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Abstract. We examineintensitiesand gradientsof anoma-
lous cosmicraysdeterminedrom obsenationson the Voy-
agerl and 2 spacecrafto studythe rapidincreasein solar
modulationthatbeginsnearmid-2000.We suggesthatthese
effectsaredueto thearrival in theregion of the spacecrafof
complex magnetidfield topologiesassociateavith therever-
salof the Sun's magnetidield.

1 Introduction

The 22-yearsolar magneticcycle is characterizedy two
roughlyequalperiodswhenthe Sunisfield is eitherpredomi-
nantlypositivein thenorthernhemispherd€A >0) or negative
(A<0). During the A<O cycle (last completewas ~1980-
1990),positively chagedanomalougsosmicrays(ACRs)are
thoughtto arrive at spacecraftn the outerheliospherdrom
their sourceat the solarwind terminationshockby rapidly
drifting alongtheheliosphericurrentsheetandthendrifting
upwardstowardsthe polesof the heliosphere(Jokipii and
Thomas,1981). The changingtilt or warp of the current
sheetcausessignificantchangesn the gradientsandinten-
sities of ACRs during this portion of the cycle (Stoneand
Cummings,1999). Duringthe A>0 cycle (e.g.,1990-2000),
thedrift patternsarereversedand ACRsdrift down from the
polar regionsto the lower latitudeswherespacecrafin the
outerheliospherarelocated. ACR intensitiesare obsened
to berelatively insensitve to the tilt of the currentsheetin
this portionof thecycle.

The onsetof solarmodulationeffects, signallingthe end
of solarminimum, is typically ascribedo GlobalMergedIn-
teractionRegions(GMIRSs) (Burlagaetal., 1984,1993;Mc-
DonaldandBurlaga,1997)thatare createdduring solarac-
tive timeswhenshocksfrom coronalmassejectionsmeige,
creatinglong-lived Forbush decreasesA seriesof GMIRs
leadto step-like decreasem theintensity-timeprofiles(Mc-
Donaldetal., 1981).A recentstudy(McDonaldetal., 2000)
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identifiesthemodulationonsetatVV2 at~1999.5andatV1 at
perhaps~1999.85.In this studywe investigatea subsequent
rapidincreasein modulationthat occurswith the arrival of
theincreasinglycomplex magnetidield topologyassociated
with the reversalof the Sun's magneticfield. We suggest
thatlarge scaledrifts aredisruptedby the complex topology
leadingto deepetevelsof modulationatthattime.

2 Observationsand Analysis

Figurel shawvs theintensityof 7.1-17.1MeV/nuc O and5-
7.8 MeV/nucHe at Voyager2 (V2) from 1993to 2001/104.
At theseenepgiesand during the period shovn in Figure 1
the intensitiesare almostentirely dueto ACRs. The bot-
tom panelshavsthetilt of thecurrentsheetfrom the Wilcox
Solar Obsenatory shiftedto the positionof V2 usingsolar
wind speeddrom IMP-8 and ACE. The insensitvity of the
ACR intensitiesto thetilt canbe seenby examiningthe pe-
riod from 1994 through1999.5. Thettilt variesfrom ~30°
down to ~10° in 1996andbackup to ~40° at 1999.5.Dur-
ing thistime the ACR O intensitiesexhibited a rathersteady
increaseby a factor of ~2 andthe ACR He intensitiesin-
creasedteadilyby alargerfactor A downwardchangen the
intensityof ACRHeoccursat~1999.5markingtheonseif
modulationat V2 (McDonaldet al., 2000). However, there
is a tranisentincreasethat occursin early 2000that brings
theintensitybackto the highestlevelsobseredin 1998and
1999.

Up throughmid-1999,the currentsheetis well described
by a simplewarpedsheetascanbe seenfrom coronalsource
surfacemapsfrom the Wilcox SolarObsenatory. The cur-
rentsheetilt is agoodindicationof thetopologyof asimply-
warpedcurrentsheet.However, asthe currentsheettilt con-
tinuesto increasein the latter half of 1999 into 2000, the
topologyof thesheetbecomesncreasinglycomple, andby
theendof thatyeartheremaybemorethanonecurrentsheet
presentasthe solarmagnetidield beginsreversing.

In orderto portraythis increasedopologicalcomplexity,
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Fig. 1. a) Intensityof ACR O vs. time
obsered at Voyager2. b) Sameasa)
exceptfor ACR He. c) Magneticfield
topologyindices64N and64S (defined
in the text) shifted to the location of
V2 usingsolarwind speedgrom IMP-
8 andACE. Theverticaldotted,dashed,
and dot-dashedines mark the arrival

time at V2 of the magnetictoplogy

structuresshavn in the computedcoro-
nal field maps(Wilcox Solar Obsena-
tory, classic line-of-sightmethod)rom

Carringtonrotations 1952, 1955, and

d) HCS Tilt (LOS) shifted to V2

1961, respectiely. d) Tilt of the he-
liospheric current sheet(classic, line-
of-sight method)from the Wilcox So-
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we have computedfor each Carringtonrotation (CR) the
fraction of positve magneticfield at latitudesof 64°N and
64°S, basedon the Wilcox SolarObsenatory coronalfield
maps(classic line-of-sightmethod).This polarity fractionis
thentime shiftedto thelocationof V2 usingCarringtonro-
tation averagedsolarwind velocitiesmeasuredt 1 AU. As
shavn in Figure 1, thefield at 64°N is predominantlyposi-
tive at all longitudeson the Sun,andhencethe “64N" index
is 1.0from 1993to mid-1999. Similarly thefield at 64°S is
predominantlynegative during solarminimum in this A>0
period,andsothe“64S” index is 0.0from 1993to late 1999.
Thearrival of theincreasinglycomplex currentsheets indi-
catedby departuregrom thesenominalvalues.

It isinterestingo notethatthesignificantincreasen ACR
flux beginning around2000.2occursat aboutthe time that
thereis significantpositive and negative flux in both polar
regions. By August1999(CR1952) the coronalmapshows
two sectorsextendingfrom one polar region to the other a
topologythatarrivesat V2 around2000.24(vertical dotted
line in Figure1). The currentsheettopology continuesto
evolve rapidly with a secondcurrentsheetappearingn the
solar model by late October 1999 (CR1955). This would
arrive at V2 around2000.43as showvn in Figure 1 by the
vertical dashedline. By April, 2000 (CR1961),the solar
currentsheettopologyagainresembles tilted sheetwith a
very largetilt, but with the field now reversed. This topol-
ogy would arrive at V2 by 2001.0.As seenin Figure1, this
correspondso theonsetof the minimumflux seerup to that

2

lar Obsenratory shifted to the location
of V2.

000 2001

time (verticaldot-dashedine).

Thecomparisorof thesetransitionsn topologywith Voy-
agerl (V1) obsenationsis shovn in Figure2. The same
averagedsolarwind velocitieswereusedfor thisinitial com-
parison,althoughV1 is at ~34°N while V2 is at ~22°S.
Thusthetiming is somevhatmoreuncertain.Evenso, there
seemdo be a correlationbetweenrsignificantchangesn the
flux andtransitionsin thetopology

3 Discussion

Thomasetal. (1986)exploredmodulationduringsolarmax-
imum with two models,oneinvolving a highly inclined pla-
nar currentsheetrotating through90° tilt anda secondin-
volving multiple currentsheets Although highly simplified,
both modelsqualitatively illustrated that either larger tilts
or greatertopologicalcomplexity could resultin increased
modulation. The level of modulationin thetilt modeldoes
dependon thetilt anglein a mannersimilar to thatdeduced
by Stoneand Cummings(1999). However, asthe field re-
versesandthetilt anglerotatesthrough90°, the Thomaset
al. modelexhibits amodestrecoveryin theintensity

As expectedfrom suchdrift models,therewasno signif-
icant changein the ACR flux at V2 asthe tilt of the cur
rentsheetncreasedteadilyto ~40° from mid-1998to mid-
1999, indicating the continuingpresenceof the large scale
drifts expectedduringthe A>0 cycle. Whentheflux of 5-7.8
MeV/nucACRHe begandecreasingn mid-1999 thetilt had
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increasedo ~60°. Theflux subsequentlgecreased factor
of ~50 overthenext 18 months suggestinghedisruptionof
the A>0 drift patterndueto theincreasingopologicalcom-
plexity of the currentsheetin the coronalfield asthe solar
magnetidield reversed.This suggestioris furthersupported
by the correlationof someof the topologicaltransitionsin
the coronalfield with the transitionsin the ACR intensities
andthe lack of ary significantcorrespondinghangesn the
tilt angleduringthistime.

In the absenceof large scaledrifts, diffusion will domi-
nateparticle propagatiorduring periodsof maximummod-
ulation. We have recentlyinvestigatedthe diffusion mean
free pathof ACRsin the outerheliospherdor this time pe-
riod (Cummingsand Stone,2001). The meanfree pathsare
estimatedusingthe force-field solution of cosmicray mod-
ulation (Gleesonand Axford, 1968)in which A = 3 <
r >< C > V/(cBA) where< r > is the averageradial
positionof V1 andV2, < C > is the averageCompton-
Getting factor for V1 and V2 enepgy spectra,and A =
In(j1/j2)/ In(r1 /r2), which is determinedrom the V1 and
V2 ACR enegy spectra.Sincethe methoddoesnot account
for the small positive latitudinal gradientsexpectedduring
the A>0 portion of the cycle, the inferred valuesof A are
somevhatunderestimatedy this technique.The resultsfor
the period1990through2001/104areshownn in Figure3.

From 1992 to mid-2000, the gradientsat 1.5 GV were
smalland\ >1 AU. As discussedy Cummingsand Stone
(2001), theselarger meanfree pathsare expectedat higher

Fig. 2. Sameas Figure 1 except for
Voyagerl insteadof Voyager2.
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latitudesandtheresultingsmallergradientsaremappecdnto

lower latitudes by drifts. However, when drifts are dis-

rupted, the particlesmust then diffuseinward at lower lat-

itudes where increasedturbulenceresultsin much shorter
meanfree paths. As shavn in Figure 3, thelargergradients
and smaller meanfree pathsappearat aboutthe time that
the complex currentsheetopologyassociateavith CR1955
reached/2 andthetwo polarity indicescrosseer.

As notedabove, in CR1961(April 2000at the Sun), the
currentsheetonceagainresembledhtilted sheewith alarge
tilt, but with the polarity (A<0) of the new cycle. This
reached/1 by 2001.2andwould have reached termination
shockat 90 AU by 2000.3. Thusthe topologicalconditions
shouldnow allow the inward drift alongthe currentsheetto
bere-establishedstheamplitudeof thecurrentsheetilt de-
creases.During the last solar cycle with A<0, Stoneand
Cummings(1999)foundthatat ~33 AU thetilt hasto drop
belov ~25° beforeinward drifts dominatediffusionandthe
radial gradientbecomegroportionalto the tilt angle. Voy-
agerl and2 arenow muchcloserto theshock,sotheonsetof
drifts may be obsenableat a differenttilt angle.In January
2002,V1 andV2 will beat83 AU and67 AU, respectiely,
andthetilt shouldbe belowv 50°. Whendrifts againdomi-
nate,the dependencef the gradienton tilt shouldallow a
determinationof the remainingdistanceto the termination
shockaswas donefor the last cycle with A<O (Stoneand
Cummings1999).
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