
SH 3.2.09

Variations of anomalousand galactic cosmicray fluxesin the
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Abstract

From beginning of 1995to the endof 1997the Ulyssesspacecraftscanneda heliographiclatituderangeof
80 degreesin thenorthernhemisphere.In this paperwe will discussUlyssesEnergeticParticleComposition
Experiment(EPAC) and UlyssesCOsmicand Solar Particle INvestigationKiel ElectronTelescope(KET)
observationsof differentanomalouscosmicray speciesandcompareour resultswith thevariationof galac-
tic cosmicrays at approximatelythe samerigidities. The latitudinal gradientsdeterminedin the northern
hemispherearein agreementwith Ulyssesmeasurementsduringtherapidpoleto polepassagein 1994/1995.

1 Intr oduction
The intensityof galacticandanomalouscosmicrays(GCRs,ACRs)energetic chargedparticlesaremod-

ulatedasthey traversetheturbulentmagneticfield embed-
dedin thesolarwind. Theobservationof thespatialmod-
ulation of GCRsandACRsis oneof the major scientific
goalsof the joint ESA/NASA Ulyssesmission.Launched
on 6 October1990 in the declining phaseof solar cycle
22 thespacecraftencounteredtheplanetJupiterin Febru-
ary 1992,andusinga gravity assistbeganits journey out
of the ecliptic plane. On 13 September1994, Ulysses
reachedthehighestsouthernlatitudeof 80.2

�
S. Thenthe

spacecraftmoved rapidly to the heliographicequatorand
climbed to the highestnorthernlatitude, 80.2

�
N, on 31

July1995.At present,March1999,duringtherisingphase
of solarcycle 23, Ulyssesis at � 20

�
Southandheading

againto high southernlatitudes. Fig. 1 displaysUlysses
heliographiclatitudeasa functionof radialdistance,when
Ulysseswas in the northernhemisphere.The histogram
shows theevolution of maximumlatitudinalextendof the
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Figure 1: Ulyssesheliographiclatitude � asfunctionof ra-
dial distance� . Thick lines mark the time periods,when
Ulyssesis embeddedin thestreamerbelt dominatedarea,as
indicatedby thehistogram(seetext).

heliosphericcurrentsheet,as calculatedby Hoeksema(http://quake.stanford.edu/� wso/Tilts.html). Thick
lines indicatetime periodswhenUlysseswasembeddedin the streamerbelt dominatedregion. At higher
latitudesUlyssesobservedthefastsolarwind streamoriginatingfrom thenortherncoronalhole.

2 Observations
In this paperwe determinelatitudinalgradientsfor ACR heliumandoxygenandGCRprotonsusingdif-

ferentenergy channelsfrom theUlyssesEPAC (Keppleret al., 1992)andKET instruments(Simpsonet al.,
1992).In detailthesearetheKET 38-125MeV, 125-250MeV, 250-2000MeV and � 2 GeVprotonaswell as
theKET 250-2000MeV/n and � 2 GeV/n � -particlechannelsfor determiningtemporalandspatialvariation
of GCRs.TheKET 6-25MeV/n and38-70MeV/n � -particlechannelsandtheEPAC 2.2-6.8MeV/n oxygen
channelaredominatedby ACRsandcanbeusedasa measurefor spatialgradientsandtemporalvariationof
ACRs.
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Figure2: Overview plot of selectedenergeticparticledatafrom thebeginningof 1995to fall 1997(seetext).

Fig. 2 displaysfrom top to bottomthe daily averaged5.4-25MeV protonsand9 day runningmeanav-
eraged0.43-0.81MeV/n � -particles;6-25 MeV/n, 34-70MeV/n helium and9-dayrunningmeanaveraged
2.2-6.8MeV/n oxygen;anddaily averaged125-250MeV and250-2000MeV COSPIN/KETprotons.Marked
by shadingare the time periodswhen Ulyssesis above 70

�
N andwhen the spacecraftcrossedthe helio-

sphericequatorin 1995. The first panelshows the daily averagedcount ratesof 5.4-24MeV protonsand
0.43-0.81MeV/n � -particles. The protonchannelhasbeenusedto determinetime periods,whenthe GCR
and ACR flux may be influencedby major solar or interplanetaryparticle events. The helium channelis
mainly dominatedby locally acceleratedparticles.Weconcludethereforethatthefull datasetfrom fall 1995
to November1997couldbeusedto determinethespatialandtemporalvariationof ACRsandGCRs.

3 Data Analysis and Discussion
In order to separatespatialfrom temporalvariationsin the GCR nuclei flux, a baselinemeasurementat

1 AU is necessary. In whatfollows weassumethatthecountratesatagivenrigidity � measuredby KET and
EPAC ��� �"!$#&%'#�(&) canbedeterminedby thecountratemeasuredatEarth *+� �"(&) by:

� � �"!$#&%'#�(&)-,.* � �"(�)0/21 � �"!3)0/54 � �6%7) (1)

hereinare

theradialdependence1 � �"!3)8, 92:<;=�?>A@$�6�B)0/5CD!3) with theradialgradientEGFIHKJML
thelatitudedependence4 � �6%<)8, 92:N;=�O>QP+�6�B)0/5CR%7) with thelatitudegradientEMS5HTJML

Unfortunately1 AU dataarenotavailablefor all KET/EPAC particlechannels.Thereforereasonableassump-
tionshave to bemade:Heberet al. (1998)foundthatsignificantlatitudinalgradientsareonly observedwhen



Ulysseswasin thefastsolarwind dominatedregime.During thesetimeperiodsthecountratesaredominated
by thetemporalvariationandchangesin Ulysses’s radialdistance.

3.1 Temporal recovery fr om 1995to 1998
Fig. 3 shows 9-dayrunningmeanaveragesof 250-2200MeV protons( �=� 2.5GV) measuredby theKET
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Figure 3: 9-dayrunningmeanaveragesof 250-2200MeV
protonsmeasuredby theKET and ] 100MeV protonsmea-
suredby theUniversityof ChicagoInstrumentat Earth.

onboardUlyssesand � 100MeV protons( �B� 2 GV) mea-
suredby the University of ChicagoInstrumenton board
IMP8. The line fitted to the IMP datashows theapproxi-
mationof thecountratesby anexponentiallaw in time:
* � �"(&)8,.* � �"(_^`)0/a92:N;=�"bc/3�"(0de(_^`)�)
usingthemeanvaluesduringthetwo markedtimeperiods.
As pointedoutby Heberetal. (1998)latitudinalvariations
aresmall,whenthespacecraftis embeddedin thestreamer
belt dominatedarea.FromFig. 3 it is evident,thattheap-
proximationfits thetemporalrecovery atEarthreasonably
good. Fig. 4 (left) shows the approximationfor all chan-
nelsanalyzed.For GCRsandACRstherecovery towards
solarminimummodulationconditions,asexpressedby b ,
is decreasingwith increasingrigidity. ACRsseemnot to
recover at the samerateas GCRs. However, as we will
discussbelow, this observation is influencedby different

radialgradientsfor ACRsandGCRsandthechangeof radialdistanceof Ulyssesfrom theSun.Within these
constraintsweconcludethat b is thesamefor GCRsandACRs.

3.2 Radial gradients Duringthetimeperiodof interestUlyssesmovedfrom � 2.5to � 4.2AU outward.
Sinceradialgradientsareexpectedto bepositive, the intensitiesin eachenergy channelincreasewith radial
distancedependingon theindividual radialgradients.McDonald(1998)andreferencesthereinfoundthatthe
radialgradientis largerfor ACRsthanfor GCRs.They determinedameanradialgradientof 3–� 5%/AU and
� 1%/AU for 10-22MeV/n heliumand130-240MeV protons.In theprevioussectionwe did not correctthe
measuredcountratesfor theincreasingdistanceof Ulysses.Sincebothtime periodsare � 2 yearsapart,and
the spacecraftmoved in that time from � 1.3 AU to � 5.3 AU a radial gradient >A@ would be misinterpreted
in our approachasa temporalrecovery rateof bf,g>A@h/3CR!ji+CR( . The valuesb for � 2 GeV/n protonsand
� -particlesmight be dominatedby this effect. Belov et al. (1998)find a radial gradientof 0.5–1%/AU for
� 2 GeVprotons.Suchagradientwouldleadto arecoveryrate b , whichis of thesameorderaswehave found
by ourprocedure.However, theradialgradientof low energy protonsis of theorderof k 3%/AU (McDonald,
1998),leadingto theconclusion,thattheir timeprofile is dominatedby thetemporalrecovery. To estimatethe
differencesin b foundfor low rigidity GCRsandACRsin theprevioussection,we calculatethedifferencein
b assuminga radial gradientdifferenceof 3%/AU . Sucha differencewould leadto bl�nm %/year, which is
comparableto ouranalysis.Thusweconclude,thatdifferentradialgradientsof ACRsandGCRsarethemain
causeof ourobservationof different b ’s for ACRsandGCRs.

3.3 Latitudinal gradients in the northern hemisphere: A meanlatitudinalgradient >oP canbe
calculatedby subtractingthelong termtrend,asdeterminedfrom thedata:

>QP$�6%7)8,p�6qsrut ���vdeqsrut�*+� �"(&)�)wi$% x (2)

Analyzedareonly time periodswhenUlyssesis embeddedin thefastsolarwind regime(70
�

N–25
�

N). By
analyzingthe IMP8 datawe areableto estimatethesystematicuncertaintyof our method.Theresidual >QP
is consistentwith 0%/degree.Theuncertaintyof >QP hasbeencalculatedby dividing the latituderangefrom
70
�

N to 30
�

N into threeintervals(notshown here).Theminimumandmaximumof >QP hasbeenusedasthe
uncertaintyof eachchannel.
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Figure4: Rigidity dependenceof therateof increasez andthelatitudinalgradientE S .

Theresultof thisanalysisis shown in Fig.4 (right) andin Fig.3. In Fig.3 thefitted line showsthevariation
calculatedby usingeq.2 takinginto accountthetemporalrecovery of 250-2000MeV protons.Obviously the
line is notaperfectfit to thedata.However, it representsthemeasurementsvery well, if onebaresin mindall
assumptionsmade.

Fig. 4 displaystherigidity dependenceof >oP . Markedby shadingarelatitudinalgradientsdeterminedby
Trattneretal. (1996)andHeberetal. (1996)usingthedatasetfrom therapidpoleto polepassage.Thevalues
obtainedby our analysisarewithin theuncertaintiesconsistentwith the1994/1995values,indicatingstable
modulationconditionsin the inner heliosphericregionsdominatedby the fastsolarwind from the coronal
holes.Consequencesfor therigidity dependenceof thediffusioncoefficientsfor GCRprotonsarediscussed
in Burger et al. (SH.3.3.02).As for b{>QP is muchlarger for ACRsthanfor GCRsat the samerigidity. In
contrastit is alsodependingon theparticlespecies,asdiscussedalsoby Paizisetal. (1997).

4 Summary and Conclusion
In thispaperweshowedthatasimpleapproximationof UlyssesGCRandACRcountratesby anexponen-

tial law in timeandlatituderepresentsourdatareasonablygood.By usingthisapproximationwewereableto
determinetherigidity dependenceof GCRsandACRsover a vastrange.Our resultsarewithin theerrorbars
consistentwith resultsobtainedduring the Ulyssesrapid pole-to-polepassage,indicatingstablemodulation
conditionsin theinnerheliosphericregionsdominatedby thefastsolarwind from thecoronalholes.
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