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Abstract

Magnetic field fluctuations at high heliographic latitudes are discussed in terms of the latitude and

radial dependence of their variances, as observed by the Ulysses spacecraft. The increased level of

transverse fluctuations in fast solar wind flows from the polar coronal holes is similar to that found

in high spce.d  streams near the ecliptic. However, continuous observations in the fast solar wind

both southward and northward of the solar equatorial plane. has allowed the determination of the

radial de.pcndcnce  of fluctuations on hourly and shorter timescales,  free from additional energy

input from stream-stream interactions or from coronal mass ejections and in the presence of a

slowly evolving, low frequency Alfv6nic  population. The conclusion is that fluctuations in the

inert i al range in the homogeneous polar coronal flows decay faster than predicted by the WKB

approximation. However, even minor compression effects can increase the energy in these

fluctuations.

introduction

h4agnetic  field observations made by the. Ulysses space probe at high solar latitudes [Smith cl

al., 1995a, Ba]ogh  et u/., 1995, Horbury  et al., 1995a], in fast solar wind flows originating in the

southern polar corona] hole [Phillips c1 al., 1995] were characterized by a significant increase in the
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average level of magnetic fluct uat ions when compared to in-ecliptic observations (see, e.g., Denskat

and Neubauer [1982], Roberts c1 al. [1990], Mariani and Neubauer [1990]). Fluctuations at high

latitudes present some of the characteristics identified previously near the ecliptic, but there arc also

significant differences. In this paper, we use hourly estimates of the magnetic field variances to

describe and discuss some of the spatial dependence of magnetic fluctuations along the orbit of

lllysses.  The longer time-scale characteristics of the fluctuations, and more specifically their

dependence on heliocentric distance arc described by Balogh  cl al., [in preparation].

Structure function analysis of the fluctuations in the solar polar flows [Horbury  et al.,

1995b, 1995c] has shown that there are fundamentally two populations of fluctuations, one at high

frequencies (above about 10-3 H7.) the other at low frequencies (below 10-41 Iz) in the frame of the

observations. The. variations seen in the magnetic field in the frequency range below about 10-5 H7

are. likely to be. the. signatures of larger scale spatial structures [e.g. Jokipii  and Kota, 1989]. The

high frequency fluctuations appear to be. caused by intermittent, incr[ial range turbulence operating

in the solar wind,  similar to that observed near the. ecliptic plane [Roberts et al., 1987, Tu CI al.,

1989a],  with a power spectral exponent close  10, but not necessarily equal to -5/3. The lower

frequency fluctuations are characterised by a power spectral exponent close to -1, and arc mainly

transverse to the radial direction in the polar flows [Smith ct al., 1995a]. The transition between the

two populations occurs at a frequency which depe.ncls on radial distance [Horbury  et al., 199SC], but

once lJlysses is in the polar flows, almost ce]-tainly not on helio]atitudc. In the solar wil]d

originating in the. polar coronal hole, the low frequency fluctuations appear to be slowly evolving

and arc of solar or coronal origin [Horbury ct al. 1995c, Smith et al., 1995a]. These lower

frequency, 1/f fluctuations are similar to those found in high speed solar wind streams in the He]ios

observations at 0.3 AU [Denskat  and Neubaucr,  1982]. Similar results concerning the existence of

two populations in in-ecliptic observations have. been described and discussed, among others, by

13avassano cl al., [ 1982] and Klein et al., [1992].  The. break between the 1/f population and that

with a higher power spectral exponent, near -5/3, occurs at frequencies about an order of magnitude

lower in the. ecliptic (in high speed streams at 1 All)  than at high latitudes (at 2 to 3 ALJ) [Horbury
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d al., 1995c].  The lower frequency fluctuation in the ecliptic have timescales  of the order of a day

and longer which necessarily include dynamic effects due to the stream structure of the solar wind,

Given that the existence and principal characteristics of the fluctuations have been

established by both spectral and structure function analysis, an alternative view of the hourly scale

fluctuations can be obtained

establish spatial dcpcndences

Variances used in this paper

by analysing  the variance of the magnetic field, in particular to

based on observations along the out-of-ecliptic orbit of U] ysses.

(see below) are effectively sensitive above the break-point in the

spectrum at about 10-4 Hz, i.e. in the inertial range, where energy transfer processes are most

significant.

Observations

The orbit of the Lllysscs spacecraft

climb to high southern latitudes from the

maximum hclio]atitudc  of 80.20 south in

relatively fast back through the ecliptic,

Smith et al., 1995b] has been characterised by a slow

ecliptic plane, starting in February 1992 and reaching a

September 1994. Since then, the spacecraft has moved

crossed it on March 13, 1995, and reached 800 north

latitude on JLIly 31, 1995. The heliocentric distance range covered during the ascent to high

latitudes was from 5.4 ALJ to 2.2 AU, and during the descent from 2.2 AU to 1.4 AU. Thus the

lllysses  observations represent, during the first phase, a sample of the heliospheric  magnetic field as

a function of a slowly varying heliolatitude.  and heliocentric distance, while, during the second

phase, the change in heliolatitude  was rapid, but restricted to a small range,  of heliocentric distances.

The observations were carried out during the late declining phase of the solar cycle, in relatively

stable solar conditions. The two phases therefore allow a good separation of tcrnporal,  latitudinal

and radial depcndences.

Two Samp]e periods of n]agnctic  fie]d observations are shown in Fig. ]. The two 8-day

intervals were selected to illustrate the change in the nature of the fluctuations between equatorial

and polar flows. The abrupt changes seen on day 34 (February 3) and day 87 (March 22) 1995, in
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the general appearance of the fluctuations in the. components of the magnetic field were observed

during the fast latitude scan of lJlysscs.  The first occured as the spacecraft travelled  towards the

ecliptic, at a heliolalitude  of 23° south, the second at 19° north, as the spacecraft travellcd

northward following its ecliptic passage on 5 March 1995. The transition in the first case was

accompanied by a Coronal Mass Ejection, and in the second case by a compressive feature, as the

solar wind from the northern polar coronal hole compressed the preceding equatorial flow. As

discussed below, the transition from equatorial to polar characteristics was considerably less abrupt

jn the earlier climb to high latitudes jn 1992-93. As shown by Smith ef al. [1995a], fluctuations in

the polar flows at low frequencies were mostly transverse to the radial direction rather than to the

average magnet ic field. At higher time resolutions, not discussed in this paper, the picture is

considerably more, complex, not just in spectral terms [Horbury et al., 1995b], but also because of

the very high rate of occurence  of discontinuitie.s  [Tsurutani c1 al., 1994]. For the frequency range

considered in this paper, the anisotropy of the fluctuations can be best understood in terms of

radjally  transverse. fluctuations at the. lower end of the range with the higher frequency fluctuations

lransve.rse  to the local magnetic field, superimposed on the longer wavelength fluctuations [Horbury

(?/ al., 1995d].

‘he. normalised variances of the magnetic field components and magnitude calculated along

the U]ysscs orbit are shown in Fig. 2. as a function of he.liolatitude.  The input data set for this study

is the highest resolution magnetic field data obtained from the magnetic field experiment on Ll]ysscs

[Balogh cf al., 1992]. These are. vector samples of the magnetic field at ejther one or two vectors

per second, depending on telemetry rate. Vectors arc defined in the heliospheric  RTN coordinate

system, a right hand cartesian  system in which the. R (radial) axis k defined radially anti-sunward

along the, sun-spacecraft line, the T (tangential) axis is defined by the cross-product of the solar

rotation axis with the R direction, and the N (norlnal) axis is defined completing the right handed

Systcm.

Variances of the components BR, BT and BN of the magnetic field field vector and of its

magnitude IBI have been calculated over hourly intervals; given that we have n samples per hour
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(with n = 1800 to 3600, depending on data rate), the variance in the radial component of the

magneticfield  is

1 ‘.
‘2=~>.(BRi ‘BR)2

1=1

with similar definitions for o?, ofi and CT:. This produces un-normalised  variances, and will

obvious lygivedifferent  results depending onthestlength  of themagnctic  field at thetimc and place

of the measurements. This field strength dependence can be removed, as was done for Fig. 2, by

dividing all the variances by B 2 to produce normalised variances which are dimensionless. In Fig.

2, these. normalised

spread of the values

nearer to the sun.

hourly variances were further

increased as the time spent in

averaged into successive 20 latitude bins; the

each bin decreased with the spacecraft moving

At heliolatitudes  up to about 25° south, normalised variances in the components were nearly

equal and of similar magnitude to that seen in the ecliptic [e.g. hfariani  el al., 1978],  with the

normalised variance in the magnitude of the, field considerably smaller than those of the

COTllpO1lcnt  S. IIowcver, in the. polar solar wind flows, the normalised variances of the two

transverse components of the magnetic field increased to a high level, about a Pdctor 4 or so above

the equatorial values. The normalised variance. c)f the radial component of the field also increased,

but by a smaller factor. On the. scale shown in Fig. 2, there is little change in the variance in the

magnitude. of the field throughout the high latitude orbit of Ulysses. During the. po]eward-bound

part of the orbit, the increase in the variance of the transverse components was apparently gradual,

spread over from about 300 to almost 500 in he.liolatitudc. As discussed below, this gradual

increase is the result of averaging over the gradually disappearing stream-stream interaction regions.

The observations during the high latitude pass show that normalised variances were approximately

constant as a function of heliolatitude  in the fast solar wind stream from the polar corcmal  hole. The

apparently small variation in the data when plotkd  against hcliolatitude  can be explained by the

radial dependence of the variances as discussed below. The abrupt change in the level and nature of

the variances around the equatorial scan of lJlysscs  can bc clearly seen in Fig. 2, as already referred

to in connection with the observations shown in Fig. 1. The change between the polar and
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equatorial characteristics occured,  both south and north of the ecliptic, at approximately the, highest

latitude reached by the Heliospherjc  Current Sheet in the two hemispheres, as estimated from the

solar source  surface neutral line.

The differing behavjour  of hourly magnetic field variances during the mid-latitude

southbound and subsequent equatorward  northbound passes can be explained by the averaging of

equatorial-like and polar-like values of variances in the interval between 300 and 450 latitudes

during  the southbound pass. The same interval was marked in the solar wind velocity by large scale

oscillations between fast solar wind originating in the developing southern polar coronal hole and

slow streams from the more equatorial regions still sampled by Ulysses [Phillips et al., 1995]. The.

magnetic field, simultaneously, showed the compression regions which periodically recurred as a

rc.suh of the stream-stream interaction between polar and equatorial flows [Balogh  et al., 1995].

As shown on the expanded time scale in Fig. 3, the representative hourly variance a; in the solar

meridional component, averaged over successive two-day intervals, fluctuated significantly during

this period. 3’}lc.  figure also shows the strength of the magnetic field for the same interval. The

large fluctuations in the variances were due to the succession of CIRS observed in this heliolatitucle

range, with fast wind streams from the equatorwald  extension of the then developing southern polar

corona] hole  periodically compressing slower wind streams originating closer to the equator. As

can be seen in Fig. 3, cJfi was smallest just ahead of the. CIRS (in the slow solar wind), and highest

just behind the compressed magnetic field regions, where the solar wind velocity was the highest.

The slowest solar wind associated with near-ecliptic flows disappeared [Phillips et al., 1995] at the

same time as the magnetic sectors [Smith et al., 1993] at about 30° helio]atitudc,  although

compressive si gnat ures continued to be observed for another three solar rotations. Transverse

variances track this evolution, and when the pure polar flows were reached, the high levels were

maintained, as seen in Fig. 2, over both southern and northern polar coronal regions.
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Discussion

In thcfast,  polar streams, transverse variances had consistently higher values than near the

ecliptic. In the mid-latitude range at large distances (up to 5 AU), the transverse variances were also

high, close to values reached in the pure coronal ho]c flows, in the high speed solar wind originating

in the equalorward  extension of the polar coronal hole. In the more equatorial flows, during the fast

latitude scan by Ulysses, variances in the conlponelits  fell back to the average low-latitude values.

This distinction in the power in fluctuations betwecll slow and high speed solar wind streams is the

consequence, as in the ecliptic, of the presence of long wavelength (i.e. several hours in the

spacecraft frame) AlfvEnic fluctuations in the high speed solar wind in the trailing (rarefaction)

edges of CIRS. Such waves were observed in the inner solar system [Bruno et al., 1985], but

bccomc  less prominent due to stream-stream interaction effects with heliocentric distance

[Bavassano  cl al., 1982]. At the medium latitudes explored by lJ1ysses, these long-wavelength

fluctuations were observed to 4 A~J and beyond ill the fast solar wind associated with the polar

coronal hole [Smith ef al., 1995a].

However, the estimates of variances described and discussed in this paper are sensitive to

fluctuations which have timcscales  shorter than the regime. for the 1/f Al fvEnic  fluctuations

identified by Smith et al. [ 1995a]. The question therefore. arises as to the origin of the high relative

power in wl~ht are in fact fluctuations in and above the frequency range corresponding to the

spectral transition between the. 1/f and f-5/~ populations. in the abscncc of large scale velocity

shears, the energy source is ultimately the lower frequency AlfvEnic population and its (slow)

evolution and break-up and the transfer of power into the turbu]cnt  cascade in the frequency range

above 1()-~ Hz [l’u, 1988]. The high relative power ]cvels are therefore the consequence of the very

high levels of power in the 1/f fluctuations of the magnetic field in solar wind flows from the polar

coronal hole.

Revised 22.12.95



Fluctuations on time scales considered in t}lis paper have been extensively discussed using

the WKB framework (for a recent review, see 3 ‘u and Marsch [1995] and references therein).

Results in the ecliptic (e.g. Bavassano  et al. [1982], Burlaga  et al. [1982], Bavassano and Smith

[ 1986]) have concluded that, on the whole, the radial dependence of fluctuations remained close to a

power law with an exponent close to -3, prcdictcd  by the WKB approximation. Roberts et al.

[1990] found that the radial dependence of fluctuations at the. intermediate to long wavelengths also

followed the WKB approximation, even when the stream-stream interaction effects were not taken

into account. Similarly, the exponent was fcmnd to be relatively independent of solar wind speed by

Tu a al. [ 1989b], although the power levels normalized to 1 AU increased strongly with solar wind

spccc].  As pointed out by Roberts et a). [1990], there may be a number of different reasons for the

apparent validity of WKB approximation near the ecliptic, where energy provided at long

wavelengths by shears in the flow due to stream-stream interaction can balance the dissipation at

higher  wave numbers. Polar flows are relative] y free from stream-stream and other compressional

interaction effects [Phillips cr a~., 1995]; these cannot therefore be considered to contribute

significantly to the distribution of fluctuations in the high latitude Ulysses observations. However,

as shown below,  the radial dependence of the power in the higher frequency fluctuations is sensitive

to even relatively small comprcssional  effects.

The radial dependence of the hourly un-normalised  variances presented in this paper is

shown in Fig. 4. Fit[ing a radial depcndcncc  of the form r-S] to the complete data set from 1.5 to 4

AU gives n = 3.00 t 0.07, 3.00 i 0.08, 2.89 i 0.09 and 2.30 i 0.08 for o:, a?, ufi and cf,

respect ivc] y, apparently confirming a very good match to the value expected from WKB. However,

a number of compressional  features were present in the. magnetic field observations between 3 an 4

AU, due to high latitude CMES and corotating  features. As can bc seen in Fig. 4, the variance data

in this distance range shows a slower decrease than in the 1.5 to 3 AU rang,e, when such

compressional  features were absent. Fitling  the same r-n law to the data set between 1.5 and 3 AU

(as shown in the figure), the best fit values are n = 3.39 t 0.07, 3.45 t 0.09, 3.37 * 0.09 and 2.48 i

0.14 for O:, cr~, O: and cr~, rcspectivcl  y. ‘I%cse results provide a strong indication that the
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expected dissipation at high frequencies is counteracted by additional energy fed into this range by

comprcssional  and/or shear effects, as proposed by Roberts ez al. [1990], to mimic a WKB-like

radial dependence. Power in the fluctuations, when lower frequencies are included, decays at a rale

slower than r-~ [Balogh et al., in preparation] even when only uniformly high solar wind flows are

considered; this implies that, at the radial distances covered in this study, the WKB approximation

can be valid at most for a relative] y restricted frequency range, just below the break between the 1/f

and the inertial range populations.
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FJGIJRE CAPTIONS

Fig. 1: Ulysses magnetic field observations showing the change in characteristic fluctuations in the

components of the field between southern fast solar wind flows and equatorial flows (upper

panel), and between equatorial flows and northern fast solar wind flows (lower panel). The

magnetic field is given in the RTN coordinate. system (see text), the upper horizontal  scale in

the two panels shows the heliographic latitude  of lJlysscs.

Fig. 2: Normali?cd  variances of the high time resolution magnetic field components and magnitude

calculated over one hour intervals and averaged in 2° latitude bins for the complete latitude

survey of lJlysses  from the ecliptic to close. the. sun’s south pole and then through the ecliptic

to close  to the north pole. The high values of the variances in the transverse components in

polar coronal holes can bc clearly observed, as well as the abrupt return of the variances to

in-cc] iptic va]ucs during the fast latitude scan of l-Jlysscs. Error bars at the top of the figure

correspond to the numerical uncertainty (f 1 G) in the N-component of the relative variances.

Fig. 3: The magnitude of the magnetic field and the normalized variance of the N (meridional)

component of the field during the ascent of lJlysses  to high solar latitudes. During the series

of CIRS, variances were high behind the peak compressions in the field, in the rarefaction

regions following the CIRS (as shown enlarged in the lower panel). As the magnetic field

bccamc less compressive, the normalized variance increased, on average, towards values

observed in pure polar flows. The epochs marked a, b and c re.present, respectively, the

onset of the CIRS associated with the polar coronal hole; the disappearance of the sector

structure; and the immersion of Ulysses in purely coronal solar wind flows.
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Fig. 4: Log-log plot of the un-normaliz,ed  hourly variances of the components and the magnitude of

the magnetic field as a function of heliocentric distance. Best fit lines are shown for data



.

between 1.5 and 3 AU, avoiding the compressive effects in the variances between 3 and 4

All.  Values for the best fits to the r-n power law are given in the text.
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