectausingthe temperatureandspeed(seeRichardsonandCane,1995)is more
convenientthanbidirectionalsolarwind heatflux (asusedby someresearchers)
becauseit canbecalculatedfrom readilyavailablesolarwind data.Thehorizontal
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linesin thedensitypanelindicatethedurationsof bidirectionalsolarwindelectrons
(BDE) (Goslinget al., 1987)and � 1MeV bidirectionalion flows(BIF) measured
by ISEE-3andIMP 8 (RichardsonandReames,1993).Notethatthey donotoccur
at thesametimes.Sincebidirectionalflows usuallyindicateclosedfield lines the
cessationof bidirectionalelectronsoftenseeninsideejectahasbeeninterpretedby
Goslinget al. (1994)to indicatethepresenceof openfield lineswithin ejecta.

The ejectashown in Fig. 3 is reasonablytypical. Its averagespeedis about
600km/s which is greaterthan the upstreamsolar wind speedand thereforea
shockis created.Theregion of compressed/heatedplasmabetweentheshockand
theejecta(thepost-shockcompressionregion) lastsfor about9 hours.Theejecta
extenthasbeendeterminedfrom thevarioussignaturesasindicatedin thefigure.
Basedonthedurationandtheejectaspeed,theradialextentof theejectais � 0.2AU.

Also shown in Fig. 3 aremeasuresof the isotropiccosmicray intensity. The
solid line is dataobtainedfrom theanti-coincidenceguardof the GSFCmedium
energy experimenton IMP 8 (seeMcDonald,2000,this volume).Thedottedline
shows the isotropic intensity determinedfrom threeneutronmonitors.This in-
terplanetaryevent causeda moderately-sizedtwo stepdecrease.Note the clear
particle depressionduring the passageof the ejecta.Sincesucha depressionis
nearly always presentit is to be hopedthat in the future a standardtechnique
for identifying thepresenceof ejectamaterialis to look at energetic particledata
especiallythatfrom neutronmonitors.

Of particular interestto theoreticians(becausesuchstructurescan be easily
modelled)areejectawith theso-calledmagneticcloudor magneticflux ropege-
ometry. Theseejectahaveamagneticenhancementwhichshowsaclearrotationin
directionandarethereforeeasyto identify. Suchanorganisedfield structuremay
have implicationsfor particle transport.The conclusionof Gosling (1990), that
only onethird of ejectahavethemagneticcloudstructureis oftenquoted.However
Caneet al. (1997)suggestthattheratio might bemorelike 50%andfurthermore
that the cloud geometrymay be a consequenceof interceptingan ejectanearits
centre.Caneet al. (1997)presentedaneventseenby two spacecraftin whichthere
was a magneticcloud at one locationbut absentat the other. It is importantto
notethatstudieslimited to magneticcloudsmayexcludeabout50%of all ejecta.
The topologyassumedfor magneticcloudsis that of a flux ropewith both ends
attachedto theSun.Leppinget al. (1990)andBothmerandSchwenn(1998)find
thattheaxesof magneticcloudstypically lie east-westandcloseto theecliptic. It
is unlikely thatgeometriesin whichthecloudis completelydetachedfrom theSun
(e.g. a spheromak,Vandaset al., 1993)canapplysinceenergetic particleevents
areseenatspacecraftwheninsideejecta,implying field line connectionto theSun
(e.g., Farrugiaet al., 1993).Notethattheloop typeof geometryimpliedby Fig. 8
of Burlagaet al. (1990)in whichthe‘legs’ of theejectareturnto theSunatwidely
spacedlocationsis misleading.Two separatedintersectionsof anejectahavenever
beenrecorded.A more likely scenariois that presentedin Fig. 1 of Crooker et
al. (1998) in which the following leg folds into the backof the leadingleg with
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distortionsalong the Parker spiral. At the Sun the legs are separatedonly by a
currentsheetandreformthestreamerconfiguration.

Our currentpictureof the large scalestructureof the transientinterplanetary
shockscreatedby CMEs differs little from that first proposedby Hundhausen
(1972, seeFig. 4). (Hundhausenusedthe term “ejecta” to identify the drivers
of interplanetaryshocksat a time when CMEs were unknown). One featureof
importancefor understandingthe asymmetriesin longitudeeffects of interplan-
etary shocks(both for modulationand particle acceleration)is the fact that the
pre-existing solar wind field lines get drapedaroundthe ejectaas it propagates
away from theSun.Thismeansthatanobserver on thewesternsideof anejectais
connectedto thestrongestpartof its shockwhentheshockis beyondtheobserver.

From a studyof ejectasignaturesfollowing a groupof very energetic shocks,
RichardsonandCane(1993)determinedthat the longitudinalextent of ejectaat
1AU wasatmost100� . In anothermulti-spacecraftstudyCaneet al. (1997)found
thatfor lessenergeticeventsthesizeextentwasprobablylessthan50� . In contrast,
someinterpretationof theUlyssesresultssuggeststhatejectaareverylarge.Partof
theapparentsizediscrepancy mayresultfrom thefact thatat high latitudesejecta
“over expand”(Goslinget al., 1994).

3. Forbush Decreases

3.1. INTRODUCTION

The most comprehensive article about the characteristicsof Forbush decreases
remainsthatof Lockwood(1971).Much of thedescriptionthereis still appropri-
atealthoughthe understandingof the causewas lacking. Justa yearor so after
the Lockwood (1971) paper, two papersby Barndenwere presentedat the In-
ternationalCosmicRay Conferencein Denver. In thesepapersBarnden(1973a,
1973b)applied the Hundhausenshockpicture to classic,two-stepForbush de-
creases.Barndenreasonedthat the first stepoccursat the shockandthe second
at the discontinuitymarking entry into the ejecta.Unfortunatelythis work was
never publishedin a refereedjournalandthusit is only recentlythat researchers
have stressed(e. g., Wibberenzet al., 1998)that therearetwo differentphysical
mechanismswhichcauseFdsi. e., theinterplanetaryshock,if oneis generated,and
theinterplanetarycounterpartof theCME, theejecta.Figure4 illustratesthelarge
scalestructureof anejectaandassociatedshockandhow thecosmicray response
is relatedto thepaththroughtheensemble.(No attempthasbeenmadeto show the
magneticfield structure,e.g. aflux rope,insidetheejecta.)

If anobserver is passedby ashockandits associatedejecta,two-stepsareseen
asshown for pathA. A lessenergeticejectawhich doesnot createa shockcauses
only a short-durationonecomponent/stepdecreaseasthe ejectapassesby. Such
eventsare often too small to producea significantdecreasein the recordsof a
singleneutronmonitor. Sinceshockshaveagreaterlongitudinalextentthanejecta,
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48 HILARY V. CANE

Figure 4. The large-scalestructureof a fastejectaandassociatedshock.The upstreamsolarwind
is drapedaroundtheejectaandheatedandcompressedat thefront of theejecta.Two pathsthrough
theensembleareindicatedwith differing resultantcosmicrayprofiles.Thetimeof shockpassageis
indicatedby averticalline markedSandthestartandendtimesof ejectapassagearemarkedT1 and
T2. Only if theejectais interceptedis a two-stepdecreasebeobserved.

it is possibleto interceptthe shockbut not the ejectaasshown by pathB. Thus
CME-relatedcosmicraydecreasesareof threebasictypes;thosecausedbyashock
andejecta,thosecausedby a shockonly andthosecausedby anejectaonly. The
majority ( � 80%) of short-termdecreasesgreaterthan 4% are of the two step
(shockplusejecta)type(Caneet al., 1996).Only veryenergeticCMEscancreate
shockswhich arestrongenoughon their flanksto causecosmicraysdecreases.In
suchcasesthe shocksalsogeneratemajor solarenergetic particleincreaseswith
profilescharacteristicof eventsoriginatingfar from centralmeridian(Caneet al.,
1988).The energetic particlesallow oneto be surethat the cosmicray decrease
wascausedby aCME-drivenshockinterceptedonits flankandnotby aco-rotating
stream.
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Figure 5. Particle dataat four energies for four different typesof solarwind flow (seetext). The
vertical lines indicatethe timesof shocksandthe horizontallines timesof ejecta.The cosmicray
decreasesin thetop left andright panelsarerepresentative of pathsA andB, respectively, in Fig. 4.

Thesetwo typesof decreasesare rathersimilar in appearancewhich is not
unexpectedsincethe local solarwind conditionsaresimilar. However corotating
streamsdonotproduceparticleenhancementsaboveafew MeV at1AU. Energetic
CMEsarewell-associatedwith solarenergeticparticleevents(Kahleret al., 1987)
andthestartof theparticleeventusuallyoccurswithin anhouror soof theassoci-
atedflare.Whenhighenergy particles( ��� 50MeV) arepresentwith acosmicray
decreaseonecanbesurethatasolarflarewill haveaccompaniedtheCME whenit
left theSun.ConverselywhensuchparticlesareabsenttheCME is lessenergetic
andthe morelikely solarsignatureof CME departureis a disappearingfilament
with perhapsa weakflare.However someof thesesmall two-stepdecreaseswill
have noHα solarassociation.

Figure5 illustratesthe relationshipsbetweencosmicray decreasesandlower
energy particle increasesat four energies ( � 1, � 25, ��� 60MeV and � 2GeV)
andhow they canbeusedto infer interplanetaryandsolarassociations.Thelower
energy datacomefrom theGSFCexperimenton IMP 8 andthe � 2GeV dataare
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theaverageof the threestationsreferredto previously. Thevertical lines indicate
timesof suddencommencementgeomagneticstorms,indicative of shockpassage.
Thedashedlinesarefor weaker events.Thetwo particleincreasesat thetopof the
figurebothextendto above 60MeV andareassociatedwith flares.TheJanuary1,
1978flareoccurredat E06� andnot surprisingly, in view if its centrallocation,an
ejectawasdetectednearEarth.In thisexampletheejectadecreaseis clearlyvisible
in the1MeV dataat thesametime astheminimumin thecosmicray decreaseon
January4. The April 9 1989flare occurredat E28� althoughthe particleprofile,
with mostof the increaseafter shockpassage,is morecharacteristicof an event
locatedfurther from centralmeridian.The doublehumpin the � 60 MeV profile
is unusualandit is not clearwhetherthis a secondsolarevent or not. No ejecta
was detectedat Earth and the cosmicray decreasehasa rathersmoothgradual
profile. The short decreaseafter the secondweak shockis causedby an ejecta
almostdefinitelyrelatedto aseparatesolarevent.

In theabsenceof acceleratedparticlesthetwo cosmicray decreasesat thebot-
tom of Fig. 5 arealsoseenin the � 60MeV dataandareabouta factorof 2 larger
thanin the � 2GeV data.The lower left panelillustratesthe particleresponseto
a slow ejectain March 1980.At 1AU the ejectaspeedwasnear400km/s. The
associatedshockdid not generatea detectableparticleincreaseabove 1MeV nor
a cosmicray decrease.Thecosmicray decreasewasproducedonly by theejecta.
Note that the decreaserecoveredassoonas the ejectahadpassedon March21.
The lower right panelshows, for comparative purposes,a decreasecausedby a
co-rotatingstream.It looksquitesimilar to theFd in thepanelabove but notethat
the particle increase,causedby accelerationat the corotatingshockin the outer
heliosphere,doesnotextendabove20MeV andfurthermorethattheparticlespeak
severaldaysaftershockpassageinsteadof within a few hoursof shockpassage.

3.2. GENERAL CHARACTERISTICS

Thecharacteristicsof thetwopartscomposingFdsneedtobeconsideredseparately
andsucha comprehensive studyhasyet to bedone.For a recentsummaryof Fds
in termsof thetwo stepsseeWibberenzet al. (1998).Below thecharacteristicsof
entiredecreasesaresummarised.

Magnitudes of Fds The largestFds have magnitudesin the range10–25%
for neutronmonitors.Notethatbecauseof anisotropiespresentin neutronmonitor
data,thesizereportedfor anFdwill varyfromonestationto another. Also thesizes
will besmallerif daily averagesareusedratherthanhourlyaverages.For a30-year
periodfrom 1964–1994Caneet al. (1996)list 10events � 10%for neutronmoni-
tors(e.g. Mt. Wellington)with acut-off rigidity of � 2.0GV. At thelowerrigidities
accessiblevia spacecraftobservations,Fdsarelarger. Lockwoodet al. (1986)and
Caneet al. (1993)foundthat theratio of themagnitudesof decreasesasseenby
IMP 8 (medianrigidity of � 2GV) relative to Mt. Wellington/Mt.Washingtonwas
typically about2 for thoseeventsin which therewerenoacceleratedparticles.
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Rigidity Dependence The rigidity dependenceof Fdsis approximatelyequal
to P� γ whereγ rangesfrom about0.4–1.2.A numberof researchershaveexamined
whethertherigidity dependenceof Fdsvarieswith theSun’spolarityandall groups
have concludedthatit doesnot (seee.g. Morishitaet al., 1990).

Precursory Increase Many Fdsshow a precursoryincrease.Suchanincrease
canresultfrom reflectionof particlesfrom theshockor accelerationat theshock.
Few neutronmonitor researchersseemto considerthe latter as likely even for
very large energetic shocksdespitethe fact that at the energies accessiblefrom
spacecraftthereappearsto beacontinuumfrom low to highenergiesof theshock-
acceleratedpopulation.Two eventsin which this was the caseare the August4
1972andOctober201989shocks.

Recovery Characteristics In isolatedsingleFdstherecoverycanbedescribed
asexponentialwith anaveragerecovery time of � 5 daysbut rangingfrom � 3 to� 10days(Lockwoodet al., 1986).Theseauthorsfoundthattherecovery timewas
independentof rigidity in therange� 2 to � 5GV andwith nodependenceonsolar
polarity or time in the solarcycle. In contrastMulder andMoraal (1986) found
thattherecoverieswerelongerfor theA � 0 epochin the1960’scomparedwith the
A � 0 epochin the1970’s. Theseauthorsdid not fit recoveriesto individual events
but rathercomparedrecoverieswhentheeventminimawerenormalised.

Anisotropies Fdsdisplayanisotropiesbothin, andperpendicularto, theeclip-
tic planeandthesearerelatedto thestructureof theassociatedsolarwind. Aniso-
tropies are most marked near shock passageand inside ejecta.There are also
periodsof enhanceddiurnalwavesin therecovery phasesof Fds.For a summary
of early work seeDuggalandPomerantz(1978).For a moredetaileddiscussion
andasummaryof recentwork seeSect.3.3.

Solar Associations Large Fdsarecausedby fastCMEs andtheir associated
interplanetaryshockswhichcanbeassociatedwith specificsolarflares.Noteagain
thattheflaredoesnot producetheCME (seealsoGosling,1993)but nevertheless
is a usefuldiagnosticfor determiningthelongitudeon theSunatwhich theCMEs
andinterplanetaryshockscausingFdsoriginate.In somelessenergetic CME/Fd
eventsit is alsopossibleto deducea‘sourcelongitude’by notingtheoccurrenceof
a disappearingfilamentwithouta flare.It is of historicalinterestthatGosling,in a
privatecommunicationreferredto byDuggalandPomerantz(1978),suggestedthat
massejectionswithout associatedsolarflaresmight causesomeFds.Previously
DuggalandPomerantz(1977)haddeterminedthatflarescouldnotbethecausesof
Fdsbasedonasuperposedepochanalysisbetweenflaresandcosmicrayvariations.

Caneet al. (1996) have studiedall � 4 % Forbush decreasesfor a 30 year
period (1964–1994)and determinedwhich are flare related,basedon the pres-
enceof associatedenergetic particleevents.Two-stepFdsweredivided into two
classesdependingon whetherthey wereassociatedwith a significantflareor not.
The division hasno meaningin termsof the physicsof the particleeffects.The
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only point is that the flare-associatedeventsarein generalcausedby moreener-
getic CMEs.Caneet al. (1996)determinedthat of 92 “classic,two step” � 4%
decreases,slightly morethanhalf (55%) canbe associatedwith significantflare
events.Theseflaresoccurwithin 50� of centralmeridian,consistentwith thehigh
probability of detectingthe radially propagatingejecta.That large Fdsoriginate
nearcentralmeridianhasbeenknown for many years(YoshidaandAkasofu,1965)
andBarnden(1973a)suppliedtheexplanationin termsof thelargescalestructure
of solarejectain theinterplanetarymediumasdiscussedabove.Neverthelessmany
subsequentworkershave attributedtwo-stepdecreasesto flaresoccurringfar from
centralmeridian.For example,Iucci et al. (1979a)usedlong-lastingtypeIV emis-
sionto make flareassociations.This is a reasonableway to determinethoseflares
associatedwith aCME. Howevernotall of theCMEswill intercepttheEarth.The
distribution of two-stepFd sourceregionsshown by Iucci et al. (1986)extends
over theentirevisibledisk of theSun.Giventhatquitea few CMEshave noasso-
ciatedflareor filamentdisappearanceoneshouldexpectthattherewill alsobeFds
with no suchassociatedsolarevent.Thusstudiesattributing interplanetaryevents
to flare activity alone(e.g. Iucci et al., 1979a)or even including disappearing
filaments(Belov andIvanov, 1997b)arelikely to havesomeincorrectassociations.
Including energetic particle informationon event times, locationand energetics
allows oneto besureof eventsthatcanbeassociatedwith aspecificflare.

Occurrence Rates Fdsaremostcommonnearsolarmaximumbut occurthrough-
outthesolarcycle.Therearefewerthan10Fdsgreaterthan10%percycleandthey
occuraroundsunspotmaximumbut not in theyearor sojustaftersolarmaximum
(Caneet al., 1996).To estimatewhetherthe Fd rateis consistentwith the CME
rate,notethat theCME rateat solarminimum is approximately0.7 per day (see
Sect.2.1). If we assumethatall CMEsarein the ecliptic (which is reasonableat
minimumconditions),thatatypicalCME is 40� in angularextentandthatLASCO
candetectCMEsover a 240� range,we might expectsomethinglike 0.1 perday
at Earthor 36 peryear. Belov (privatecommunication)reportsover 100“Forbush
effects” in the year1995andbasedon the above estimateit is unlikely that the
majorityof theseeventsarecausedby CMEs.Many areprobablycausedby small
co-rotatinghighspeedstreams.Onemightquestiontheability of theLASCOcoro-
nagraphsto detectall CMEson thedisk. However thestudyof Richardsonet al.
(1999)findsagood,almost1:1correspondence,betweenfront-sideCMEsseenby
LASCO andcosmicray depressionsseenin the IMP 8 guarddata.This suggests
thatthereis nota majorclassof smallCMEs,undetectedby LASCOwhich cause
cosmicray decreases.This alsosuggeststhat cosmicray decreasesarea reliable
signatureof CMEsin theinterplanetarymedium.

3.3. ANISOTROPIES

It is remarkablethat Barnden(1973b)interpretedthe anisotropy informationob-
tained from neutronmonitor data in termsof the particle flow patternsrelated
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to the ejectaandits shock.Sincethat studyrelied on relatingeachFd to a solar
flare it is likely thata numberof theassociationswereincorrectandsotheactual
patternsheidentified,in termsof large-scalestructure,needto beverified.For the
next 15 yearsor sotherelationshipbetweenobservedanisotropiesandsolarwind
structureswaslargely ignored.In fact,sincetherecanbelargeanisotropiesinside
ejectathiswasthereasonwork in thelate1980’sandearly1990’s failedto identify
a cleardecreasein ejectathathada magneticcloudsignature.Many of thestudies
usedsuperposedepochanalysesand thusremoved muchof the ejectadecrease.
Following thefirst papersaboutmagneticclouds(e.g., ZhangandBurlaga,1988)
it wasobviousthatcosmicraysshouldshow somesignaturesof theseclosedstruc-
tureswith a regular magneticfield rotation.However when Zhangand Burlaga
(1988)lookedat thecountratefrom a singleneutronmonitorthey concludedthat
theresponseof cosmicraysto cloudswasessentiallynegligible andthat theonly
causefor Fdswasthepost-shockturbulence.Also Lockwoodet al. (1991)found
thatmagneticcloudsdid not have a significanteffect on cosmicrays.In contrast,
Badruddinet al. (1986) and Sandersonet al. (1990) concludedthat magnetic
cloudsmake an importantcontribution to Fds. Note that the eventsstudiedby
Lockwoodet al. (1991)wererelatively minor. Thecauseof theconfusionis that
a) it dependson the particulareventsstudiedand b) it is difficult to relatethe
cosmicrayvariationsto solarwind structuresusingonly asingleneutronmonitor.
Theunambiguousdepressionscausedby magneticcloudswerefirst illustratedby
Cane(1993)usingthe anti-coincidenceguardon IMP 8 which providesa direct
measureof theisotropicintensity.

Other workers (Nagashimaet al., 1990; Iucci et al., 1989) startedwith pe-
riods of large cosmicray anisotropiesand tried to relatethem to interplanetary
magneticfield conditions.Theseresearchersrecognisedtheimportanceof thetwo
componentsto anFdbut unfortunatelydid nothavegoodmethodsfor isolatingthe
ejectacomponent.Their resultsarevery interestingandthesetechniquesshould
eventuallyprovide detailsaboutthe internalstructureof ejecta.For example,Na-
gashimaet al. (1990)isolatedregionsof low cosmicraydensityin which thefield
hasspecificcharacteristicsandin which the cosmicraysaresupposedlytrapped.
Theseregionshada mediandurationof about8hourswhich is lessthanhalf the
durationof a typical ejecta.Thepeaksdiscussedby Nagashimaet al. (1990)may
berelatedto openfield lineswithin ejecta.

More recentlyBieberet al. (1999)deducefor oneevent,basedon anisotropy
data,that the ejectapassedsouthof the Earth.Hofer andFlückiger(1999)have
studieda singlelarge event (in March1991)in detail.Thecosmicray anisotropy
vectorswerefoundto exhibit a rotationalbehaviour at theonsetof theejectade-
creasewherethemodulationwasgreatest.HoferandFlückiger(1999)suggestthe
presenceof a magneticcloud-like structure.Unfortunately, solarwind datawere
notavailableto confirmthisbecauseIMP 8, theonly spacecraftmakingnear-Earth
observations,wasin themagnetosphereat thetime.
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Figure6. Particleflow directionsasdeterminedby Dvornikov andSdobnov.

Belov et al. (e.g. 1995;1997)have determinedthe isotropicdensityand3D-
anisotropiesof cosmic rays for long periodsof time (years)using the “global
survey method”(Belov et al., 1995).They havealsoillustratedthelargevariability
betweenFds.In a numberof casesthe phaseof the in-ecliptic anisotropy shows
ananti-sunward flow in theejectaandthena clearswing backto the normalco-
rotationflow from approximatelythe eastnearthe rearof the ejecta.It remains
to be determinedhow often theseandotherpatternsoccur. This will provide the
informationnecessaryto determinehow andwhereparticlesenterejecta.

A separateline of researchhasbeenundertaken by Nagashimaandcolleagues
(e.g. Nagashimaet al., 1992).They have studiedanisotropiesrelatedto particle
effectsat shocksandin particulardecreasesandincreasescausedby densitygra-
dientflows acrossthe shock.The decreaseswhich aresometimesvisible prior to
shockarrival mayhavesomeapplicationin SpaceWeatherforecasting(e.g., Belov
et al., 1995;BieberandEvenson,1998;Bieberet al., 1999).

All of thework describedabove hasonly consideredthefirst-orderanisotropy
of cosmicray flows.Dvornikov andcoworkers(e.g. Dvornikov et al., 1983)have
alsocalculatedthesecond-orderanisotropy. Figure6 showstheparticledensityasa
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functionof GSElongitudeandlatitudefor twoperiodsduringtheejectaresponsible
for theJuly 1982decreaseillustratedin Fig. 1. Strongsecond-orderanisotropy in
the top panelcorrespondsto bidirectionalflows paralleland anti-parallelto the
IMF ( 	 ). Suchflowsoccurat timeswhenparticlesat lowerenergiesalsoshow bi-
directionalflows(Richardson,privatecommunication).Thebottompanelshowsan
interval of unidirectionalflow within theejecta.It remainsto bedeterminedwhat
featuresof individualejectaleadto particularlywell-orderedflows.

3.4. EVOLUTION IN THE HELIOSPHERE

Therehavebeenanumberof studiescomparingFdsseennearEarthwith “Forbush-
like” decreasesat greaterdistances.However the resultsof suchwork must be
consideredwith greatcautionfor the following reasons.First, even at 1AU the
situationcanbevery complicatedwith multiple transienteventsoccurringclosely
spacedin time.Second,decreasesrelatedto corotatingstreamsare,without addi-
tional information,sometimesdifficult to differentiatefrom transientevents.Third,
disturbancesmay merge as they move out through the heliosphereso that the
mergedregion in the outerheliospherebearslittle resemblanceto its constituent
partsnearthe Sun.Fourth, eventsoccuron the backsideof the Sun that canbe
thecauseof eventsseenat distantspacecraft.Webberet al. (1986)discussabout
20 eventsseenat 1AU and2–30AU. Even the three‘events’ they illustratehave
problemsin that at 1AU oneis a corotatingdecreaseandthe othersaremultiple
events.Similarly the work of Van Allen (1993) hasbeencriticised (Cliver and
Cane,1996)becauseheattributeseventsseenat hugelongitudinalseparationsas
having thesamesinglesolarorigin.

Probablythebestdatasetsfrom which to infer how Fdsevolve with time and
radialdistancearethosefrom theanti-coincidenceguardon theHeliosspacecraft
(Univ. of Kiel experiment)when combinedwith similar data from IMP 8 and
neutronmonitordata.Caneet al. (1994)investigateddecreasesizesasa function
of longitudeandradiusby comparingdatafrom the spacecraftanti-coincidence
guardswhich detect � 60MeV particles.This studyconsidered8 large eventsre-
sponsiblefor Fds seenin neutronmonitor data in the period 1976–1979.The
responseat 3 locationsclearlyshowedthatdecreasesarecausedby a shockeffect
andalsoanejectaeffect for spacecraftcloseto theradialfrom thesourcelocation.
The easternmostobserver seesthe earliestrecovery sincecorotationmeansthat
connectionto theshockbecomespoorerwith time.

Thereweretwo eventsin which IMP 8 andHelios2 wereradially alignedand
theejectadecreasewasseento becomesmallerat themoredistantspacecraft.This
suggeststhat the decreaseis causedby the initial exclusionof particlesfrom the
ejectawhich thenfill it in asa functionof time. In a subsequentpaperCaneet al.
(1997)examinedsmallerdecreasesasseenby theHeliosspacecraftandprovided
evidencethatprobablyall ejectacauseaparticledecrease.

The 250–2000MeV protonchanelon theKiel experimenton Ulysseshasde-
tectedparticledecreasesin threehigh latitudeejecta(Bothmeret al., 1997).The
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Figure7. Thecosmicrayvariationin theperiodmid-1977-end1979whentwo “steps"occurred;one
beginning late 1977andthe othernearthe startof 1979.The top panelshows the Mt. Wellington
neutronmonitordataandthebottompanelshows the120-230MeV differentialintensitymeasured
by theGFSCexperimenton IMP 8. Verticallinesindicatethetimesof majorCME-relatedFds.The
Fdsareclearlysuperimposedon thegradualdeclinein intensity.

sizesof thedecreasesweresurprisinglylarge leadingWibberenzet al. (1998)to
suggestthattheoverexpansionin thesehighlatitudeejectamightresultin efficient
adiabaticcooling. Unfortunatelythis experimentdoesnot have sufficiently high
countingratesto studyeventsin detailandfew eventshave beendetected.

It hasbeensuggested(Burlagaet al., 1993)thatlong-termmodulationprecedes
in aseriesof stepscausedprimarily by globalmergedinteractionregions(GMIRs)
formedby the merging of CMEs andcorotatingflows in the heliospherebeyond
10AU. RecentlyCaneet al. (1999)haveproposedanalternativeexplanationwhich
is that the ‘steps’ in the long-termcosmicray modulationprofile arecausedby
episodesof enhancedmagneticflux emissionfrom theSun.Oneargumentagainst
the GMIR modelis the fact that Fds,producedby CMEs/ejecta,arerathershort
on thetime-scaleof medium-termmodulationeventsandat1AU appearsuperim-
posedon thestepsasmaybeseenin theFig. 7. In this figure theMt. Wellington
neutronmonitordataareshown alongwith theIMP 8 120–230MeV protondiffer-
ential intensityfor thestepsin 1978and1979.Vertical linesindicatethetimesof� 4%CME-relateddecreaseswhichcanbeseento besuperimposedonthelonger,
downwardtrendof thedata.Cliver et al. (1993)have alsoarguedthat thecosmic
ray stepsarenot well-correlatedwith large,energetic CMEs(asindicatedby fast
shocksandhighintensitiesof energeticparticles)andsuggestedthatmaybeit is the
morecommon,lessenergetic,CMEs thatareresponsible.However basedon our
work showing that thereis a goodcorrespondencebetweenejecta(interplanetary
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CMEs)andparticledecreases(Caneet al., 1997;Richardsonet al., 1999),it canbe
deducedthat the majority of CMEs, evensmallones,produceasignalin the1AU
cosmicrayrecord.Thusthelong-heldidea(Lockwood,1960)thatthe11-yearmodu-
lation iscausedbytheaccumulatedeffectof many Fdsshouldfinally beputtorest.

4. Modelling

Until recentlyno modelshave ever includedmore thana singlemechanism.As
pointedoutby Wibberenzet al. (1998)(seealsoCaneet al., 1994)it is extremely
importantto separateout thedifferentcomponentsof aForbushdecreasebecause,
asdiscussedabove, two separatephysicaleffectsareresponsiblefor them.Thus
muchexisting theoreticalwork onForbushdecreasesneedsto berevisedsuchthat
only thecorrectpartof thedecreaseis consideredfor onemechanism.

An excellentsummaryof the earlier theoreticalinvestigationsis provided by
ChihandLee(1986).Furthermorethispaperprovidesananalyticalsolutionto the
simplediffusion-convection equation.A similarequationwasobtainedby le Roux
andPotgieter(1991).Thebasicideaof a “propagatingdiffusive barrier” hasbeen
exploredmostrecentlyby Wibberenzet al. (1997)andWibberenzet al. (1998).
In thiswork thebarrieris assumedresponsiblefor the“shockeffect” andhasbeen
appliedto datawherethe“ejectaeffect” hasbeenremoved.

In termsof simplemodelsvalid for conditionsnear1AU, shorttermcosmicray
decreasesaredrivenby variationsin theinterplanetaryplasmaandmagneticfield
parameters,leadingto changesin theparticlediffusionandconvectionproperties.
In the caseof the shockeffect the maximumdepressioncan be approximately
relatedto the modulationparameterobtainedin the force-fieldsolution(Gleeson
andAxford, 1968),

Φ 
 �� V � 3K � dr (1)

whereV is thesolarwind speedandK theradialdiffusioncoefficient.Then,

∆U
Uo


�� 3C∆Φ (2)

C is theCompton-Gettingfactor. ∆Φ representsthedifferencebetweentheundis-
turbedand the disturbedconditions,and the integral in Eq. 1 is taken over the
region in spacein which thesolarwind parametersdeviatefrom theambientcon-
ditions. For derivation of this approximatesolutionundervariouscircumstances
seeRichardsonet al. (1996)andWibberenzet al. (1998).For a largedropin the
ratioV ��� K � atashockfront (whereV � andK � arethespeedanddiffusioncoefficient
behindtheshock)anda box-like depressionover a spatialregion L Wibberenzet
al. (1998)obtainsthesizeof thedepressionas∆U � Uo 
 CV � L � K � . For a typical
setof parametersheobtainsavalueof theorderof 8%atneutronmonitorenergies.
It is importantto notethattheexactvalueof thedepressionaswell asthetemporal
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shapeof theonsetof the decreasebehindtheshockdependon theway in which
thedisturbancevarieswith thedistancebehindtheshock.

Caneet al. (1995)havediscussedthe“ejectaeffect” in termsof asimplemodel
in which particlesgainentry to theejectavia perpendiculardiffusion.The ejecta
effect and the model were investigatedmore fully by Vanhoefer(1996). In the
modelthe sizeof the depressionis a function of the magneticcloud parameters,
with theresult

∆U
Uo


 F
�
K � r
Va2 � (3)

where∆U � Uo is themaximumdepression,r thedistanceof theobserver from the
Sun,a andV theradiusandspeedof thecloud,K � theperpendiculardiffusionco-
efficient.ThefunctionF is amonotonicallydecreasingfunctionof thevariables.If
onealsoinsertsK � ∝ 1� B, oneseesthereforethat∆U � Uo increasesmonotonically
with theproductBa2V. Thusthesizeof thedepressiongetssmallerwhenB, a orV
arereduced.Thusthereis a lower limit to thesizeof anejectawhichwill produce
adetectabledecrease.

5. Summary

CMEs causedepressionsin the cosmicintensityboth locally whenanobserveris
insidethe interplanetarystructure(ejecta)andremotelyif the ejectais energetic
enoughto createaninterplanetaryshock.After theshockandejectahavepassedthe
intensitygraduallyrecoversasparticlesdiffusein aroundtheshock.Althoughthe
local decreaseinsideanejectacanbeof theorderof 20%in neutronmonitordata
it doesnotappear, basedonanumberof arguments,thatCMEsplayamajorrolein
long-termmodulation.Neverthelessthestudyof thesedecreasesis importantin or-
dertounderstandwhichphysicalprocessesaremostimportantfor particletransport.

In termsof understandingtheinternalmagnetictopologyof CMEsin theinter-
planetarymedium,cosmicray anisotropiesshouldprovide valuableinformation
which cannotbe obtainedby any other type of in situ measurement.Detailed
analysisof anisotropy datais only just beginning in earnest.Oneof the reasons
why progresshasbeenslow, despitethe availability of methodsof analysingthe
cosmicraydata,hasbeentheinability, until recently, to clearlydistinguishthetwo
componentsof Forbushdecreasesandtheir relationshipwith solarwind structures.
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