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Abstract.

Coronalradio soundingexperimetswith the Ulyssesspacecrafait superiorconjunctionprovided numerousopportunities
for simultaneou®bsenationsof the downlink signalsat two widely spacedgroundstations.ln someinstanceshe duration
of theseobsenations extendedfor up to four hours,therebyallowing to track solarwind turbulencedynamicsat spatial
scalescomparablewith the corona-projectedlistancebetweenground stations(a few thousandkm). The frequeng and
phasdluctuationsproducedy electrondensityinhomogeneitiearenormally quitewell correlatedbn thesescalesWhereas
the meanfrequeny fluctuationintensity o; was found to changeonly slightly over the durationof the obserations, the
spectraindex of thetemporaffrequeny fluctuationspectrazariedover awide range Thecross-correlatiosoeficientreached
maximalvalues(xs 0.5) whenthe spectraindex washigh (= 1), but no correlationcouldbe detectedvhenthe spectraindex
becamesmall (< 0.4). Similar behaior in mary of the datasetsimplies that this is a common,if not permanentfeature
of the solarwind. Possiblereasondor the fluctuationdecorrelatiorareanalysedThe decorrelatiorat heliocentricdistances
~ 10R, mostlikely resultsfrom continualdeformatiorof the solarwind densityirregularitiesduringtheir motionacrosshe

radioray paths.

INTRODUCTION

Coronalsoundingobsenationsof occultedradio signal
parametersuchasfluctuationsof amplitude phasefre-
gueny or Faradayrotation at two or more separated
groundstationds aneffective methodto studysolarwind
motion,especiallyin thoseregionsinaccessibléo in situ
measurementsA generalassumptiorunderlyingthese
obsenationsis thatthemodulatingrregularitiesarecon-
vectedwith a speedapproximatelyequalto the bulk ve-
locity of the solarwind. Strictly speakingthis assump-
tion is valid only at large heliocentricdistancesvhere
the solarwind is superalfenic and supersonicFor suf-
ficiently accuratemeasurementsf correlationtime de-
lay, the spacingbetweenthe ray pathsto eachground
stationshouldnot be muchlessthanthe typical spatial
scaleof themeasuredluctuationsThisis thediffraction
(Fresnel)scale(~ 100km) in the caseof amplitude(in-
tensity)fluctuations(Armstrongand Coles,1972;Coles
andKaufman,1978),andthe dominantenepgy contain-
ing scalein the electrondensityspatialpower spectrum
in the caseof the other fluctuating parametersOn the
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otherhand,the spacingbetweenantennashouldnot be
toomuchlargerthanthetypical scaleof theirregularities
in orderto avoid degradationof the crosscorrelation.

In contrastto phaseor Faradayrotation fluctuations,
frequeng fluctuationobsenationsproducea flattertem-
poralpowerspectrunmArmandetal., 1987;WohIimuthet
al., 2001)that enablesuse of smallerspacingshetween
ray pathsand, consequentlybetweenground-base@n-
tennasAnotherimportantaspecof spacedbsenations
is the optimal length of the fluctuationrecord.Whereas
alongobsenationtime is neededo reducestatisticaler-
rors,theactuallyattainabldengthof thetime intervalsis
alwayslimited underrealexperimentaktonditions.Some
typical featuresf spacedrequeng fluctuationobsena-
tions are studiedin this paperusing measurementsb-
tainedas part of the UlyssesSolar CoronaExperiment
(SCE)during that spacecrafs solarconjunctionsat the
large tracking antennaf the NASA DeepSpaceNet-
work (DSN). Resultssimilar to those presentecbelon
werefoundin otherspacedrequeng fluctuationobser
vationswith the Galileo spacecraftEmphasiss placed
hereon the dependencef the crosscorrelationon the
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FIGURE 1. Ulyssesfrequeng residualsfor the intenal

16:45:01to 18:45:26UT on 16 August 1991 at the ground
stationsMadrid (DSS63) andGoldstone(DS34).

spatialspectrumof densityirregulatitiesat heliocentric
(solar offset) distancesnear 10 R,,. Earlier indications
for the existenceof sucha dependenceverereportedoy
ArmandandEfimov (1984).

OBSERVATIONS AND DATA
PROCESSING

Recordsof the Ulysses (Doppler) frequeng residu-
als (carrier frequeng: 2.295 GHz) at the two DSN
groundstationsMadrid (DSS 63) and Goldstone(DSS
14) are presentedin Fig. 1. The frequeny residuals
wererecordedat a samplingrate of 1 s~1. The ground
baselineprojectionin the coronafor the combination
Madrid/Goldstonds closerto the radial direction than
theprojectionsof theotherpossiblegroundstationpairs.

Therecordsfor the two groundstationsin Fig. 1 are
qualitatively very similar. The two-hourrecordsshovn
in Fig. 1 weredivided into 6 subintenals, eachof 1024
sduration.Temporalpower spectraandcross-correlation
functionsbetweerthe obsenation siteswere calculated
for eachinterval andtheresultsaresummarizedn Table
1.

Thefollowing valuesarelistedin Table1 from top to
bottom:

- startandendtime for theintervals1-6

« heliocentricdistance

. coronalseparatiorof radioray pathsAS

- theradial projectionof AS

. theanglebetweeméandtheradialdirection
+ RMS frequeng fluctuationsat DSS14
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« spectrabower exponentat DSS14

+ RMSfrequeng fluctuationsat DSS63

« spectrabower exponentat DSS63

« maximumcross-correlatiotime lag Tmax

« maximum value of the temporalcross-correlation
function Kmax = K(Tmax)

- estimatedsolarwind speed/; = AR/ Tmax-

A comparisorof thedatameasuredeparatehat DSS
14 and DSS 63 demonstratesheir close similarity for
both stations.The valuesof g; differ by no morethan
15%, andthe valuesof a; differ by no morethan25%
for all intervals listed in Table 1. At the sametime,
all parameterssary considerablyfrom one interval to
another i.e., the typical scaleof temporalvariationsis
of theorderof 20 min.

CROSSCORRELATIONSBETWEEN
SPACED FREQUENCY FLUCTUATIONS

The valuesof the crosscorrelationarefoundto be quite
variablestatisticaparametergseeTablel). In particular

the maximum cross-correlatiorcoeficient Kmax varies
from the ratherhigh value of 0.42 for Int. 3 down to

indistinguishablevaluesfor the following Intervals 4-

6. In order to increasethe accurag of the time lag

derived from the cross-correlatiorfunctions (seeTable
1), the recordsof Fig. 1 were passedthrougha high-

frequeng (low-pass)filter. The cross-correlatiordata
before(effective filtration time T, = 1s) andafter (T, =

13s) thefiltration procedurecan be comparedn Table
2. An averagevalueof a, for the two groundstations,
(a;) = (a4 + Q;g3)/2, is presentedn thefirst line of

Table 2. While the secondandthird lines arethe same
asthe correspondingows in Table 1, the lasttwo lines

shaw the cross-correlatioparametersfterfiltration. As

clearly seenin the dataof Table2, removal of the high-

frequeng fluctuationsproducesa considerabléncrease
in thecross-correlatiotevel aswell astheappearancef

a detectabldime lag nearthe expectednumericalvalue.
Theincreasedn the cross-correlatiotevel following the

filtration procedurds shavn graphicallyin Figs.2-4.

Figs. 2-4 clearly shav the considerableincreasein
the levelsof crosscorrelationafterremoval of the high-
frequeng fluctuations.

The data of Tables1 and 2 also indicate that the
crosscorrelationof the frequeng fluctuationsincreases
with the index of the fluctuation power spectrum.The
dependencef the maximumecrosscorrelationKpyax on
the power exponent(a;) is shavn in Fig. 5 for both
filteredandunfiltereddata.
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TABLE 1. Resultsof frequeng fluctuationmeasurementst Goldstong DSS14) andMadrid (DSS63)

Quantity Int. 1 Int. 2 Int. 3 Int. 4 Int. 5 Int. 6
uT 16:45-17:02 17:02-17:19 17:21-17:38 17:38-17:55 17:55-18:12 18:27-18:44
r[Rgl 12.10 12.07 12.04 12.01 11.98 11.92
AS[km] 6555 6447 6295 6143 5981 5471
ARTkm] 6533 6415 6249 6083 5905 5344
Y [deg] 18.6 18.7 18.7 18.8 18.8 18.9
014 [HZ] 1.276 1.055 1.022 0.897 0.961 1.021
(o PP 0.583 0.574 1.058 0.370 0.301 0.253
O3 [HZ] 1.186 1.023 1.126 0.923 0.809 0.934
Ote3 0.659 0.429 0.972 0.363 0.392 0.275
Tmax [S] -18.8 -14.1 -14.3 notfound notfound notfound
Kmax 0.210 0.147 0.420 no corr. 0.06 nocorr.
Ve [kms1] 347 455 437 notfound notfound notfound
TABLE 2. Comparisorbetweerunfiltered(1) andfiltered (2) data
Quantity Int.1 Int.2 Int.3 Int.4 Int. 5 Int. 6
(ag) 0.621 0.501 1.015 0.366 0.346 0.264
Kinaxt 0.210 0.147 0.420 nocorr. 0.06 no corr.
Thaxt [S] -18.8  -141 -14.3 notfound notfound notfound
max2 0.634 0.601 0.835 0.331 0.414 0.328
Thax [S] -155 -152 -16.1 -14.3 -12.4 -16.2
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FIGURE 2. Frequeng fluctuation cross-correlationfunc-
tionsfor Interval 3 with < a; > = 1.015before(upperpanel)
andafter (lower panel)filtration.

Fig. 5 clearlyshavs anincreaséan Kpax With increas-
ing (a;). Thedependenc&max({a;)) is approximately
linearfor boththe unfilteredandfiltered data.

In orderto explainthe behavior in Fig. 5 qualitatively,
we briefly considerpossiblecausef decorrelatiorbe-
tweentemporalfluctuationsmeasuregimultaneouslat
spacedsites.Theprinciple candidateselevantto our ob-
senationsarethefollowing:

- Motion of theirregularitiestrans\erseto thecoronal
projectionof the groundbaseline

« Solarwind velocity spreacconnectedvith thepres-
enceof streamawith differentspeedsn the modu-
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FIGURE 3. Frequeng fluctuation cross-correlationfunc-
tionsfor Intenal 6 with < a; > = 0.264before(upperpanel)
andafter (lower panel)filtration.

latedpropagatiormedium(Chashegtal., 2000);

- Growth of irregularities during their motion be-
tweenthe radio ray paths,the so-called’bubbling
pattern”(Little andEkers,1971).

It can be showvn that, in all three casesmentioned
above, the maximum cross correlation of fluctuations
registeredat spacedsiteswill increaseupondecreasing
theratio "site spacing spatialcorrelationsize”. Thefirst
possiblecauseaboveis mostprobablynotresponsibléor
thedependencef Fig. 5, becaus¢he anglebetweerthe
coronalprojectionof thebaselineandtheradialdirection
is quite small (seeTable 1). Furthermorethe expected
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FIGURE 4. Frequenyg fluctuation cross-correlationfunc-
tions for the entire recordin Fig. 1 before (upperpanel)and

after (lower panel)filtration.
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FIGURE 5. Cross-correlatiomoeficient Kyax Versuspover
exponent(a ) before(circles)andafter (squaresjiltration.

value of the velocity spreads probablymuchlessthan
the meansolarwind velocity at small heliocentricdis-

tancegChashektal., 2000).For the lastpossiblecause,
randomchangef moving irregularitiescanbe charac-
terizedby achaoticvelocitywy,. Usingspacednterplan-
etary scintillation obsenations,Ekersand Little (1971)
foundthatthe chaoticvelocity is comparabléo the solar
wind speedw,, X V¢) at heliocentricdistancedessthan
10R, i.e.,in thatregion appropriateo the obsenations
presentedh this paper Theincreasen thecrosscorrela-
tion with increasingspectralpower exponentis thusex-

plainednaturallyby a correspondingncreasen the spa-
tial turbulencecorrelationscale.

Moreover, weak crosscorrelationfor the flat tempo-
ral fluctuationspectrandicateghatthetypicallifetime”
of theirregularitiesat a given scaleL is comparableo
the corvectiontime L/vc. Consequentlysincew,, < Ve,
the crosscorrelationis dominatedby irregularitieswith
scaled 2 AR, whereAR s theradialcoronalprojection
of the radio ray path separationThe increasein cross
correlationresultingfrom high-frequeny filtration evi-
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dently hasthe sameexplanation.The filtration alsoim-
provesthe signal-to-noiseratio, becausehe frequengy
fluctuationspectraaresteepethanwhite noisespectra.

CONCLUSIONS

A statisticalanalysisof frequeng fluctuationsrecorded
during coronal radio sounding experimentswith the
Ulyssesand Galileo spacecrafshavs a high degreeof
similarity betweenthe power spectralparametersnea-
suredsimultaneouslyat widely-spacedground stations
with short-timeaveraging.However, considerabléem-
poral variationsof the spectralparametersparticularly
thepower exponentweredetectedntypical time scales
of about20 min. This leadsto the conclusionthat the
corvection time of the solar wind density turbulence
outer scaleL, must slightly exceedthe typical varia-
tion time, i.e.,Lo / V¢ & 20 min. This estimateis con-
sistentwith the valuesfor the outer scalefound earlier
for thethe correspondingangeof heliocentricdistances
(Wohimuthetal., 2001).

The cross-correlatiortoeficient of frequeng fluctu-
ationsat spacedgroundstationswas found to be quite
variable from one 20-minuteinterval to the next. The
cross-correlationevel Knax was found to be depen-
denton the spectralpower exponent.Whereaso cross-
correlationtime lag could be determinedat high sam-
pling ratefor the caseof flat temporalspectrga; < 0.4),
Kmax reachedsufiiciently high levels ~ 0.5 for the case
of steepspectra(a; > 1), the increaseKmax(a;) being
approximatelyinear.

High-frequengy filtration of the initial recordsresults
in anincreaseof Kmax, but doesnot changetheincreas-
ing charactef the function Kmax(a;). Thedependence
of Kmax on a; andthe filtration effect shov that those
solarwind densityirregularitieswith scaledessthanthe
radial projectionof the baselinespacingdo not produce
correlatedfrequeny fluctuations.The decorrelationof
fastfrequeng fluctuationds bestexplainedfor therange
of heliocentricdistancesnear 10 R, by the temporal
changeof densityirregularitiesduring their corvection
betweerthe separatedadio ray pathsto the groundsta-
tions. The typical time scalefor thesechangesn theiir-
regularitiesis greaterthan,but comparablavith the con-
vectiontime. The conclusion®f EkersandLittle (1971)
on fastchangef irregularitieswith scales < 100 km
is thusextendechereto therangeof irregularitiesof size
10° — 10* km. The possiblecauseof this frequeng fluc-
tuationbubblingis mostlik ely associatedavith the prop-
agationand dampingof wave-like densityirregularities
(Chasheetal., 2000).

Junell, 2002 4



ACKNOWLEDGMENTS

This work presentsresults of a bi-national research
projectpartially fundedby the DeutscheForschungsge-
meinschaft(DFG) and by the RussianFoundationfor
BasicResearcl{RFBR), Grant00-02-04022Additional
supportfrom the RFBR, Grant00-02-17845 and from
the RussianMinistry of Industry Technologyand Sci-
ence,s acknavledged.

REFERENCES

1. Armand,N.A., Efimov, A.l., 1984,Correlationof frequeny
fluctuationsof waves propagatingn turbulent media,
RadiotechnElectron.29, 1649-1657.

2. Armand,N.A., Efimov, A.l., Yakovlev O.1.,1987,A model
of solarwind turbulencefrom radiooccultationexperiments,
Astron.Astrophys.183 135-141.

3. Armstrong,J.W, Coles,W.A., 1972,Analysis of three-
stationinterplanetaryscintillation, J. Geophys.Res.77,
4602-4610.

4. Chasheil.V., Shisha, V.1., Kojima, M., Misawa, H.,
2000, Velocity fluctuationsin theinterplanetaryscintillation
patternJ. GeophysRes.105 27409-27417.

5. Coles,W.A., Kaufman,J.J.,1978, Solarwind velocity
estimationdrom multi-stationinterplanetaryscintillation, J.
GeophysRes.83 1413-1420.

6. Ekers,R.D., Little, L.T., 1971, The motion of the solar
wind closeto the Sun,Astron. Astrophys.10, 310-316.

7. Little, L.T., Ekers,R.D., 1971,A methodfor analyzing
drifting randompatternsin astronomyand geophysics,
Astron.Astrophys.10, 306-309.

8. Wohlmuth,R., PlettemeierD., EdenhoferP, Bird, M.K.,
Efimov, A.l, Andreey, V.E., Samoznae L.N., Chashei).V.,
2001,Radiofrequeny fluctuationspectraduringthe solar
conjunctionsof the Ulyssesand Galileo spacecraftSpace
Sci. Rev. 97,9-12.

Addressfor Correspondence:

A.l. Efimov

Institutefor RadioEngineeringandElectronics
RussiarAcademyof Science

MokhovayaSt.11

101999Moscaw, Russia

Tel: (+7)-095-526-9061Fax: (+7)-095-203-8414
Email:ef i nrov@s.ire.rssi.ru

PaperSilII-23, SolarWind 10, Pisa,ltaly, 17-21June2002

Junell, 2002



