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Abstract. Between February 1992and April 1998,the Ulysses gacecaft caried ou the first sur-
vey of how the properties of the solar wind and heli ospheric magnetic field vary with latitude dur-
ing the dedining and minimum phases of the solar cycle. In this paper we report on hav the un-
derlying dredion d the heli ospheric magnetic field varied throughthe various phases of the Ulys-
sesfirst solar orbit. To afirst approximation bdh the azmuth angle of the magnetic field with re-
sped to the radial diredion and the meridional (north-south) angle agreewith the predictions of
the simple Parker spiral model. However there ae anumber of notable deviations. For example, at
high southerly latitudes the most probable azmuth ange was foundto be ~24° more tightly wound
than expeded, althoughthe mean angle was lesstightly woundthan expeded. In contrast, at high
northerly latitudes, the most probable azmuth angle agread with the Parker prediction, bu the me-
ridional angle showed a notably doule pedked distribution. We discusspossble interpretations of
these and aher resultsin the context of recent ideas on the large sca e behaviour of the helio-
spheric magnetic field. No evidence of a heliolongtude dependence of the underlyingfield, pre-
dicted by one model, isfound.It is suggested that the presence of large scde Alfvén wavesin the
high latitude heli osphere may lead to doulbe pe&k distributions of the magnetic field angles, con-
sistent with evidencethat longer time averaging removes osme of the unexpeded fedures noted in
the results. Our analysis does not rule out that systematic deviations dueto field line footpoint mo-

tions could be present but suggests that their amplitude may be too low to be reliably deteded in

in-situ heliospheric magnetic field data.

Introduction

The Ulysses gacecaft was launched in October 1990
equipped with a suite of instruments designed to provide a
three dimensional charaderisation d the heliosphere [e.g.
Marsden et al., 1996. The unique pdar orbit of the space-
craft aroundthe Sun was established by a gravitational swing-
by of Jupiter in February 1992 Beginning from this latitude
of 6°S, the spacecaft readied maximum latitudes of 80.2° in
both the southern and nathern hemispheres in September
1994and July 1995respedively. The first ~6 yea orbit of the
Sun was completed when Ulysses again readed 6°S in April
1998 In this paper we will examine how the underlying di-
redion d the heliospheric magnetic field varies with distance
from the Sun and with heliographic latitude throughou this
first full Ulysses orbit during the dedining and minimum
phases of the solar cycle.

The heliospheric magnetic field represents the outward ex-
tension d the Sun's magnetic field being caried ou into in-
terplanetary spacefrozen-in to the solar wind. Since the foot-
points of the magnetic field lines are to a first approximation
fixed in the solar phaosphere, and if a radialy outflowing
solar wind with speed independent of both radial and latitu-
dinal position is assumed, the mmbination d the Sun's rota-
tion and the outflowing solar wind leals to the magnetic field
lines being twisted upinto an Archimedean spiral in the solar
equatorial plane. This smple result was predicted by Parker
[1958 and receved observational confirmation when ealy
spacecaft measurements of the interplanetary magnetic field

[Ness and Wilcox, 1964 showed that the field lines were ori-
entated at ~45° with resped to the radia diredion, and lay
approximately in the equatoria plane, in the vicinity of the
Earth. In this picture, a any chosen latitude avay from the
equatorial plane the field lines can be viewed as wrapped
around conicd surfaces with half angle equal to the olati-
tude. Thus the angle between the field lines and the radia
diredion would be expeded to deaease with increasing lati-
tude, until a field line originating from the Sun's rotational
pole shoud be purely radia. In equation form, the azmuth
angle @ that the tangent to an ided Parker model magnetic
field line makes with the radial diredionis given by

Vo - Qrcosd

tange = (D]

Vr

where Q is the solar rotation rate, v, and v, are the radial and
azmuthal comporents of the solar wind velocity, andr and &
are the heliocentric distance and heliographic latitude de-
scribing the position d the observing spacecaft. The deriva
tion d this equation daes not require the assumption that the
solar wind spedd is independent of radial and latitudinal posi-
tion and thus predicts @ given the locdly measured solar
wind speed. In pradice, v, is snal enough to be ignored in
most analyses. In investigating the magnetic field diredion we
use Parker's model to organise our data and study deviations
of the magnetic field diredion from the expeded azmuth
angle @ and expeded meridional angle of 0° [e.g. Smith,
1997 (appendix)].
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A number of spacecaft have explored the heliosphere nea
the ediptic plane and have shown that Parker’'s siral model
holds to a first approximation over a wide range of heliocen-
tric distances — between 1 and ~8 AU from Pionee data
[Thomas and 3nith, 1980 and from VVoyager data [Burlagaet
al., 1987, in the more distant heliosphere [Burlaga andNess
1993, and within 1 AU from Helios data [e.g. Bruno and
Bavassano, 1997.

Ulysses is the only spacecaft to have explored the helio-
sphere over a wide range of latitudes away from the ediptic
plane. Figure 1 shows the expeded variation o —¢ roundthe
complete Ulysses first orbit. This angle is commonly referred
to asthe spiral angle andis a measure of the angle between an
antisunward dreded field line and the radial diredion. It has
been cdculated using equation 1 taking acourt of the posi-
tion d Ulysss and the solar wind speed measured by the
solar wind dasma instrument [Bame € al., 1997. The solar
rotation rate, Q, used is that correspondng to a period o
25.38 days, the value & the equator. The dominant effed is
the changing latitude of the spacecaft leading to a spiral an-
gle of approximately 10° at the highest latitudes compared to
nea 80° in the equatorial regions at 5.4 AU. The dfed of
distance from the Sun can be seen by comparing the 50° angle
as Ulysses crossd the equatorial plane a 1.3 AU during the
fast latitude scan in 1995with the 80° angle & 5.4 AU. The
effea of changing solar wind speed is e in the fine detail ed
variations auperimposed onthe main trend —the spiral is less
tightly woundwhen the wind sped is faster. The influence of
the dternating fast and slow solar wind streams encourtered
by Ulysses in 199293 and 199697 can be dealy seen [e.g.
McComas et al., 200Q.

A number of results on the underlying magnetic field di-
redion duing the Ulysses first orbit have drealy been re-
ported [Forsyth et al., 1995 1996, 19964, obtained by ana-
lysing distributions of the diredion cdculated from houly
averaged magnetic field data. As Ulysses travell ed southwards
for the first time in 1993and 1994under solar adivity cond-
tions dedining towards minimum, the spacecaft eventualy
becane cntinuowsly immersed in fast solar wind from the
Sun's uthern pdar corona hole [Philli ps et al., 1994. In
this region it was found[Forsyth et al., 1996g] that the most
probable value of the azmuth angle describing the magnetic
field diredion agreed well with the prediction d the smple
spiral model described above. However the distribution o the
azamuth angle was sgnificantly biased towards field drec-
tions less tightly wound than the prediction. Forsyth et al.
[19963] concluded that the most likely reason for this behav-
iour was the presence of large anplitude Alfvén waves with
periods of many hous in the high speed solar wind [Smith et
al., 1995 19971. As Ulysses continued through the highest
southerly latitudes, the most probable value of the azmuth
angle distribution moved to beame of the order of 24° more
tightly woundthan expeded in a distribution acaimulated at
latitudes greaer than 6C°, even though the bias towards less
tightly wound angles continued [Forsyth et al., 1995. How-
ever, this result was naot reproduced in the same latitude range
in the northern hemisphere, where the most probable value of
the azmuth angle again agreed with the Parker model [For-
syth et al., 1996K. Smith et al. [19974] point out a very short
interval at high nathern latitudes where the azmuth angle
becane gproximately 0° which they suggest is evidence of
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Figure 1. The expeded variation d the spiral angle, —@,
aroundthe complete Ulysses first orbit of the Sun, cdculated
using the position d Ulysses and the measured solar wind
speal. The latitude of the spacecaft is shown aong the top
axis and the heliocentric distanceis labell ed at key points.
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magnetic field lines conreded to the Sun's rotational pole. A
further recent report points out a high degree of under-
winding in corotating rarefadion regions observed by Ulysses
between approximately 30 — 20N [Smith et al., 200(. Previ-
ously puHished results on the meridional angle, only from the
southern pdar passprior to the present work, indicae agree-
ment of the most probable angle with the Parker prediction o
0° [Forsyth et al., 1995 1996]. Again broad dstributions
were found most likely due to the presence of Alfvén waves.
Fisk [1996 has proposed a more sophisticaed model of
the heliospheric magnetic field which takes acournt of the
expeded magnetic field line footpoint motion in the phao-
sphere. This model was introduced with the am of explaining
why energetic particle enhancements associated with the re-
verse shocks of corotating interadion regions readied Ulysses
at higher heliographic latitudes than those where the shocks
were observed in-situ [e.g. Sandkrson et al., 1995 Roelof et
al., 1994. The ideais that there shoud be amagnetic field
conredion to reverse shocks at lower latitudes than Ulysses at
a distance further from the Sun. Whereas the Parker model
asaumes that field line footpoints corotate with the Sun at a
rate independent of latitude, Fisk's model introduces two ad-
ditiond effeds. Thefirst is differential rotation —the fad that
the phaosphere is observed to rotate more slowly at higher
latitudes. The second effed is that nea solar minimum, mag-
netic field lines in the heliosphere mainly originate from the
polar coronal holes. Coronal holes have been olserved to
rotate rigidly (i.e. at a rate independent of latitude) with the
Sun to first approximation, and the polar holes are presumed
to be centred onthe Sun's magnetic pales rather than the ro-
tational poles. The magnetic axis has a tilt with resped to the
rotation axis which is lar cycle dependent, being close to (°
at solar minimum, and, for example, approximately 30° at the
time of the Ulysses passage to high southerly latitudes.
Among the mnsequences of these dfeds is to produce field
lines in the heliosphere whose azmuth and meridional angles
have aheliographic longitude dependence, and which in some
locations provide the required conredion ketween high and
low heliographic latitudes between abou 5 and 15AU. Zur-
buchen et al. [1997 present evidence which they suggest
explains the Ulysses high latitude southern hemisphere mag-
netic field observations in terms of this model. It shoud be
stressed that this model is only likely to produce predictable
deviations from the Parker model given the quasi-stable (over
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Figure 2. Definitions of the azmuth angle deviation and
meridional angle deviation with resped to the RTN coordi-
nate system. The example shown is for a sunward magnetic
field vedor.

many solar rotations) coronal magnetic field configuration
applicable during the dedining and minimum phases of the
solar cycle.

The @m of this paper is to present the full set of magnetic
field dredion olservations from the Ulysses first orbit. In
particular the meridional angle distributions from the north
polar passand bah the meridional and azmuthal angle distri-
butions from the final phase of the orbit, returning from high
northerly latitudes, have not yet been pubished. We then go
onto discusswhether the observed departures from the smple
Parker model can be explained in terms of the Fisk model or
other possble caises.

Observations

We work in the spacecaft centred heliospheric RTN coor-
dinate system where the R axis paints in a diredion radially
outwards from the Sun and the RT plane is inclined to the
equator at an angle egual to the heliographic latitude of the
spacecaft. In this reference system a field line in agreement
with the Parker model shoud lie in the RT plane & al lati-
tudes. The mordinate system and the definitions of the az-
muthal and meridional angle deviations are shown in Figure
2. The azmuth angle @ and meridional angle & defining the
magnetic field dredion are cdculated (see Appendix A) from
houly averaged magnetic field data measured by the magne-
tometer onbaard Ulysses [Balogh et al., 1992. From these
houly values @ and & we cdculate their deviations from the
diredion predicted by the Parker model (¢, 0°) as gs—@ and
&. Thus if the measured field dredions agree with the pre-
dictions we shoud find g—@ = 0° in regions of antisunward

Table 1. Statisticsof Azimuthal Angle Distributions

direded field and ¢@—@ = 180 in regions of sunward dreded
field. Once the deviations from the Parker moddl, @—@ and
J, have been oktained, they are binned into histograms to
alow usto study their distributions.

For the purpases of this aurvey of the cmmplete first orbit
we have divided the orbit into ten sub-intervals and oltained
histograms for ead o these. These sub-intervals have been
chosen based on changes in the solar wind speed and mag-
netic field pdarity roundthe Ulysses orbit. We use the terms
slow scan and fast scan to identify the gohelion and perihelion
phases of the orbit respedively. The intervals are 1) 6°S —
30°S beginning from after the Jupiter flyby in February 1992
as Ulysses began to travel southwards away from the ediptic
plane. Both magnetic field pdarities were still present in the
data and corotating interadion regions were dominant; 2)
30°S — 60°S where only inward pdarity magnetic fields were
deteded; 3) > 60°S, the highest southerly latitudes where un-
expeded changes in the azmuth angle were previously re-
ported; 4) 60°S — 23S during the fast latitude scan where
only inward pdarity fields and uriform fast solar wind were
observed; 5) 23°S — 2PN, the equatoria part of the fast lati-
tude scan when bah field pdarities were present; 6) 20°N —
60°N during the fast latitude scan where only outward pdarity
fields were observed; 7) > 60°N, the highest northern lati-
tudes; 8) 60°N — 3C°N during the slow latitude scan where
only outward pdarity fields and uriform fast solar wind were
observed as Ulysses returned from high nathern latitudes; 9)
30°N — 7N where wrotating interadion regions and bah
magnetic field pdarities were once @ain okserved; and fi-
nally 10) 7°N — 7°S where Ulysses traversed the ejuatorial
regions at aphelion to close the first orbit. 7°S was chosen as
the end pant for this last region rather than 6°S so that a
symmetricd range of latitudes abou the eguator was en-
closed.

Figure 3 presents the azmuth angle distributions of @—@,
using 10° wide bins, for these ten intervals. In addition Tables
1 and 2 povide information onsome of the statisticd proper-
ties of the distributions. In Table 1 the statistics are dl cdcu-
lated using only data lying within 990° of the expeded values
of g—q@. Thisis D that al the distributions can be direaly
compared to ead ather. Table 2, on the other hand, provides
statistics cdculated from the full range of data in the distribu-
tions where only a single field pdarity is present. The hori-
zontal axes on Figure 3 have been potted running from —9C°
to 270. Thus the distributions of outward pdarity field lines
appea in the left hand Helf of the figures centred on @ while
the distributions of inward pdarity field lines appea in the
right hand helf of the figures centred on 180. Histogram bins

Latitude Range  No. of obs. Mean Values ° Most Probable ° %< 0° % > 0° %< 180° % > 180°
6°S— 30°S 10520 -29+06 1846+05 045 18215 55% 45% 44% 56%
30°S-60°S 8212 187.0+0.4 181+4 45% 55%
>60°S 5446 1836 +0.6 158+13 4% 51%
60°S- 23S 1522 1862 +0.8 182+8 44% 56%
23°S—- 20°N 1331 —-41+15 1912+14 -5+12 181+6 54% 46% 38% 62%
20°N - 60°N 1439 7.0+£0.9 219 44% 56%
> 60°N 4176 5.2+0.7 045 46% 54%
60°N — 3C°N 6136 5.0+0.5 -915 48% 52%
30°N - 7N 8642 25405 (1753z1.3) 4+9 (158+10) 46% 54% (58%) (42%)
7°N-7S 6736 0.2+05 1802+0.6 3+10 18415 4% 51% 48% 52%
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Figure 3. Histograms of the deviation in azmuth angle, ¢g—
@, from that predicted by the Parker model of the
heliospheric magnetic field for the different sedions of the
Ulysses first orbit. The subdvisions of the orbit are described
in the text. On this and subsequent figures, the aror bars
drawn next to ead pek represent the statisticd error in the
height of the maximum bin.

to the left of the expeded vaues indicae field lines more
tightly wound than the Parker prediction while those to the
right indicate lesstightly woundfield lines.

The absence of outward dreded field lines in the unipolar
region d the southern hemisphere can be dealy seen in pan-
els 2, 3 and 4 and the @sence of inward dreded field lines
in the northern hemisphere is obvious in panels 6, 7 and 8
This is consistent with the nea solar minimum heli ospheric
magnetic field configuration. Note that in these regions it can
be seen that the wings of the single distributions present ex-
tend more than £90° from their central values. This behaviour
and the reasons for it have recantly been discussed in detail by
Balogh et al. [1999. It isinteresting to nde that in region 9
where inward pdarity fields had returned, the percentage of

Table 2. Statistics of Full Width Distributions

Latitude Range Mean ° % < (18)0° % > (18)0°
30°S-60°S 1936+ 0.6 42% 58%
> 60°S 1874+ 0.7 47% 53%
60°S- 23S 1874+0.9 44% 56%
20°N - 6C°N 75+1.0 44% 56%
> 60°N 102+0.8 44% 56%
60°N — 3C°N 123+0.6 45% 55%

time for which they are present compared to the dominant
outward pdarity is very small. This is likely due to the fad
that athough the tilt of the heliospheric current shee was
small at this time, the presence of a warp in the arrent shee
at one locdised longitude region led to the return of sedor
structure in the Ulysses data & higher latitudes than expeded
[Forsyth et al., 1997.

Examining all the distributions in Figure 3, it is clea that
the only distribution which has a most probable value signifi-
cantly different from expeded is that of interval 4) at high
southerly latitudes greaer than 60°. As previously reported
this distribution hes a most probable value gproximately 24°
more tightly woundthan expeded. Note that this distribution
does appea to be doule pedked, i.e. there ae two popua
tions of preferred angles, with a seandary peek close to the
expeded value of 18C°. It may be within statisticd chance
that the histogram bin centred on 155 has a higher frequency
compared to the one centred on 185. This behaviour is not
reproduced in the distribution acaimulated at the eguivalent
latitudes in the northern hemisphere. Indeed, in al the new
data presented here, as Ulysss traversed the northern hemi-
sphere and returned to the ediptic regions at 5.4 AU at aphe-
lion, the most probable values of the distributions are dealy
in line with the predictions of the Parker model to a goodfirst
approximation. The only further exception is for the minority
southern hemisphere polarity distribution on the right hand
half of panel 9 where the small number of observations dor't
give good statistics. A qualitative difference for the two high
latitude periods in panels 3) and 7) is that the distributions are
less $arply pesked and kroader than the others presented.

The further feaure of the distributions that is now con-
firmed around the full orbit is that in all the periods where
Ulysss is sampling a single field pdarity and uriform high
speal solar wind, the mean values of the distributions are
strongly biased in an underwound dredion, despite the most
probable values not showing bias in most cases. This behav-
iour is independent of whether Ulysses is in the southern or
northern hemisphere of the heliosphere or of which field po-
larity is being sampled. The statisticd reason for this bias in
the mean values is that the distributions are highly asymmet-
ric. In all the relevant cases, panels 2, 3, 4 and 6 7, 8, the
percentage of observations greaer than 0 a 180, i.e. under-
woundfrom expeded, is higher than the percentage lessthan
0 or 18C°. Thisis clealy shown in the rightmost two columns
of Table 2. Thus we ayain emphasise the danger of reporting
mean values of the winding angle of the heliospheric mag-
netic field withou carefully examining the distributions from
which they are obtained. As already stated, it is likely that this
effed isa mnsequence of the presence of Alfvén wavesin the
fast solar wind and is perhaps due to the fad that they are
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propagating radially rather than along the field. It may be that
asimple simulation could be used to confirm this hypothesis.

Finaly, considering panels 1, 5 and 10where both pdarity
pedks are present, we seethat the enclosed angle between the
northern and southern hemisphere mean values is not exadly
18C° in two ou of the three caes, the exception keing panel
10. This behaviour is consistent with previous nea-ediptic
results where field lines north of the heli ospheric aurrent sheet
have been foundto be more tightly woundthan thase south of
the heliospheric aurrent shee [e.g. Smith and Bieber, 1993.
In panel 10 reither peak has a mean value significantly differ-
ent from ¢.

Turning now to the meridional angle distributions, these
are reproduced in Figure 4 using a 5° bin width, with acom-
panying statisticd data in Table 3. Here dl the distributions
are gproximately symmetricd and all, apart from panel 1,
have mean values which agreewith the expeded value of & =
0°. Apart from in panel 7, the most probable values are in

Table 3. Statistics of Meridional Angle Distributions

Lat. Range Mean°® M. Prob.° %<0° %>0° St Dev.°
6°S—-30°S -21+03 -7#4 53% 47% 277
30°S-60°S 0.1+0.3 1+3 4% 51% 277
>60°S 09+04 5+2 4% 51% 275
60°S—-23S 0.7+06 -145 4% 51% 214
23*S—-2C°N -04+0.6 4+3 4% 51% 215
20°N - 60°N -1.0+0.6 312 50% 50% 219
> 60°N 04+04 -846 50% 50% 26.8
60°N - 3C°N 0.6+0.4 319 4% 51% 27.8
30°N-7N -08=0.3 146 51% 49% 241
N-7S 02104 1+2 48% 52% 294

agreament with the mean values, consistent with the symmet-
ricd distributions. A new observation which emerges in inter-
vals 7) and 8, that is at high nathern latitudes greder than
60°N and for latitudes descending back to 3C°N after the
north pdar pass is that here there gppeasto be adoule pe&k
in the distribution ~10-15° either side of the centre with adip
in between the two pe&ks, all symmetricd abou the centre. In
interval 7) the most probable value is asciated with the pesk
on the negative side of the expeded value, whilein interval 8)
neither pe&k is more prominent than the other. Such behaviour
is not apparent in the euivalent distributions acamulated
over the same latitude ranges in the southern hemisphere.

A notable fedure of panels 4, 5 and 6is that these distri-
butions appea narrower than the others. Since the distribu-
tions are gproximately symmetricd, we have dtempted to
quantify this by listing their standard deviations in Table 3. It
can be seen that distributions 4, 5 and 6 tave standard devia-
tions of the order of 21° while the mgjority of the others tend
to be aound 27. The distinguishing feaures of these distri-
butions are that they are acemulated at smaller heliocentric
distances than the others and that they are acumulated from
fewer observations than the others. As would be expeded,
histograms constructed from a similarly small number of ob-
servations in ather latitude ranges, were foundto have stan-
dard deviations consistent with the data in Table 3 for the
interval in which they were obtained. This leares a distance
effed as the most likely explanation. We note that this inter-
pretationis qualitatively consistent with the results of Burlaga
and Ness [1997 who compared distributions of J; obtained at
1 AU with those obtained by the Voyager spacecaft between
40 and 62 AU. Magnetic field fluctuation studies have indi-
caed that the field comporent amplitude for timescaes ap-
propriate to houly averages deaeases with distance from the
Sun[e.g. Horbury and Balogh, 200]] oppgsite to the trend we
note here. However, the & distribution widths will depend
criticdly on how the field magnitude fall s off with distancein
comparison.

Discussion and Further Analysis

Heliolongitude Effects

We first turn ou attention to the highest latitude southern
and nathern hemisphere distributions, in particular the over-
woundmost probable azmuth angle in Figure 3, panel 3, and
the doule pedked meridiona angle in Figure 4, panel 7. A
posdble interpretation o these results is that the alditional
peks in the distributions are related to the heliolongitude
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Figure5. Azimuth angle distributions acauimulated over nine
solar rotations while Ulysses was at high southerly latitudes.
The four distributions are separated depending on the source
heliolongitude obtained by mapping badk the solar wind
reating Ulysss.

dependence of the field dredion predicted by the model of
Fisk [1994, but absent in the simple Parker model. This he-
liolongitude dfed shoud lea to field lines overwound with
resped to the Parker model for half a solar rotation, and field
lines underwoundfrom expeded for the other half.

To test this enario, we have analysed firstly the southern
hemisphere azmuth angle distribution by subdviding it based
on the heliolongitude (spedficdly, the Carrington longitude)
of the footpaoints of the magnetic field lines. The footpoints
were determined by mapping bad the solar wind arriving at
Ulysses under the asumption that it had travelled at constant
speal ou from the Sun at the same speel as measured at
Ulysses. Then histograms were mnstructed separately for
those houly measurements with footpoints in the 36 overlap-
ping longitude ranges 0°-9C°, 10°-10C, 20°-11C..., 350¢°—
80°. To ensure no Kas due to ony including part of a solar
rotation period, the length of time analysed was adjusted so
that it covered exadly nine solar rotations. The revised time
period wsed was days 099—-333inclusive of 1994 when Ulys-
ses traversed the latitude range from 59°S to 802°S and badk
to 6(°S. This includes the subset of the data analysed by Zur-
buchen et al. [1997 discussed in more detail in the next sec-
tion. The use of a bdlistic or constant speed mapping badk
technique is often a gross approximation kecaise of interac-
tions that take placebetween solar wind streams travelling at
different speeads in the @urse of their journey out from the
Sun. However, becaise Ulyses sampled relatively constant
solar wind spedl at these high latitudes, the cdculated source
longitudes are lesslikely to be dfeded. This is suppated by
the finding that the number of observations in ead o the
subdvisionsis approximately equal.

The results of this analysis are ill ustrated in Figure 5 using
a seledion d four histograms from the set of 36. Although
the profile of the distributions is noisier due to the reduced
number of observations in ead histogram, in al 36 cases
there is a well defined locd maximum in the distributions
nea @—¢@ = 155°. In 25 ou of the 36 cases a dea subsidiary
locd maximum is present nea ¢g—@ = 19C°. Those distribu-
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Figure 6. Asfor Figure 5, but showing meridional angle dis-
tributions acauimulated over nine solar rotations while Ulysses
was at high natherly latitudes.

tions from which this subsidiary maximum is absent are on-
fined to two longitude ranges which include the lower two
panels of Figure 5. These results suggest that the overwound
most probable angle seen in the southern hemisphere high
latitude distributions is nat limited to spedfic source helio-
longitudes.

Figure 6 shows four seleded histograms from a similar
analysis caried ou for the meridional angle in the high lati-
tude northern hemisphere observations. Again a time interval
correspondng to nine solar rotations was used for the analy-
sis. However, becaise the major axis of the Ulysses orbit is
tilted dightly (6°) with resped to the eguator, Ulysses trav-
ersed a greder range of latitudes over this time period than
was the cae in the southern hemisphere analysis presented
above. The time period used was day 148 d 1995to day 026
of 1996 inclusive during which time Ulysses travelled from
59°N through 802°N and back down to 5C°N. This period
includes data from both panels 7 and 8 of Figure 4, bath of
which show evidence of adoule pegked distribution.

Again the distributions in Figure 6 are noisier than their
combined parent distribution. A clea doule pedk is present
in 23 ou of the 36 dstributions. Thase in Figure 6 for 0°—9¢°
and 180-27C source longitude ae examples of where &
least one of the pe&ks canna be distinguished clealy. In all
36 cases, however, the locd maximum nea &; = —10° (equa-
torward from expeded) was clealy discernible. The distribu-
tions for which the locd maximum in the vicinity of d =
+10° was less clea were aain confined to two longitude
ranges. However in all these caes, due to the variability of
the distributions, it was not possble to conclusively say that it
was absent. Thus it is also hard to argue that the doule-
peeked nature of the high latitude northern hemisphere distri-
butionis confined to any particular range of heliolongitudes.

In the murse of the éove aalyses we dso subdvided the
southern hemisphere high latitude meridional angle distribu-
tion and the northern hemisphere high latitude azmuth angle
distribution, athough neither of these had shown unexpeded
behaviour. In bah cases a smal number of the sub-
distributions showed evidence of a doule pe&k even though
the dfed had been washed ou in the parent distribution.
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Figure 7. (a) Histogram of azmuthal angle deviations from

the Parker model for latitudes >66°S. Superimposed is the

distribution predicted by applying the model of Zurbuchen et

al. [1997 plotted wsing an arbitrary frequency scde. (b) An

expanded version d the model predicted distribution wsing 2°

wide bins to show the detail, also with an arbitrary frequency
scde.

Direct Comparison With the Fisk M odel

Zurbuchen et al. [1997 has pubished a mwmparison d the
Ulysss high latitude southern hemisphere results with the
predictions of the model of Fisk [1996 described in the in-
troduction and the previous ®dion. The ejuations and solar
parameters presented in Zurbuchen et al. [1997 make it pos-
sible to assssthe possble dfeds on ou @g—@ and & histo-
grams for the same subset of the data. This is the am of this
sedion. The equations for the field comporents in sphericd
polar coordinates are given by Zurbuchen et al. as:

B, = Bolro/r) @)

2
By = %wsinﬁsin(qﬁ QN - @) 3

2
By = %[w(cosﬁ sing

+sinBcocodp+ QrN - @) 4)
- Qsine]

where By is the magnetic field strength at the source surface
locaed at heliocentric distance r = ry, V is the solar wind
spedl, Q isthe solar rotation rate, wis the diff erential rotation
rate of the magnetic field line foatpaints, 3 is the polar angle
a which a field line originating from the rotationa pole
crosses the source surface ad is related to the angle between
the solar magnetic dipole ais and the rotation axis, @, is the
heliolongitude of the plane defined by the rotation and mag-
netic axes, andr, 6, @ are the heliocentric distance, colatitude
and heliolongitude of the spacecaft. These can be alapted for
use in RTN coordinates by taking Bg = B, Br = B,and By = —
B,. In addition we replacethe sin terms with cosd where dis
the heliographic latitude of Ulysses. ¢ and J can then be
cdculated in the usual way (Appendix A, equations Al). Zur-
buchen et al. [1997 applied these aquetions in particular to
data obtained when Ulysses was at latitudes higher than 66°S,
pointing out that the boundaries of the southern pdar corond
hole were particularly stable during this time, using w= 0.068
radians/day, 3= 30°, and @ = 100°. For cdculating the angles
By and ry are not required.
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Figure 8. Asfor Figure 7, but in this case showing observed
and model predicted histograms for the meridional angle for
latitudes >66°S.

The first panel (a) of Figure 7 shows the azmutha angle
histogram obtained from Ulysses data for the same latitude
range & analysed by Zurbuchen et al. [1997. The most prob-
able angle in the vicinity of 15C° is dill clea in this reduced
latitude range. Over-plotted in grey is the model predicted
distribution. It is much narrower becaiuse the distribution hes
not been broadened by the Alfvén waves present in the red
data so its height has been scded to alow easier comparison
with the data. On this <de the model appeas to predict a
narrow spread abou the Parker diredion. Panel (b) shows an
expanded version d the model distribution wsing 2° wide bins
to bring out the detail, again plotted with an arbitrary fre-
quency scde. It is clealy a doulde peaed dstribution bu
with a greaer bias of points on the underwound side of the
Parker prediction. It is unlikely that, even with broadening of
this distribution by Alfvén waves, the peak in the model dis-
tribution at ~177° could be shifted enough to be resporsible
for the overwound most probable angle in the measured dis-
tributions.

Figure 8 shows the ejuivalent results for the meridional
angle distributions. In this case the distribution predicted by
the model, over-plotted on anel (a), clealy shows a doulde
pe&. Thisis siown in more detail in panel (b). In this region
the observed distribution was not doulde peaed. However, a
number of the other observed meridional angle distributions
were doule pesed, particularly in the northern hemisphere.
Comparing the model and the observed distributions in panel
(@), itisnot ruled ou that if the model distribution was broad-
ened by Alfvén waves, a result similar to the observations
could be obtained.

Examination d the time series resulting from the gplica-
tion d equations (2) to (4) reveds a dominant sinusoidal pat-
tern at approximately the solar rotation period. It is clea that
the doule pesed dstributions arising from the moddl are a
result of this behaviour, being due to the greaer number of
points nea the maxima axd minima of the sine wave. If we
apply a heliolongitude analysis (such as in Figure 6) to the
model prediction for the meridional angle we find that only
one of the pess dominates in any one 90° heliolongitude
range. We have tested whether a heliolongitude analysis of the
southern hemisphere meridional angle follows a similar be-
haviour by overlaying model and data distributions in the 90°
ranges. No evidence of a @nsistent variation in phese was
found in agreament with the result of Figure 6 that thereisno
clea heliolongitude dependencein the observations.
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Figure 9. Histograms of the azmuthal and meridional angle
deviations from the Parker model diredion at high southerly
latitudes, cdculated from daily averages of the magnetic field
comporents.

Results of Longer Time-Averaging

If, as has been proposed [e.g. Forsyth et al., 19964, the
unexpeded field dredions observed in the high heliolatitude
Ulysss data ae due to the presence of the large amplitude
Alfvén waves, then it is reasonable to exped that the dfeds
would disappea if we etend the averaging period to some-
thing longer than the houly averages we have used in ou
standard analysis. As the Alfvén waves have periods of the
order of hours upwards [Smith et al., 1995, it is not surpris-
ing that they have amajor influence on ou distributions. In-
ded, we might ask whether the Alfvén waves could be re-
sporsible for the doulde-pesked dstributions in ou datain a
similar way to that in which the sine wave produced a doule
pe& in the model distributions of the previous dion.

We have repeaed ou analysis of the high latitude southern
and nathern hemisphere data using the same nine-solar-
rotation cbta set as previously, except that this time we used
daily averages of the magnetic field data to cdculate the an-
gles, rather than houly averages. The results are shown in
Figures 9 and 10for the southern and nathern hemispheres
respedively. In ead case the left hand panel shows the az-
muth angle and the right hand panel the meridional angle
histogram. Beginning with the left hand panel of Figure 9, it
is clea that on this daily average timescde there is no longer
any evidence of an overwound most probable angle, suppat-
ing our hypothesis that the Alfvén waves may be resporsible.

However, beaing in mind the problem of asymmetric dis-
tributions of the azmuthal angle, some further discusson is
required. If we had simply taken daily averages of the houly
azmutha angles cdculated ealier, we would clealy have
obtained a result biased more towards the Parker model be-
cause the asymmetry of the distributions would naturally pull
the mean in that diredion (i.e. towards more positive or un-
derwound angles). Inspeding distributions of the magnetic
field comporents ows that they too are often asymmetric
suggesting that mean values could easily depend onthe time
averaging of the data set one started from. We have been con-
sistent in this paper in aways cdculating our houly or daily
averages from the full time resolution data set as described in
Appendix A.

Turning our attention to the meridional angle plot on the
right of Figure 9, we dso find a narrower distribution than
that obtained from houly averages and consistent with d; = 0
as were the houly averages in this region. Appendix A in-
cludes an important cavea on the cdculation d & which can
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Figure 10. Histograms of the azmutha and meridional angle
deviations from the Parker model diredion at high natherly
latitudes, cdculated from daily averages of the magnetic field
comporents.

lead to major errors particularly in the case of daily averages.

Both histograms in Figure 10 for the northern hemisphere
data dso show most probable angles within ore histogram bin
width of the Parker model predictions. This is the region in
which the meridional angle showed a doule-pegked distribu-
tion when using hourly averaged data. This doule pe&k is not
apparent using the daily averaged data dthough we note that
the pe&k of the distribution is threebins wide cmpared to the
others in Figures 9 and 10which are one bin wide. Thus we
can say in general that deviations of the magnitude observed
in the houly average data ae asent from the daily averaged
data. This suppats an interpretation that variability between
these two timescdes, for example the Alfvén waves, could be
causing the deviations.

Some idea of the scde of the variations involved on the
daily average timescde can be obtained from a doser exami-
nation d the gs—@ and Jds time series. A 90 day subset of the
southern hemisphere high latitude time series of the g—¢@ and
J; daily averagesis plotted in Figure 11 (thin lines). For com-
parison we have over-plotted the predicted angles (heavy
lines) cdculated from the model of Zurbuchen et al. [1997 as
described ealier. The predicted angles are dominated by the
~26 day solar rotation periodicity which, from equations (2)-
(4), arises due to the rotation o the magnetic dipde ais

270°

240°
| 210°
F180°

150°

40° +
20° +

-20°
-40° 1

160 180 200 220 240
Day of 1994

Figure 11. Plot showing the time series of @—@ and & cd-
culated from daily averaged magnetic field comporents (thin
lines) for 90 days in 1994 The heavy lines show the model
prediction d Zurbuchen et al. [1997.
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abou the rotation axis (the dipde ais being the symmetry
axis of the over-expansion d the magnetic field lines within
the polar coronal hales). The predicted amplitude is related to
the differential rotation rate of the footpaoints. We note that
the anplitude of the general variability in the g—@ time se-
ries is larger than that of the dominant signa in the model
while the variation in the J; time series is smilar to the an-
plitude of the signal in the model. This suggests that any sys-
tematic variability in the magnetic field data produced by the
physics in the Fisk model is going to be very hard to confirm
even using the dail y average timescde.

Although ore might argue that the top panel of Figure 11
could be showing variability of @—g@ around the sinusoidal
prediction, a variability around a horizontal line & @g—@ =
180° looks just as believable. However, we daose the par-
ticular data segment shown in Figure 11 partly because the &
time series hows a suggestion d a quasi-periodic behaviour
in a subset of the plot at abou the same periodicity as in the
model trace This behaviour is apparent for a period d the
order of 50 days (around days 160to 210. It is the only time
interval in either of the nine-solar-rotation dbta sets where
such a periodicity stands out at all, hencewhy it did na show
up in ou nine-solar-rotation heliolongitude analysis. How-
ever, the signal in the data is clealy not in phese with the
sinusoidal signal in the model. Although it may be fortuitous,
we note that if we shift the model forward in time by ~7 days,
equivalent to a change in @, there cwuld be a approximate
match between the data and the model during this time.

Evidence that signatures of the equatorial solar rotation pe-
riod can be foundin the magnetic field data even in regions
where Ulysses was sampling only the uniform fast solar wind
has been reported by Denison et al. [1999 using advanced
spedral analysis techniques, athough this periodicity did na
show up in the autocorrelation analysis of the field data per-
formed by Zurbuchen et al. [1997. Thus at the very least we
may have identified a region in the & data where the signal
reported by Denison et al. stands out more dealy.

In conclusion d this fdion, we suggest that our analysis
using daily instead of houly averaged data to cdculate the
field angles suppats the hypathesis that the overwound most
probable azmuth angle in the southern hemisphere and the
douHe pedked dstributions in the northern hemisphere ae a
result of the influence of the Alfvén waves on the aigle dis-
tributions. However, based on the time series presented in
Figure 11, our analysis does nat rule out the posshility that
the dfeds propased by Fisk [1996 could be taking place

Conclusions

In this paper we have presented dstributions of the angles
describing the diredion o the heliospheric magnetic field
throughout the different regions of the Ulysses first orbit of
the Sun, during the dedining and minimum phases of the
solar cycle. To afirst approximation bdh the aimutha and
meridional agree with the predictions of the simple Parker
spiral model. However, two urexpeded feaures noted were
an overwoundmost probable azmuthal angle & high southern
latitudes and a doule pegked meridional angle distribution at
high nathern latitudes.

A seach for heliolongitude dependence and a dired com-
parison with distributions deduced from pulblished predictions

of the Fisk [199 model show that the medhanisms of this
model are unlikely to be the dominant cause of the &ove un-
expeded feaures. Together with an analysis using longer
daily averaged data, the results point to the Alfvén waves
present in the high latitude heliosphere being the most likely
cause. Although we find no dred evidence that the dfeds
described in the Fisk model are influencing our data, our re-
sults do nd rule out that these dfeds could be occurring at an
amplitude that is lessthan or similar to that of the genera
variability in the data. It is possble that the physicd con-
straints on the modd are time-variable to the extent that any
signature does not remain coherent in the data for very long.

Since 1998Ulysses has been continuing onits £omnd abit
of the Sun at the same time & lar adivity was rapidly rising
towards olar maximum. Condtions at high latitudes are
proving to be very different from the @ntinuous fast solar
wind found duing the period described in this paper. The
magnetic field diredion duing the present solar maximum is
currently under study and will be the subjed of a future pubi-
cation.

Appendix A. Calculation of ¢ and

It may appea to be astraightforward processto cdculate
the azmuth angle ¢ and meridiona angle & describing the
magnetic field diredion given the three RTN magnetic field
comporents (Bg, By, By). Using the cmomporents the angles
may be obtained from

tangs = B /Bg tands = By/(B:*+ B)* (Al

However some cae is required, particularly in cdculating Jg,
resulting from the fad that we ae using averaged data. Ulys-
ses magnetic field data ae typicdly sampled at a time resolu-
tion d 1 vedor every 1 or 2 seconds depending on the space-
craft telemetry bit rate. By way of example, consider a situa-
tionwhere for the first half of an hou the magnetic field RTN
comporents are (1, 1, 1) nT and for the second Hf of the
hou they are (-1, 1, 1) nT. In bah cases & = 35.3°. But aver-
aged over the hou the comporents become (0, 1, 1) nT which
gives & = 45° a 10° overestimate using equations (A1l).
Similarly, the field magnitude |B| cdculated from the houly
averaged comporents is underestimated at 1.41 nT compared
to the true value of 1.73 rT.

Becaise of these known problems, the Ulysses averaged
data sets also include the field magnitude |B| computed as an
average of the individual full time resolution vedor magni-
tudes during the averaging interval. This would be crredly
recorded as an houly average [B| of 1.73 nl in the dove e-
ample. Thus the mrred way to cdculate the average field
diredion from the houly averaged data set is by using the
equations

tangs=B;/Bx and sind = By/|B| (A2)

These equations applied to the houly averaged vedor (0, 1, 1)
nT corredly give d = 35.3°. When computing ¢ the signs of
Bk and By are taken into acourt to give the crred value of
@ in the range O — 360. Both sets of equations corredly give
the houly average @ as 90°, half way between the two values
of 45° and 135 obtained from the first and second telves of
the hour.

These potential problems in cdculating & have been high-

and
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Figure 12. Comparison d the mrred Jd; histogram (left)
obtained using equation (A2) from daily averaged data with
that (right) obtained using equation (A1).

lighted here & they bewme particularly aaute for the daily
averaged distributions presented in Figures 9 and 1Q In these
high latitude regions the presence of the Alfvén waves leads
to many large diredion changes in any one day period. Figure
12 compares the & histogram from Figure 9 with that which
would be obtained using equations (A1). The distribution on
the right cdculated using (A1) is sgnificantly broader and
more distorted than that on the left corredly obtained using
(A2). The mean overestimate of d; using (A1) is 7.9° and the
maximum is 39°.
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