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Abstract.
Coronalradiosoundingexperimetswith theUlyssesspacecraftat superiorconjunctionprovidednumerousopportunities

for simultaneousobservationsof thedownlink signalsat two widely spacedgroundstations.In someinstancestheduration
of theseobservationsextendedfor up to four hours,therebyallowing to track solar wind turbulencedynamicsat spatial
scalescomparablewith the corona-projecteddistancebetweengroundstations(a few thousandkm). The frequency and
phasefluctuationsproducedby electrondensityinhomogeneitiesarenormallyquitewell correlatedon thesescales.Whereas
the meanfrequency fluctuationintensity σ f was found to changeonly slightly over the durationof the observations,the
spectralindex of thetemporalfrequency fluctuationspectravariedoverawiderange.Thecross-correlationcoefficientreached
maximalvalues( � 0.5)whenthespectralindex washigh ( � 1), but nocorrelationcouldbedetectedwhenthespectralindex
becamesmall ( � 0.4). Similar behavior in many of the datasetsimplies that this is a common,if not permanent,feature
of thesolarwind. Possiblereasonsfor thefluctuationdecorrelationareanalysed.Thedecorrelationat heliocentricdistances� 10R� mostlikely resultsfrom continualdeformationof thesolarwind densityirregularitiesduringtheirmotionacrossthe
radioraypaths.

INTRODUCTION

Coronalsoundingobservationsof occultedradio signal
parameterssuchasfluctuationsof amplitude,phase,fre-
quency or Faradayrotation at two or more separated
groundstationsis aneffectivemethodto studysolarwind
motion,especiallyin thoseregionsinaccessibleto in situ
measurements.A generalassumptionunderlying these
observationsis thatthemodulatingirregularitiesarecon-
vectedwith a speedapproximatelyequalto thebulk ve-
locity of the solarwind. Strictly speaking,this assump-
tion is valid only at large heliocentricdistanceswhere
the solarwind is superalfvenicandsupersonic.For suf-
ficiently accuratemeasurementsof correlationtime de-
lay, the spacingbetweenthe ray pathsto eachground
stationshouldnot be much lessthanthe typical spatial
scaleof themeasuredfluctuations.This is thediffraction
(Fresnel)scale( � 100km) in thecaseof amplitude(in-
tensity)fluctuations(ArmstrongandColes,1972;Coles
andKaufman,1978),andthe dominantenergy contain-
ing scalein the electrondensityspatialpower spectrum
in the caseof the other fluctuatingparameters.On the

otherhand,thespacingbetweenantennasshouldnot be
toomuchlargerthanthetypicalscaleof theirregularities
in orderto avoid degradationof thecrosscorrelation.

In contrastto phaseor Faradayrotationfluctuations,
frequency fluctuationobservationsproduceaflattertem-
poralpowerspectrum(Armandetal.,1987;Wohlmuthet
al., 2001)that enablesuseof smallerspacingsbetween
ray pathsand,consequently, betweenground-basedan-
tennas.Anotherimportantaspectof spacedobservations
is the optimal lengthof the fluctuationrecord.Whereas
a longobservationtime is neededto reducestatisticaler-
rors,theactuallyattainablelengthof thetime intervalsis
alwayslimited underrealexperimentalconditions.Some
typical featuresof spacedfrequency fluctuationobserva-
tions arestudiedin this paperusingmeasurementsob-
tainedaspart of the UlyssesSolarCoronaExperiment
(SCE)during that spacecraft’s solarconjunctionsat the
large trackingantennasof the NASA DeepSpaceNet-
work (DSN). Resultssimilar to thosepresentedbelow
werefound in otherspacedfrequency fluctuationobser-
vationswith the Galileo spacecraft.Emphasisis placed
hereon the dependenceof the crosscorrelationon the
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FIGURE 1. Ulysses frequency residuals for the interval
16:45:01to 18:45:26UT on 16 August 1991 at the ground
stationsMadrid (DSS63) andGoldstone(DSS14).

spatialspectrumof densityirregulatitiesat heliocentric
(solar offset) distancesnear10 R� . Earlier indications
for theexistenceof sucha dependencewerereportedby
ArmandandEfimov (1984).

OBSERVATIONS AND DATA
PROCESSING

Recordsof the Ulysses (Doppler) frequency residu-
als (carrier frequency: 2.295 GHz) at the two DSN
groundstationsMadrid (DSS 63) andGoldstone(DSS
14) are presentedin Fig. 1. The frequency residuals
wererecordedat a samplingrateof 1 s	 1. The ground
baselineprojection in the coronafor the combination
Madrid/Goldstoneis closerto the radial direction than
theprojectionsof theotherpossiblegroundstationpairs.

The recordsfor the two groundstationsin Fig. 1 are
qualitatively very similar. The two-hour recordsshown
in Fig. 1 weredivided into 6 subintervals,eachof 1024
sduration.Temporalpowerspectraandcross-correlation
functionsbetweenthe observationsiteswerecalculated
for eachinterval andtheresultsaresummarizedin Table
1.

Thefollowing valuesarelisted in Table1 from top to
bottom:

• startandendtime for theintervals1-6
• heliocentricdistance
• coronalseparationof radioray paths∆



S

• theradialprojectionof ∆


S

• theanglebetween∆


Sandtheradialdirection

• RMSfrequency fluctuationsatDSS14

• spectralpowerexponentat DSS14
• RMSfrequency fluctuationsatDSS63
• spectralpowerexponentat DSS63
• maximumcross-correlationtime lag τmax

• maximumvalue of the temporalcross-correlation
functionKmax � K

�
τmax

• estimatedsolarwind speedvc � ∆R� τmax.

A comparisonof thedatameasuredseparatelyat DSS
14 and DSS 63 demonstratestheir closesimilarity for
both stations.The valuesof σ f differ by no more than
15%,andthe valuesof α f differ by no morethan25%
for all intervals listed in Table 1. At the sametime,
all parametersvary considerablyfrom one interval to
another, i.e., the typical scaleof temporalvariationsis
of theorderof 20 min.

CROSS CORRELATIONS BETWEEN
SPACED FREQUENCY FLUCTUATIONS

Thevaluesof thecrosscorrelationarefoundto bequite
variablestatisticalparameters(seeTable1). In particular,
the maximumcross-correlationcoefficient Kmax varies
from the ratherhigh value of 0.42 for Int. 3 down to
indistinguishablevaluesfor the following Intervals 4-
6. In order to increasethe accuracy of the time lag
derived from the cross-correlationfunctions(seeTable
1), the recordsof Fig. 1 were passedthrougha high-
frequency (low-pass)filter. The cross-correlationdata
before(effective filtration time T1 � 1s) andafter

�
T2 �

13s the filtration procedurecanbe comparedin Table
2. An averagevalueof α f for the two groundstations,�
α f � � �

α f 14 � α f 63  � 2, is presentedin the first line of
Table2. While the secondand third lines are the same
asthe correspondingrows in Table1, the last two lines
show thecross-correlationparametersafterfiltration. As
clearlyseenin thedataof Table2, removal of thehigh-
frequency fluctuationsproducesa considerableincrease
in thecross-correlationlevel aswell astheappearanceof
a detectabletime lag neartheexpectednumericalvalue.
The increasein thecross-correlationlevel following the
filtration procedureis shown graphicallyin Figs.2-4.

Figs. 2-4 clearly show the considerableincreasein
the levelsof crosscorrelationafter removal of thehigh-
frequency fluctuations.

The data of Tables 1 and 2 also indicate that the
crosscorrelationof the frequency fluctuationsincreases
with the index of the fluctuationpower spectrum.The
dependenceof the maximumcrosscorrelationKmax on
the power exponent

�
α f � is shown in Fig. 5 for both

filteredandunfiltereddata.
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TABLE 1. Resultsof frequency fluctuationmeasurementsat Goldstone(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 [R � ] 12.10 12.07 12.04 12.01 11.98 11.92
∆S[km] 6555 6447 6295 6143 5981 5471
∆R [km] 6533 6415 6249 6083 5905 5344
ψ [deg] 18.6 18.7 18.7 18.8 18.8 18.9
σ f14 [Hz] 1.276 1.055 1.022 0.897 0.961 1.021
α f14 0.583 0.574 1.058 0.370 0.301 0.253
σ f63 [Hz] 1.186 1.023 1.126 0.923 0.809 0.934
α f63 0.659 0.429 0.972 0.363 0.392 0.275
τmax [s] -18.8 -14.1 -14.3 not found not found not found
Kmax 0.210 0.147 0.420 no corr. 0.06 nocorr.
vc [km s� 1] 347 455 437 not found not found not found

TABLE 2. Comparisonbetweenunfiltered(1) andfiltered(2) data

Quantity Int. 1 Int. 2 Int. 3 Int. 4 Int. 5 Int. 6�
α f � 0.621 0.501 1.015 0.366 0.346 0.264

Kmax1 0.210 0.147 0.420 nocorr. 0.06 no corr.
τmax1 [s] -18.8 -14.1 -14.3 not found not found not found
Kmax2 0.634 0.601 0.835 0.331 0.414 0.328
τmax2 [s] -15.5 -15.2 -16.1 -14.3 -12.4 -16.2

FIGURE 2. Frequency fluctuation cross-correlationfunc-
tions for Interval 3 with � α f � = 1.015before(upperpanel)
andafter(lower panel)filtration.

Fig. 5 clearlyshows anincreasein Kmax with increas-
ing

�
α f � . ThedependenceKmax

���
α f �  is approximately

linearfor boththeunfilteredandfiltereddata.
In orderto explain thebehavior in Fig. 5 qualitatively,

we briefly considerpossiblecausesof decorrelationbe-
tweentemporalfluctuationsmeasuredsimultaneouslyat
spacedsites.Theprinciplecandidatesrelevantto ourob-
servationsarethefollowing:

• Motion of theirregularitiestransverseto thecoronal
projectionof thegroundbaseline

• Solarwind velocityspreadconnectedwith thepres-
enceof streamswith differentspeedsin themodu-

FIGURE 3. Frequency fluctuation cross-correlationfunc-
tions for Interval 6 with � α f � = 0.264before(upperpanel)
andafter(lower panel)filtration.

latedpropagationmedium(Chasheiet al., 2000);
• Growth of irregularities during their motion be-

tweenthe radio ray paths,the so-called”bubbling
pattern”(Little andEkers,1971).

It can be shown that, in all three casesmentioned
above, the maximum cross correlationof fluctuations
registeredat spacedsiteswill increaseupondecreasing
theratio ”site spacing/ spatialcorrelationsize”.Thefirst
possiblecauseaboveismostprobablynotresponsiblefor
thedependenceof Fig. 5, becausetheanglebetweenthe
coronalprojectionof thebaselineandtheradialdirection
is quite small (seeTable1). Furthermore,the expected
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FIGURE 4. Frequency fluctuation cross-correlationfunc-
tions for the entire recordin Fig. 1 before(upperpanel)and
after(lowerpanel)filtration.

FIGURE 5. Cross-correlationcoefficient Kmax versuspower
exponent

�
α f � before(circles)andafter(squares)filtration.

valueof the velocity spreadis probablymuchlessthan
the meansolar wind velocity at small heliocentricdis-
tances(Chasheiet al., 2000).For thelastpossiblecause,
randomchangesof moving irregularitiescanbecharac-
terizedby achaoticvelocitywch. Usingspacedinterplan-
etaryscintillation observations,EkersandLittle (1971)
foundthatthechaoticvelocity is comparableto thesolar
wind speed(wch �� vc) at heliocentricdistanceslessthan
10R� , i.e., in thatregionappropriateto theobservations
presentedin thispaper. Theincreasein thecrosscorrela-
tion with increasingspectralpower exponentis thusex-
plainednaturallyby a correspondingincreasein thespa-
tial turbulencecorrelationscale.

Moreover, weakcrosscorrelationfor the flat tempo-
ral fluctuationspectraindicatesthatthetypical”lifetime”
of the irregularitiesat a given scaleL is comparableto
theconvectiontime L � vc. Consequently, sincewch �� vc,
the crosscorrelationis dominatedby irregularitieswith
scalesL �� ∆R, where∆R is theradialcoronalprojection
of the radio ray path separation.The increasein cross
correlationresultingfrom high-frequency filtration evi-

dently hasthe sameexplanation.The filtration alsoim-
proves the signal-to-noiseratio, becausethe frequency
fluctuationspectraaresteeperthanwhitenoisespectra.

CONCLUSIONS

A statisticalanalysisof frequency fluctuationsrecorded
during coronal radio sounding experimentswith the
UlyssesandGalileo spacecraftshows a high degreeof
similarity betweenthe power spectralparametersmea-
suredsimultaneouslyat widely-spacedgroundstations
with short-timeaveraging.However, considerabletem-
poral variationsof the spectralparameters,particularly
thepowerexponent,weredetectedontypical timescales
of about20 min. This leadsto the conclusionthat the
convection time of the solar wind density turbulence
outer scaleLo must slightly exceedthe typical varia-
tion time, i.e., Lo � vc �� 20 min. This estimateis con-
sistentwith the valuesfor the outerscalefound earlier
for thethecorrespondingrangeof heliocentricdistances
(Wohlmuthet al., 2001).

The cross-correlationcoefficient of frequency fluctu-
ationsat spacedgroundstationswas found to be quite
variable from one 20-minuteinterval to the next. The
cross-correlationlevel Kmax was found to be depen-
denton thespectralpower exponent.Whereasno cross-
correlationtime lag could be determinedat high sam-
pling ratefor thecaseof flat temporalspectra(α f � 0 � 4),
Kmax reachedsufficiently high levels � 0.5 for the case
of steepspectra(α f � 1), the increaseKmax

�
α f  being

approximatelylinear.
High-frequency filtration of the initial recordsresults

in an increaseof Kmax, but doesnot changethe increas-
ing characterof thefunctionKmax

�
α f  . Thedependence

of Kmax on α f and the filtration effect show that those
solarwind densityirregularitieswith scaleslessthanthe
radialprojectionof thebaselinespacingdo not produce
correlatedfrequency fluctuations.The decorrelationof
fastfrequency fluctuationsis bestexplainedfor therange
of heliocentricdistancesnear 10 R� by the temporal
changesof densityirregularitiesduring their convection
betweentheseparatedradioray pathsto thegroundsta-
tions.The typical time scalefor thesechangesin the ir-
regularitiesis greaterthan,but comparablewith thecon-
vectiontime.Theconclusionsof EkersandLittle (1971)
on fastchangesof irregularitieswith scales �� 100 km
is thusextendedhereto therangeof irregularitiesof size
103 – 104 km. Thepossiblecauseof this frequency fluc-
tuationbubblingis mostlikely associatedwith theprop-
agationanddampingof wave-like densityirregularities
(Chasheiet al., 2000).
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