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Abstract. CoronalMassEjections(CMESs) areplasmaeruptionsfrom the solaratmospherevhich

involve previously closedfield regions which are expelled into the interplanetarymedium. Such
regionsandthe shockswhich they may generatehave pronounceceffectson cosmicray densities
bothlocally andat somedistanceaway. Theseenegeticparticleeffectscanoftenbe usedto identify

CMEsin the interplanetarymedium,wherethey are usuallycalled“ejecta”. Whenboth the ejecta
andshockeffectsarepresentheresultingcosmicray eventis calleda “classical two-step”Forbush
decreaseThis paperwill summarizethe characteristicef CMEs, their effectson particlesandthe

presentunderstandingf themechanismswolvedwhichcauseheparticleeffects. Therole of CMEs

in longtermmodulationwill alsobediscussed.

1. Introduction

Decrease# the cosmicray countrate,which reachmaximumdepressionvithin
abouta day andlast typically for abouta week, werefirst obsered by Forbush
(1937)and Hessand Demmelmair(1937) usingionisationchambersit wasthe
early 19505 work of Simpsonusing neutronmonitors (Simpson,1954) which
shavedthatthe origin of thesedecreasewasin theinterplanetarynedium.There
aretwo basictypes.“Recurrentdecreaseg(Lockwood,1971)aremoregraduaknd
moresymmetridn profile,andarewell associatewvith corotatinghigh speedsolar
wind streamge. g., lucci et al., 1979b).“Non-recurrentdecreasesare causedy
transientinterplanetaryeventswhich arerelatedto massejectionsfrom the Sun.
Historically all shortterm decreasebave beencalled‘ForbushdecreasestHow-
ever, someresearcherasethe namemoreselectiely to applyto only thosewith a
sudderonsetandagraduarecovery. In thefollowing, thetermForbushdecreasés
usedfor thenon-recurrentlecrease§. e. thoseassociategvith transiensolarwind
disturbancesandonly thistypeof short-terntosmicraydecreaswiill bediscussed.
Figure 1 shavs an exampleof a “classical” Forbushdecreaseln this figure a
measuref theisotropicintensity(shavn by thethick line) is obtainedoy averaging
thecountratemeasuredby threeneutronmonitors(DeepRiver, KerguelenandMt.
Wellington)with similar responseandspacedpproximatelyequallyin longitude.
The ratesfrom the individual monitors are shavn (with thin lines) in orderto
illustratethe variability which occurshetweerstations.The presencef two steps
is indicated.Thefirst decreaseccursin theturbulentfield region thatis generated
behindthe shockwhich this fastejecta(CME) createsn the mediumaheadof it.
A reductionin the cosmicray densityalsooccursinsidethe ejectabecausef its
closedfield line geometry This paperis aboutsuchparticledecreasesSinceit is
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Figure 1. Percentagéecrease
for three neutron monitor
stationsspacedaboutequally
in longitude (Deep River,
Mt.Wellington, Kemuelen).
The heayy line indicatesthe
average of the count rates
which is an approximate
measure of the isotropic
intensity The two stepsare
indicated.
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importantto understandhe characteristicef CMEs, in orderto understand-ds,
this paperpresentssomeof the basiccharacteristicof CMEs beforediscussing
the particle obserationsandtheir interpretation Of particularimportanceis the
topology of CMEs and in particularwhetherthey are completelyclosed.Also
of importanceis the occurrenceate of CMEs sincethis tells us whatwe should
expectfor the occurrenceateof Fds. The CME rateis alsoimportantif we want
to understandhe contrilution of Fdsto long term(11-and22- year)modulation.

2. Coronal Mass Ejections, CMEs
2.1. AT THE SUN

CMEs are obsered with “white light" coronagraphsnd were first imagedin
the early 1970s(Touse, 1973; Goslinget al., 1974).Coronagraplimagesshav
Thompsonscatteredight from coronalelectronsand provide informationon the
coronaldensityandhow it changeswith time. A goodsummaryof the extent of
our knowledgeof the characteristicef CMEshasbeenpresentedy Hundhausen
(1998)with particularemphasi®n the s SolarMaximumMission (SMM) results.
CME speedsoccurin the approximaterange20-2000km/secwith the average
speedbeingabout400 km/sec.The extremelyfasteventstendto occurnearsolar
maximum.Angularsizesoccurin therange5°-12C¢° with the averagesizeslightly
lessthan50°. (Themaximumsizejustquotedexcludeseventsthatareviewedhead-
onandhave sizesof 360°.) TheaverageCME kineticenegy is about5x 10°C ergs.
Sincel996,our knowledgeof CMEsis beinggreatlyenhancedby obserationsby
SOHOandthe LASCO coronagraphddowever the obsered CME characteristics
(e. g. speedssizes)areconsistentvith the previous coronagraplobserations(St.
Cyret al., 1997).
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Although CMEs take a numberof differentformsit is believed that the pro-
cesseswvhich have beenseento occurfor loop-like ejectionsmay be applicable
more generally CMEs tend to occur near magneticneutrallines and often are
precededy the swelling of a coronalhelmetstreamerThe helmetstreameigets
distortedand finally disruptedby the expansionof the underlying closedfield
region. This closedfield region is an arcadeof field lineswhich often containsa
prominenceThusprominencesruptionis acommonput notnecessarpccurrence
in conjuctionwith CME lift-off. (When prominencesare obsered on the solar
disk they are calledfilamentsandthusprominenceeruptionis the samething as
filamentdisappearanceblaresalsooftenoccurin associatiowith CMEsbut they
arenotnecessarandarecertainlynottheinstigatorsof massejectionashasbeen
sometimeassumed-laresandprominenceeruptionsaredifferentphenomenand
often occursimultaneouslyUsually the flaresassociateavith CMEs are of long
durationandalsohave associatedneterwavelengthtype Il and,particularly type
IV radio bursts (Robinsonet al., 1986). Type IV emissionis believed to occur
insideCMEsandis a goodflaresignaturdor the moreenegeticones.t is notyet
clearwhethetheshock-generatetypell emissions@regeneratedby shockdriven
by CMEs or from shocksassociatedvith the flare processFlaresare believed to
be generatedby the heatingresultingfrom reconnectiorof field linesblown open
by the CME. WhenCMEsoccuroutsideactive regionsthe prominenceeruptionis
oftenassociatedvith only a‘flare-like brightening’.Notethatsomevherebetween
30%-50% of CMEs have no associatedlaresor prominencegSt. Cyr andWebb,
1991).However the associatiomatewith on-diskphemomenés greatlyenhanced
by the UV and soft X-ray obserationsnow available from SOHO and Yohkoh
respectiely.

The pre-SOHOCME rate hasbeensummarisedy WebbandHoward (1994).
They found a rate of about0.25 CMEs/dayat solar minimum rising to about
2.5-3CMEs/dayat solar maximum (seealso Fig. 2). The absoluteratesare an
underestimatdecauseof sensitvity limitations but the overall variation of rate
asa function of epochin the solarcycle shouldbe representate. Howard et al.
(1985)notethatexclusionof minor CMEsfrom theratesdeterminedrom Sowind
obserations decreasedhe amplitudebut did not substantiallyaffect the phase
of the occurrencerate. It is too early to get ary long-termratesfrom LASCO
but the St. Cyr et al. (1997) study obtaineda CME rate of 0.7CMEs per day
during 3 monthsin early 1997i. e. abouta factorof 3 higherthanthe Webband
Howardsolarminimumrate.Thisis becausef theincreasedensitvity of LASCO
comparedo previouscoronagraphs.

It is clear basedbntheir sizes that CMEsarerelatedto thelarge-scalecompo-
nentsof the solarmagneticfield but theirrole in its long-termevolution is not yet
determinedSincethe modelof WangandSheelg (1995)successfullyredictsthe
strengthof the radial componenbf the IMF from photospheridield obserations
without theinclusionof CMEsthis suggestshat CMEs arenot generallya signif-
icant componenbf the solarwind. This canalsobe deducedrom Fig. 2 which
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Figure2. TheCME rate(large, filled circleg comparedvith theinterplanetarynagnetidield (small,
opensquaeyg (IMF). Carringtonrotation averagesare used.The IMF hasbeensmoothedusinga
runningmeanover 3 rotations (The CME datawereprovidedby O. C. St. Cyr.)

shavs thatthe CME rate(SMM dataCarrington-rotatioraveraged St Cyr, private
communicationfloesnottrackvery well the averageinterplanetarynagnetidield
strength.Using onetechniquefor identifying themin the interplanetarynedium,
SmithandPhillips (1997)estimatehat CMEs contritute 8% to the interplanetary
magneticfield. WebbandHoward (1994)foundthat CMEs contritute 10%to the
solarwind massflux.

2.2. IN THE INTERPLANETARY MEDIUM

Someresearchersise the term CME for the ejectedmaterialidentified in situ
in the interplanetarymedium. Others(including myself) believe that a different
nameshouldbe usedbecause) of historicalprecedenandb) it is not clearhow
bestto identify the completeCME in the interplanetarymedium.It wasknown
someyearsheforeCMEs wereidentifiedthatinterplanetaryshocksaredriven by
materialejectedrom the Sun.The so-called'driver gas”hadbeenidentifiedin the
interplanetarymedium(e. g. Hirshbeg et al., 1970)but it wasnot knowvn how to
identify thatmaterialatthe Sun.Varioussignaturesireknovn whichidentify driver
gasi. e. theinterplanetarycounterpart®f CMEs, which henceforthwill be called
‘ejecta’. The signaturef ejectainclude depresseglasmaprotontemperatures,
bidirectionalparticleflows andstrongmagneticfields (seeRichardsorandCane,
1993for acomprehense list of references)Not all arepresentn all ejectaandthe
varioussignature®ftendonotoverlapparticularlywell. Figure3 shavs solarwind
datafor anejectain April 1979.The solid verticalline indicateshetime of shock
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Figure 3. Solarwind dataduringa periodwhenanejectawasencounteredlhetop threepanelshav
the magneticfield andits componenbut of the ecliptic, the protontemperaturedensityandspeed.
The dashedine in the temperaturgpanelshawvs the expectedtemperaturdor normal solar wind
expansion.The blackenedareais a low temperatureegion, indicatve of an ejecta.The vertical,
dashedinesindicatetheextentof theejectaandthesolidline indicateghe passagef ashockwhich
the ejectacreatesHorizontallinesin the densitypanelindicatethe durationsof periodsof particle
bi-directional(BD) flows, (seethe text for more details)anotherindicator of ejectamaterial.Note
thatthe BD flows areintermittentandthedifferentmeasureslo notoverlap.The bottompanelshavs
theisotropiccosmicray intensityasdeterminedy usingthreewell-spacedeutronmonitors(dotted
line) andthe anti-coincidencguardon IMP 8 (solid line). A suddendecreasén cosmicray count
rateon entryinto the ejectais particularlyevidentin theIMP 8 data

passagandthe dashedines the boundarief the ejecta.The third panelshavs
the obsered solarwind protontemperaturealongwith the expectedtemperature
calculatedfrom the obsered wind speed.The black region indicatesthe region
of low temperaturendicative of ejectamaterial. This techniquefor identifying
ejectausingthe temperatur@nd speedseeRichardsorand Cane,1995)is more
convenientthan bidirectionalsolarwind heatflux (asusedby someresearchers)
becausédt canbe calculatedrom readilyavailablesolarwind data.The horizontal
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linesin thedensitypanelindicatethedurationsof bidirectionalsolarwind electrons
(BDE) (Goslinget al., 1987)and~1MeV bidirectionalion flows (BIF) measured
by ISEE-3andIMP 8 (RichardsorandReames]1993).Notethatthey donotoccur
at the sametimes. Sincebidirectionalflows usuallyindicateclosedfield linesthe
cessatiorof bidirectionalelectronsoftenseerninsideejectahasbeeninterpretecy
Goslinget al. (1994)to indicatethe presenc®f openfield lineswithin ejecta.

The ejectashavn in Fig. 3 is reasonablytypical. Its averagespeedis about
600km/s which is greaterthan the upstreamsolar wind speedand thereforea
shockis created Theregion of compressed/heatgdiasmabetweerthe shockand
the ejecta(the post-shockcompressiomegion) lastsfor about9 hours.The ejecta
extenthasbeendeterminedrom the varioussignaturesasindicatedin thefigure.
Baseddnthedurationandtheejectaspeedtheradialextentof theejectais ~0.2AU.

Also shawn in Fig. 3 are measure®f the isotropiccosmicray intensity The
solid line is dataobtainedfrom the anti-coincidencegyuardof the GSFCmedium
enegy experimenton IMP 8 (seeMcDonald,2000,this volume). The dottedline
shaws the isotropic intensity determinedfrom three neutronmonitors. This in-
terplanetaryevent causeda moderately-sizedwo step decreaseNote the clear
particle depressiorduring the passagef the ejecta.Sincesucha depressioris
nearly always presentit is to be hopedthat in the future a standardtechnique
for identifying the presencef ejectamaterialis to look at enegetic particledata
especiallythatfrom neutronmonitors.

Of particularinterestto theoreticiangbecausesuchstructurescan be easily
modelled)are ejectawith the so-calledmagneticcloud or magneticflux ropege-
ometry Theseejectahave amagneticenhancemenvhich shavs a clearrotationin
directionandarethereforeeasyto identify. Suchan organisedield structuremay
have implicationsfor particle transport.The conclusionof Gosling (1990), that
only onethird of ejectahave themagnetiacloudstructures oftenquoted However
Caneet al. (1997)suggesthattheratio might be morelike 50% andfurthermore
that the cloud geometrymay be a consequencef interceptingan ejectanearits
centre Caneet al. (1997)presente@dneventseerby two spacecrafin whichthere
was a magneticcloud at one location but absentat the other It is importantto
notethatstudiedimited to magneticcloudsmay excludeabout50% of all ejecta.
The topology assumedor magneticcloudsis that of a flux rope with both ends
attachedo the Sun.Leppinget al. (1990)andBothmerandSchwenn(1998)find
thatthe axesof magneticcloudstypically lie east-wesandcloseto the ecliptic. It
is unlikely thatgeometriesn whichthecloudis completelydetachedrom the Sun
(e.g. aspheromakyandaset al., 1993)canapply sinceenegetic particleevents
areseernatspacecrafivheninsideejectajmplying field line connectiorto the Sun
(e.g., Farrugiaet al., 1993).Notethattheloop type of geometryimplied by Fig. 8
of Burlagaet al. (1990)in whichthe'legs’ of theejectareturnto the Sunatwidely
spacedocationsis misleading Two separatethtersection®f anejectahave never
beenrecorded A morelikely scenariois that presentedn Fig. 1 of Crooler et
al. (1998)in which the following leg folds into the back of the leadingleg with

cane2905. tex; 5/06/2000; 10:46; p.6



CMESAND FORBUSH DECREASES 47

distortionsalong the Parker spiral. At the Sunthe legs are separatednly by a
currentsheetandreformthe streamerconfiguration.

Our currentpicture of the large scalestructureof the transientinterplanetary
shockscreatedby CMEs differs little from that first proposedby Hundhausen
(1972, seeFig. 4). (Hundhauserusedthe term “ejecta” to identify the drivers
of interplanetaryshocksat a time when CMEs were unknavn). One featureof
importancefor understandinghe asymmetriesn longitude effects of interplan-
etary shocks(both for modulationand particle acceleration)s the fact that the
pre-«isting solarwind field lines get drapedaroundthe ejectaasit propagates
away from the Sun.This meanghatanobserer onthewesterrsideof anejectais
connectedo the strongespartof its shockwhenthe shockis beyondthe obserer.

From a studyof ejectasignaturedollowing a groupof very enegetic shocks,
Richardsorand Cane(1993) determinedhat the longitudinal extent of ejectaat
1 AU wasatmost100. In anothemulti-spacecrafstudyCaneet al. (1997)found
thatfor lessenegeticeventsthesizeextentwasprobablylessthan50°. In contrast,
someinterpretatiorof theUlyssegesultssuggestshatejectaareverylarge.Partof
theapparensizediscrepang may resultfrom the factthatat high latitudesejecta
“over expand”(Goslinget al., 1994).

3. Forbush Decreases

3.1. INTRODUCTION

The most comprehense article aboutthe characteristicof Forbush decreases
remainsthatof Lockwood (1971).Much of the descriptionthereis still appropri-
ate althoughthe understandingf the causewas lacking. Justa year or so after
the Lockwood (1971) papey two papersby Barndenwere presentedat the In-
ternationalCosmicRay Conferencean Denver. In thesepapersBarnden(1973a,
1973b) applied the Hundhausershock picture to classic,two-stepForbush de-
creasesBarndenreasonedhat the first stepoccursat the shockandthe second
at the discontinuity marking entry into the ejecta.Unfortunatelythis work was
never publishedin arefereedournalandthusit is only recentlythatresearchers
have stressede. g., Wibberenzet al., 1998)thattherearetwo differentphysical
mechanismsgrhich causd-dsi. e, theinterplanetanghock,f oneis generatedand
theinterplanetancounterparbf the CME, the ejecta Figure4 illustratesthelarge
scalestructureof anejectaandassociatedhockandhow the cosmicray response
is relatedto the paththroughthe ensemble(No attempthasbeenmadeto shav the
magnetidield structureg. g. aflux rope,insidetheejecta.)

If anobsenreris passedy ashockandits associate@jectatwo-stepsareseen
asshawn for pathA. A lessenegetic ejectawhich doesnot createa shockcauses
only a short-duratiorone component/stedecreasasthe ejectapassedy. Such
eventsare often too small to producea significantdecreasen the recordsof a
singleneutronmonitor Sinceshockshave agreatefdongitudinalextentthanejecta,
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Figure 4. The large-scalestructureof a fastejectaandassociateghock.The upstreanmsolarwind
is drapedaroundthe ejectaandheatedandcompressedt the front of the ejecta.Two pathsthrough
theensemblareindicatedwith differing resultantcosmicray profiles.Thetime of shockpassagés
indicatedby a verticalline marked S andthe startandendtimesof ejectapassagaremarled T1 and
T2. Only if theejectais intercepteds atwo-stepdecreasdéeobsered.

it is possibleto interceptthe shockbut not the ejectaas shawvn by pathB. Thus
CME-relateccosmicray decreaseareof threebasictypes;thosecausedy ashock
andejectathosecausediy a shockonly andthosecausedy anejectaonly. The
majority (> 80%) of short-termdecreasegreaterthan 4% are of the two step
(shockplusejectaltype (Caneet al., 1996).0nly very enegetic CMEscancreate
shockswhich arestrongenoughon their flanksto causecosmicraysdecreasesn
suchcaseghe shocksalsogeneratemajor solarenegetic particleincreasesith
profilescharacteristiof eventsoriginatingfar from centralmeridian(Caneet al.,
1988). The enepetic particlesallow oneto be surethatthe cosmicray decrease
wascausedy a CME-drivenshockinterceptednits flankandnotby aco-rotating
stream.
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Figure 5. Particle dataat four enepiesfor four differenttypesof solarwind flow (seetext). The
vertical lines indicatethe times of shocksandthe horizontallinestimesof ejecta.The cosmicray
decreasem thetop left andright panelsarerepresentate of pathsA andB, respecitely, in Fig. 4.

Thesetwo typesof decreasesire rathersimilar in appearancevhich is not
unexpectedsincethe local solarwind conditionsare similar. However corotating
streamslo notproduceparticleenhancementbore afew MeV at1 AU. Enegetic
CMEsarewell-associate@ith solarenegetic particleevents(Kahleret al., 1987)
andthestartof the particleeventusuallyoccurswithin anhouror soof theassoci-
atedflare. Whenhigh enegy particles(>~50MeV) arepresentwith acosmicray
decreasenecanbesurethatasolarflarewill have accompaniethe CME whenit
left the Sun.Corverselywhensuchparticlesareabsenthe CME is lessenegetic
andthe morelikely solarsignatureof CME departures a disappearindilament
with perhapsa weakflare. However someof thesesmall two-stepdecreasewill
have noHa solarassociation.

Figure5 illustratesthe relationshipbetweencosmicray decreaseandlower
enegy particle increasesat four enegies (~1, ~25, >~60MeV and >2GeV)
andhow they canbe usedto infer interplanetaryandsolarassociationsThe lower
enegy datacomefrom the GSFCexperimenton IMP 8 andthe >2 GeV dataare
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the averageof the threestationsreferredto previously. The verticallinesindicate
timesof suddercommencemergeomagnetistorms,ndicative of shockpassage.
Thedashedinesarefor wealer events.Thetwo particleincreasesitthetop of the
figure bothextendto above 60MeV andareassociateavith flares.The Januaryi,
1978flareoccurredat EO6* andnotsurprisingly in view if its centrallocation,an
ejectawasdetectedearEarth.In thisexampletheejectadecreases clearlyvisible
in the 1 MeV dataatthe sametime asthe minimumin the cosmicray decreasen
Januaryt. The April 9 1989flare occurredat E28 althoughthe particle profile,
with mostof the increaseafter shockpassageis more characteristiof 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 decreaséhasa rathersmoothgradual
profile. The shortdecreasefter the secondweak shockis causedby an ejecta
almostdefinitelyrelatedto a separateolarevent.

In theabsenc®f accelerategharticlesthetwo cosmicray decreaseat the bot-
tom of Fig. 5 arealsoseenin the >60MeV dataandareabouta factorof 2 larger
thanin the >2GeV data.The lower left panelillustratesthe particleresponseo
a slow ejectain March 1980.At 1 AU the ejectaspeedwas near400km/s. The
associatedhockdid not generatea detectablgarticleincreaseabore 1 MeV nor
a cosmicray decreaseThe cosmicray decreasevasproducedonly by the ejecta.
Note that the decreaseecoreredas soonasthe ejectahad passetn March21.
The lower right panelshavs, for comparatie purposesa decreaseausedby a
co-rotatingstreamlt looks quite similar to the Fd in the panelabove but notethat
the particleincrease causedoy acceleratiorat the corotatingshockin the outer
heliospheredoesnotextendabore 20MeV andfurthermorehatthe particlespeak
severaldaysaftershockpassag@nsteadof within a few hoursof shockpassage.

3.2. GENERAL CHARACTERISTICS

Thecharacteristicef thetwo partscomposing-dsneedo beconsideredeparately
andsucha comprehense studyhasyetto be done.For arecentsummaryof Fds
in termsof thetwo stepsseeWibberenzet al. (1998).Below the characteristicef
entiredecreasearesummarised.

Magnitudes of Fds The largestFds have magnitudesn the range10-25%
for neutronmonitors.Notethatbecaus®f anisotropiepresenin neutronmonitor
datathesizereportedor anFdwill varyfrom onestationto anotherAlsothesizes
will besmallerif daily averagesreusedratherthanhourly averageskor a 30-year
periodfrom 1964—1994Caneet al. (1996)list 10 events>10%for neutronmoni-
tors(e. g. Mt. Wellington)with acut-of rigidity of ~2.0GV. At thelowerrigidities
accessibleria spacecrafobserations,Fdsarelarger Lockwoodet al. (1986)and
Caneet al. (1993)foundthatthe ratio of the magnitudef decreaseasseenby
IMP 8 (medianrigidity of ~2GV) relative to Mt. Wellington/Mt. Washingtorwas
typically about2 for thoseeventsin which therewereno accelerategarticles.

cane2905. tex; 5/06/2000; 10:46; p.10



CMESAND FORBUSH DECREASES 51

Rigidity Dependence  Therigidity dependencef Fdsis approximatelyequal
to P~Y whereyrangedrom about0.4—1.2 A numberof researchersave examined
whethettherigidity dependencef Fdsvarieswith the Suns polarity andall groups
have concludedhatit doesnot (seee. g. Morishitaet al., 1990).

Precursory Increase  Many Fdsshawv a precursonjincreaseSuchanincrease
canresultfrom reflectionof particlesfrom the shockor acceleratiorat the shock.
Fewv neutronmonitor researcherseemto considerthe latter as likely even for
very large enegetic shocksdespitethe fact that at the enegies accessibldrom
spacecrafthereappearso beacontinuumfrom low to high enegiesof the shock-
accelerategpopulation. Two eventsin which this wasthe caseare the August4
1972andOctober20 1989shocks.

Recovery Characteristics  In isolatedsingleFdstherecosery canbedescribed
asexponentialwith an averagerecovery time of ~5 daysbut rangingfrom ~3 to
~10days(Lockwoodet al., 1986).Theseauthordoundthattherecorerytimewas
independentf rigidity in therange~2 to ~5 GV andwith nodependencensolar
polarity or time in the solarcycle. In contrastMulder and Moraal (1986) found
thattherecoerieswerelongerfor the A<0 epochin the 19605 comparedvith the
A>0 epochin the 19705. Theseauthorsdid notfit recoveriesto individual events
but rathercomparedecoverieswhenthe eventminimawerenormalised.

Anisotropies  Fdsdisplayanisotropiedothin, andperpendiculato, the eclip-

tic planeandthesearerelatedto the structureof the associatedolarwind. Aniso-

tropies are most marked near shock passageand inside ejecta. There are also

periodsof enhancedliurnalwavesin the recovery phaseof Fds.For a summary
of earlywork seeDuggaland Pomerant41978).For a more detaileddiscussion
anda summaryof recentwork seeSect.3.3.

Solar Associations Large Fdsare causedby fast CMEs andtheir associated
interplanetanghockswvhich canbeassociatewvith specificsolarflares.Noteagain
thattheflare doesnot producethe CME (seealsoGosling,1993)but nevertheless
is ausefuldiagnostidor determininghe longitudeon the Sunatwhichthe CMEs
andinterplanetaryshockscausingFds originate.ln somelessenegetic CME/Fd
eventsit is alsopossibleto deducea ‘sourcelongitude’by notingtheoccurrencef
adisappearindilamentwithoutaflare. It is of historicalinterestthatGosling,in a
privatecommunicatiomeferredo by DuggalandPomerant£1978),suggestethat
massejectionswithout associatedolarflaresmight causesomeFds. Previously
DuggalandPomerant£1977)haddeterminedhatflarescouldnotbethe cause®f
Fdsbasednasuperposedpochanalysidbetweerflaresandcosmicray variations.
Caneet al. (1996) have studiedall >4 % Forbush decreasesor a 30 year
period (1964—-1994)and determinedwhich are flare related,basedon the pres-
enceof associate@negetic particle events. Two-stepFdsweredivided into two
classeslependingon whetherthey wereassociatedvith a significantflare or not.
The division hasno meaningin termsof the physicsof the particle effects. The
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only pointis thatthe flare-associatedventsarein generalcausedy moreener
getic CMEs. Caneet al. (1996)determinedhat of 92 “classic,two step” > 4%
decreasesslightly more than half (55%) can be associatedvith significantflare
events.Theseflaresoccurwithin 5¢° of centralmeridian,consistenwith the high
probability of detectingthe radially propagatingejecta.That large Fds originate
nearcentraimeridianhasbeenknown for mary yearsYoshidaandAkasofu,1965)
andBarnden(1973a)suppliedthe explanationin termsof thelarge scalestructure
of solarejectain theinterplanetarynediumasdiscusse@bove. Neverthelessnary
subsequenwvorkershave attributedtwo-stepdecreaseto flaresoccurringfarfrom
centralmeridian.For example lucci et al. (1979a)usedong-lastingtypelV emis-
sionto malke flare associationsThis is areasonablevay to determinehoseflares
associateavith a CME. However notall of the CMEswill intercepttheEarth.The
distribution of two-stepFd sourceregions shavn by lucci et al. (1986) extends
over theentirevisible disk of the Sun.Giventhatquite afew CMEshave no asso-
ciatedflareor filamentdisappearanceneshouldexpectthattherewill alsobeFds
with no suchassociatedolarevent. Thusstudiesattributing interplanetaryvents
to flare actiity alone(e.g. lucci et al., 1979a)or even including disappearing
filaments(Belov andlvanoy, 1997b)arelikely to have someincorrectassociations.
Including enegetic particle information on event times, location and enegetics
allows oneto be sureof eventsthatcanbe associatewvith a specificflare.

OccurrenceRates  Fdsaremostcommomearsolarmaximumbut occurthrough-
outthesolarcycle. Therearefewerthan10Fdsgreatethan10%percycle andthey
occuraroundsunspomaximumbut notin theyearor sojust aftersolarmaximum
(Caneet al., 1996). To estimatewhetherthe Fd rateis consistenwith the CME
rate,notethatthe CME rate at solarminimum s approximately0.7 per day (see
Sect.2.1).If we assumehatall CMEs arein the ecliptic (which is reasonablat
minimumconditions) thatatypical CME is 40° in angularextentandthatLASCO
candetectCMEsover a 240 range,we might expectsomethingike 0.1 per day
at Earthor 36 peryear Belov (privatecommunicationyeportsover 100“Forbush
effects” in the year 1995 and basedon the above estimateit is unlikely thatthe
majority of theseeventsarecausedy CMEs.Many areprobablycausedy small
co-rotatinghigh speedstreamsOnemightquestiortheability of theLASCO coro-
nagraphgo detectall CMEs on the disk. However the studyof Richardsoret al.
(1999)findsagood,almostl:1 correspondencéetweerfront-sideCMEsseenby
LASCO andcosmicray depressionseenin the IMP 8 guarddata.This suggests
thatthereis nota majorclassof smallCMEs, undetectedhy LASCO which cause
cosmicray decreasesThis alsosuggestshat cosmicray decreaseareareliable
signatureof CMEsin theinterplanetarynedium.

3.3. ANISOTROPIES

It is remarkablehat Barnden(1973b)interpretedthe anisotroy informationob-
tained from neutronmonitor datain termsof the particle flow patternsrelated
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to the ejectaandits shock.Sincethat studyrelied on relatingeachFd to a solar
flareit is likely thata numberof the associationsvereincorrectandsothe actual
patternsheidentified,in termsof large-scalestructure heedto beverified. For the
next 15 yearsor sotherelationshipbetweerobsered anisotropiesandsolarwind
structuresvaslargely ignored.In fact, sincetherecanbe large anisotropiesnside
ejectathiswasthereasorwork in thelate 19805 andearly 19905 failedto identify
acleardecreas@n ejectathathada magneticcloudsignatureMary of thestudies
usedsuperpose@pochanalysesand thusremoved much of the ejectadecrease.
Following thefirst papersaboutmagneticclouds(e. g., ZhangandBurlaga,1988)
it wasohviousthatcosmicraysshouldshav somesignature®f theseclosedstruc-
tureswith a regular magneticfield rotation. However when Zhangand Burlaga
(1988)looked at the countratefrom a singleneutronmonitorthey concludedhat
theresponsef cosmicraysto cloudswasessentiallyneggligible andthatthe only
causefor Fdswasthe post-shockurbulence.Also Lockwoodet al. (1991)found
thatmagneticcloudsdid not have a significanteffect on cosmicrays.In contrast,
Badruddinet al. (1986) and Sandersoret al. (1990) concludedthat magnetic
cloudsmake an importantcontritution to Fds. Note that the events studiedby
Lockwoodet al. (1991)wererelatively minor. The causeof the confusionis that
a) it dependson the particularevents studiedand b) it is difficult to relatethe
cosmicray variationsto solarwind structuresusingonly a singleneutronmonitor
The unambiguousiepressionsausedy magneticcloudswerefirst illustratedby
Cane(1993) usingthe anti-coincidenceyuardon IMP 8 which providesa direct
measuref theisotropicintensity

Otherworkers (Nagashimeet al., 1990; lucci et al., 1989) startedwith pe-
riods of large cosmicray anisotropiesandtried to relatethemto interplanetary
magnetidield conditions.Theseresearcherszcognisedheimportanceof thetwo
componentso anFd but unfortunatelydid nothave goodmethoddor isolatingthe
ejectacomponentTheir resultsare very interestingand thesetechniqueshould
eventuallyprovide detailsaboutthe internalstructureof ejecta.For example,Na-
gashimaet al. (1990)isolatedregionsof low cosmicray densityin which thefield
hasspecificcharacteristicendin which the cosmicraysaresupposediytrapped.
Theseregionshada mediandurationof about8 hourswhich is lessthanhalf the
durationof atypical ejecta.The peaksdiscussedy Nagashimaet al. (1990)may
berelatedto openfield lineswithin ejecta.

More recentlyBieberet al. (1999)deducefor one event, basedon anisotroy
data,that the ejectapassedsouthof the Earth. Hofer and Fliickiger (1999) have
studieda singlelarge event(in March1991)in detail. The cosmicray anisotroy
vectorswerefoundto exhibit a rotationalbehaiour at the onsetof the ejectade-
creasavherethe modulationwasgreatestHofer andFlickiger(1999)suggesthe
presencef a magneticcloud-like structure.Unfortunately solarwind datawere
notavailableto confirmthis becauséMP 8, theonly spacecraftnakingnearEarth
obserations,wasin themagnetospherat thetime.
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Figure 6. Particleflow directionsasdeterminedy Dvornikov andSdobne.

Belov et al. (e.g. 1995;1997)have determinedhe isotropicdensityand 3D-
anisotropiesof cosmicrays for long periodsof time (years)using the “global
suney method”(Belov et al., 1995).They have alsoillustratedthelarge variability
betweenFds.In a numberof caseghe phaseof the in-ecliptic anisotroy shavs
an anti-sunvard flow in the ejectaandthena clearswing backto the normalco-
rotationflow from approximatelythe eastnearthe rear of the ejecta.lt remains
to be determinedchow oftentheseandotherpatternsoccur This will provide the
informationnecessaryo determinehow andwhereparticlesenterejecta.

A separatdine of researcthasbeenundertaken by Nagashimandcolleagues
(e.g. Nagashimaet al., 1992). They have studiedanisotropiegelatedto particle
effectsat shocksandin particulardecreaseandincreasesausedy densitygra-
dientflows acrossthe shock.The decreasewhich are sometimewisible prior to
shockarrival mayhave someapplicationn SpacéNeatherforecastinge. g., Belov
et al., 1995;BieberandEvenson1998;Bieberet al., 1999).

All of thework describedabore hasonly consideredhefirst-orderanisotroy
of cosmicray flows. Dvornikov andcoworkers(e. g. Dvornikov et al., 1983)have
alsocalculatedhesecond-ordeanisotrop. Figure6 shavstheparticledensityasa
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functionof GSElongitudeandlatitudefor two periodsduringtheejectaresponsible
for the July 1982decreasdlustratedin Fig. 1. Strongsecond-ordeanisotrop in
the top panelcorresponddo bidirectionalflows parallel and anti-parallelto the
IMF (+4). Suchflows occurattimeswhenparticlesatlower enegiesalsoshawv bi-
directionalflows (Richardsonprivatecommunication)Thebottompanelshavsan
intenal of unidirectionalflow within the ejecta.lt remainsto be determinedvhat
featuresf individual ejectaleadto particularlywell-orderediows.

3.4. EVOLUTION IN THE HELIOSPHERE

Therehave beeranumberof studiecomparing-dsseemearkarthwith “Forbush-

like” decreasest greaterdistancesHowever the resultsof suchwork mustbe

consideredvith greatcautionfor the following reasonsFirst, even at 1AU the

situationcanbevery complicatedwvith multiple transienteventsoccurringclosely
spacedn time. Seconddecreasegrelatedto corotatingstreamsare,without addi-

tionalinformation,sometimedglifficult to differentiatefrom transienevents.Third,

disturbancesnay mege as they move out throughthe heliosphereso that the

megedregion in the outerheliospherebearslittle resemblancéo its constituent
partsnearthe Sun. Fourth, eventsoccuron the backsideof the Sunthat canbe

the causeof eventsseenat distantspacecraftWebberet al. (1986)discussabout
20 eventsseenat 1 AU and2—-30AU. Eventhe three‘events’they illustrate have

problemsin thatat 1 AU oneis a corotatingdecreas@ndthe othersare multiple

events. Similarly the work of Van Allen (1993) hasbeencriticised (Cliver and

Cane,1996)becausde attributeseventsseenat hugelongitudinalseparationsis

having thesamesinglesolarorigin.

Probablythe bestdatasetsfrom which to infer how Fdsevolve with time and
radial distancearethosefrom the anti-coincidencguardon the Helios spacecraft
(Univ. of Kiel experiment)when combinedwith similar datafrom IMP 8 and
neutronmonitordata.Caneet al. (1994)investigatedlecreassizesasa function
of longitudeandradiusby comparingdatafrom the spacecraftanti-coincidence
guardswhich detect>60MeV particles.This studyconsidered large eventsre-
sponsiblefor Fds seenin neutronmonitor datain the period 1976-1979.The
responseat 3 locationsclearly shawvedthatdecreasearecausedyy a shockeffect
andalsoanejectaeffectfor spacecraftloseto theradialfrom thesourcdocation.
The easternmosbbserer seesthe earliestrecovery since corotationmeansthat
connectiorto the shockbecomegpoorerwith time.

Thereweretwo eventsin which IMP 8 andHelios 2 wereradially alignedand
theejectadecreasavasseernto becomesmalleratthemoredistantspacecraftT his
suggestshat the decreasés causedby theinitial exclusionof particlesfrom the
ejectawhich thenfill it in asafunctionof time. In asubsequerpaperCaneet al.
(1997)examinedsmallerdecreaseasseenby the Helios spacecrafandprovided
evidencethatprobablyall ejectacausea particledecrease.

The 250-200MMeV protonchanelon the Kiel experimenton Ulysseshasde-
tectedparticledecreases threehigh latitude ejecta(Bothmeret al., 1997).The
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Figure 7. Thecosmicray variationin the periodmid-1977-endl979whentwo “steps"occurredpne
beginning late 1977 andthe othernearthe startof 1979.The top panelshavs the Mt. Wellington
neutronmonitordataandthe bottompanelshavs the 120-230MeV differentialintensitymeasured
by the GFSCexperimenton IMP 8. Verticallinesindicatethetimesof major CME-related~ds.The
Fdsareclearly superimposedn thegradualdeclinein intensity

sizesof the decreaseweresurprisinglylarge leadingWibberenzet al. (1998)to
suggesthattheoverexpansionn thesehigh latitudeejectamightresultin efficient
adiabaticcooling. Unfortunatelythis experimentdoesnot have suficiently high
countingratesto studyeventsin detailandfew eventshave beendetected.

It hasbeensuggeste@urlagaet al., 1993)thatlong-termmodulationprecedes
in aseriesof stepscausedrimarily by globalmeigedinteractionregions(GMIRS)
formedby the meging of CMEs andcorotatingflows in the heliosphereébeyond
10AU. RecentlyCaneet al. (1999)have proposednalternatve explanationwhich
is that the ‘steps’ in the long-termcosmicray modulationprofile are causedoy
episode®f enhancednagnetidlux emissionfrom the Sun.Oneargumentagainst
the GMIR modelis the fact that Fds, producedoy CMEs/ejectaare rathershort
onthetime-scaleof medium-ternrmodulationeventsandat 1 AU appeaisuperim-
posedon the stepsasmay be seenin the Fig. 7. In this figure the Mt. Wellington
neutronmonitordataareshavn alongwith theIMP 8 120-23MeV protondiffer-
entialintensityfor the stepsin 1978and1979.Vertical linesindicatethe timesof
> 4% CME-relateddecreasewhich canbeseerto besuperimposednthelonger
downwardtrendof the data.Cliver et al. (1993)have alsoarguedthatthe cosmic
ray stepsarenot well-correlatedwith large, enegetic CMEs (asindicatedby fast
shocksaandhighintensitief enegeticparticleslandsuggestethatmaybeit isthe
more common,lessenegetic, CMEs that areresponsibleHowever basedon our
work shaving thatthereis a good correspondencketweerejecta(interplanetary
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CMEs)andparticledecreasefCaneet al., 1997;Richardsoret al., 1999),it canbe
deducedhat the majority of CMESs, evensmallonesproduceasignalin thel AU

cosmicrayrecord.Thusthelong-helddea(Lockwood,1960)thatthell-yearmodu-
lation is causedy theaccumulateéffectof mary Fdsshouldfinally beputtorest.

4. Modédling

Until recentlyno modelshave ever includedmore thana single mechanismAs
pointedout by Wibberenzet al. (1998)(seealsoCaneet al., 1994)it is extremely
importantto separat®ut the differentcomponent®f a Forbushdecreasdecause,
asdiscussedbore, two separatghysicaleffectsareresponsibldor them. Thus
muchexisting theoreticawork on Forbushdecreaseseedgso berevisedsuchthat
only thecorrectpartof thedecreasés consideredor onemechanism.

An excellentsummaryof the earliertheoreticalinvestigationss provided by
ChihandLee(1986).Furthermorehis papermprovidesananalyticalsolutionto the
simplediffusion-conection equationA similarequationwasobtainedoy le Roux
andPotgieter(1991).The basicideaof a “propagatingdiffusive barrier” hasbeen
exploredmostrecentlyby Wibberenzet al. (1997)andWibberenzet al. (1998).
In this work the barrieris assumedesponsibldor the“shockeffect” andhasbeen
appliedto datawherethe “ejectaeffect” hasbeenremored.

In termsof simplemodelsvalid for conditionsnearl AU, shorttermcosmicray
decreasearedriven by variationsin theinterplanetanplasmaandmagneticfield
parameterdeadingto changesn the particlediffusionandconvectionproperties.
In the caseof the shockeffect the maximumdepressiorcan be approximately
relatedto the modulationparameteobtainedin the force-fieldsolution (Gleeson
andAxford, 1968),

o= /(V/3K)dr (1)
whereV is thesolarwind speedandK theradialdiffusioncoeficient. Then,

A scpo 2

Uo

C is the Compton-Gettindactor A® representshe differencebetweerthe undis-
turbedand the disturbedconditions,and the integral in Eq. 1 is taken over the
region in spacen which the solarwind parametersleviate from the ambientcon-
ditions. For derwation of this approximatesolution undervariouscircumstances
seeRichardsoret al. (1996)andWibberenzet al. (1998).For alarge dropin the
ratioV’ /K’ atashockfront (whereV’ andK' arethespeedanddiffusioncoeficient
behindthe shock)anda box-like depressiorver a spatialregion L Wibberenzet
al. (1998)obtainsthe size of the depressiorasAU /U, = CV'L/K’. For a typical
setof parameterbeobtainsavalueof theorderof 8% atneutronmonitorenegies.
It is importantto notethatthe exactvalueof thedepressiomaswell asthetemporal
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shapeof the onsetof the decreaséehindthe shockdependon the way in which
thedisturbancevarieswith the distancebehindthe shock.

Caneet al. (1995)have discussedhe“ejectaeffect” in termsof asimplemodel
in which particlesgain entry to the ejectavia perpendiculadiffusion. The ejecta
effect and the model were investigatedmore fully by Vanhoefer(1996).In the
modelthe size of the depressions a function of the magneticcloud parameters,
with theresult

AU _F(KLr

o= V—aZ) 3)

whereAU /U, is the maximumdepression, the distanceof the obserer from the
Sun,a andV theradiusandspeedf thecloud,K theperpendiculadiffusionco-
efficient. ThefunctionF is amonotonicallydecreasindunctionof thevariablesIf

onealsoinsertsK; [ 1/B, oneseeshereforethatAU /U, increasesnonotonically
with theproductBa?V . Thusthesizeof thedepressiometssmallerwhenB, aorV

arereducedThusthereis alower limit to the sizeof anejectawhichwill produce
adetectablelecrease.

5. Summary

CMEs causedepressioni the cosmicintensity both locally whenanobsereris
inside the interplanetarystructure(ejecta)and remotelyif the ejectais enegetic
enougho createaninterplanetanghock After theshockandejectahave passedhe
intensitygraduallyrecorersasparticlesdiffusein aroundthe shock.Althoughthe
local decreas@nsidean ejectacanbe of the orderof 20%in neutronmonitor data
it doesnotappearbasedn anumberof algumentsthatCMEsplayamajorrolein
long-termmodulation.Neverthelesshe studyof thesedecreaseis importantin or-
derto understanavhichphysicalprocessearemostimportantor particletransport.
In termsof understandingheinternalmagnetidopologyof CMEsin theinter
planetarymedium,cosmicray anisotropiesshould provide valuableinformation
which cannotbe obtainedby ary other type of in situ measurementDetailed
analysisof anisotroy datais only just beginningin earnestOne of the reasons
why progresshasbeenslow, despitethe availability of methodsof analysingthe
cosmicray data,hasbeentheinability, until recently to clearlydistinguishthetwo
componentsf Forbushdecreaseandtheir relationshipwith solarwind structures.
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