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The Heliospheric Magnetic Field Over the
South Polar Region of the Sun

A. Balogh, E. J. Smith, B. T. Tsurutani, D. J. Southwood,
R. J. Forsyth, T. S. Horbury

Magnetic field measurements from the Ulysses space mission over the south polar regions
of the sun showed that the structure and properties of the three-dimensional heliosphere
were determined by the fast solar wind flow and magnetic fields from the large coronal
holes in the polar regions of the sun. This conclusion applies at the current, minimum
phase of the 11-year solar activity cycle. Unexpectedly, the radial component of the
magnetic field was independent of latitude. The high-latitude magnetic field deviated
significantly from the expected Parker geometry, probably because of large amplitude
transverse fluctuations. Low-frequency fluctuations had a high level of variance. The rate
of occurrence of discontinuities also increased significantly at high latitudes.

The characterization of the intrinsically
three-dimensional nature of the heliosphere
is the prime objective of the Ulysses space
mission (I1). The asymmetric and time-de-
pendent solar corona, combined with the
rotation of the sun, makes high-latitude
phenomena different from those seen near
the ecliptic plane. We discuss observations
made by the magnetometer on board the
Ulysses spacecraft (2) on the structure and
characteristic features of the magnetic fields
over the southern polar region of the sun.
Magnetic fields in the heliosphere have
their origin in the outer atmosphere of the
sun, the solar corona. The corona consists
of highly ionized solar material at tempera-
tures in excess of 1.5 X 10° K, threaded by
magnetic field lines rooted in the photo-
sphere. A fraction of the mechanical energy
emerging from the solar convection zone is
transformed, by as yet not fully understood
processes, into heat in the corona. The
corona is fundamentally unstable: Part of
the coronal plasma is accelerated to super-
sonic speeds and escapes into space to form
the solar wind. The origin of the solar wind
is not well understood, but is related to the
large-scale structure of the magnetic field
and to the heating and dynamics of the
corona. In space, the solar wind plasma is
an almost perfect electrical conductor, and
therefore it drags out the magnetic field
lines embedded in it. The large-scale struc-
ture of the corona undergoes major changes
through the 11-year solar activity cycle.
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During solar minimum, large areas in the
polar regions of the corona, the polar coro-
nal holes, have an open magnetic field line
structure. Coronal holes that extend toward
the equator in the declining phase of the
solar cycle have been identified as the
sources of fast solar wind streams, with
speeds up to 800 km/s.

The strength of the heliospheric mag-
netic field observed by the Ulysses magne-
tometer from the jovian encounter near the
ecliptic to the highest southern latitude in
the orbit at 80.2° showed the transition
from low-latitude to high-latitude condi-
tions (Fig. 1). During the low-latitude to
mid-latitude part of the orbit, slow solar
wind associated with coronal regions close
to the heliospheric current sheet (the ex-
tension of the heliomagnetic equator into
interplanetary space) was periodically com-
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pressed, with a period approximately that of
the solar rotation rate, by high-speed flows
from the developing southern polar coronal
hole (3). This led to the train of periodic
magnetic field enhancements in the coro-
tating interaction regions (CIRs). The CIRs
were bounded by forward and reverse shock
waves. During this interval, the average
direction of the heliospheric magnetic field
alternated between the two magnetic polar-
ities associated with the northern and
southern solar hemispheres. This alternat-
ing field divides the solar rotation periods
into the well-known two-sector structure
representative of this phase of the solar
cycle. However, throughout this interval,
the sector structure showed an apparent
eastward drift, corresponding to a recur-
rence rate of the coronal structures respon-
sible for the CIRs slower than the solar
rotation period at the equator. The likely
cause of this effect has been identified as
the eastward drift of the nonaxisymmetric
terms of the solar magnetic field (4), a
diagnostic of the evolution of solar magne-
tism from solar maximum to minimum ac-
tivity. The last crossing of the heliospheric
current sheet was observed at a heliolati-
tude of 30° south (5). Signatures of CIRs
nevertheless continued to 45° south. For-
ward shock waves associated with CIRs
were last observed at 35°, while, contrary to
expectations, reverse shocks became rela-
tively more frequent and persisted to about
45° south (6). The explanation proposed
for this observation is based on a three-
dimensional model of the development of
CIRs at mid- to high latitudes (7). The
formation of shock waves, their topology
and their propagation at the high-latitude
edges of CIRs remains to be fully explained.

Well after the disappearance, at mid-
latitudes, of shock waves caused by CIRs,
Ulysses observed a series of shock waves at
high latitudes (Table 1). Five of the seven
shock waves were apparently associated
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Fig. 1. Hourly averages of
the magnetic field magni-
tude measured along the
Ulysses orbit, as a function
of heliolatitude and helio-
centric distance.

T T T
10° 20° 30° 40° 50°

T
70° 80°

South heliographic latitude (degrees)

T T T T
54 5.0 4.5 4.0 3.5
Heliocentric range (AU)

SCIENCE « VOL. 268 « 19 MAY 1995

T
3.0 25

1007



SmsI e Ernm Ty

with the new class of coronal mass ejec-
tions, with a larger internal pressure than
that of the ambient solar wind, first identi-
fied in the Ulysses data (8). Five (not the
same set) were reverse shocks, maintaining
the trend from the mid-latitude observa-
tions of a prevalence of reverse shocks at
high latitudes. The shocks were generally
weak. In one case, when the solar wind
plasma showed a shock-like change on a
timescale of tens of minutes, but without a
clear shock jump being identified by the
magnetometer on time scales of tens of
seconds, the discrepancy could be due to
the dissipation of the shock waves some
time before the observations but neverthe-
less leaving a remnant of a signature in the
solar wind (9).

Variations in magnetic field strength are
a good diagnostic of dynamic processes in
the solar wind. However, because of this
sensitivity to compressional effects, which
are evolving as a function of time (and
heliocentric distance), the magnitude of the
magnetic field cannot be easily interpreted

Table 1. High-latitude shock waves observed by
Ulysses in the uniform, high-speed solar wind
from the southern polar coronal hole

Time

Date (UT) Type Assoc.
12 February 1994 20:10 R* CME
26 February 1994 13:14 F CME
1 March 1994 15:42 R CME
10 March 1994 12:57 R CIR%
3 April 1994 15:23 R CIR¥
20 April 1994 09:00 Ft CME
23 April 1994 10:39 R CME

“Without clear solar wind signature. fWithout clear
magnetic field signature. fApparently compressive,
recurrent structures.
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Fig. 2. The radial component of the magnetic field
measured by Ulysses over a heliolatitude range of
7° to 80° south and normalized to 1 AU, com-
pared to the radial component measured at 1 AU
by IMP-8 (courtesy of R. Lepping). Only negative
polarity data from IMP-8 have been used to pro-
vide a comparison with the southern magnetic
polarity observations by Ulysses. The close track-
ing of the two curves clearly shows that the radial
component of the heliospheric magnetic field is
independent of heliolatitude.
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in terms of the solar field strength. Com-
pressional effects mostly affect the compo-
nents of the magnetic field vector trans-
verse to the radial direction; therefore, the
latitude dependence of the solar magnetic
field is best studied using the radial compo-
nent, By, of the heliospheric field observed
by Ulysses. The agreement between the
value of this component measured along
the Ulysses orbit, normalized to 1 AU, and
the same component of the field measured
at the same time in the ecliptic plane at 1
AU (Fig. 2) demonstrates that the magnetic
field over the coronal hole is independent
of heliolatitude (10).

This conclusion is in contradiction with
models predicting the behavior of the he-
liospheric magnetic field as a function of
latitude (at solar minimum activity), based
on extrapolations of solar surface magnetic
fields. These models predict a significant
increase, up to a factor of 3, over the polar
region as a result of the dominance of the
solar magnetic dipole term which, at solar
minimum, is approximately aligned with
the solar rotation axis. The implication of
the discrepancy between the models and
the observations is that the assumptions
built into the models as to how solar mag-
netic fields are distributed by dynamic pro-
cesses in the corona, in the source regions of
the solar wind, need to be revised. In par-
ticular, models in which the magnetic fields
are current-free (the so-called potential
models) between the photosphere and a
concentric spherical surface in the corona
(the source surface) predict a stronger, more
dipole-like field at Ulysses than observed.
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Fig. 3. Hourly averages of the azimuthal angle of
the magnetic field measured by Ulysses (all data
for latitudes >60°), referenced to the expected
Parker direction, calculated using the measured
values of the solar wind velocity (by courtesy of J.
Phillips). The southern hemisphere magnetic po-
larity of the sun is “‘toward’” in the current solar
cycle, hence the value of the expected Parker
direction is 180° in the spherical coordinate sys-
tem corotating with the sun and centered on the
observer.
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Even modifications of such models, taking
into account the contribution of the helio-
spheric current sheet, predict a latitude-
dependent field, in particular, a significant
increase in the radial component of the
magnetic field at Ulysses (11). In the light
of the observational results, it is clear that a
further effect, that of significantly stronger
magnetic stresses in the polar regions, needs
to be taken into account. Although coronal
images at solar minimum often show evi-
dence of a divergence of the magnetic field
lines near the sun, it has not been clear how
strongly this divergence affects the solar
wind flow from the polar coronal holes and,
as a consequence, how solar wind from the
polar regions can reach down to mid-lati-
tudes or even to low heliospheric latitudes.
Ulysses magnetic field results provide the
basis for a quantitative estimate of the
large-scale divergence of the flow, which is
crucial to solar wind models.

Parker’s original model for the helio-
spheric magnetic field (12) was derived us-
ing a uniform solar wind speed and purely
radial magnetic fields at the sun. This mod-
el, while modified extensively by the dis-
covery of the stream structure of the solar
wind near the ecliptic plane, has proved to
be a useful framework to describe the aver-
age orientation of the interplanetary mag-
netic field. In the solar equatorial plane, the
rotation of the sun twists the magnetic
field, on average, into the form of an
Archimedean spiral. Away from the equa-
torial plane, field lines originating at a giv-
en heliolatitude are draped on the surface of
a cone with a half-angle equal to the colati-
tude of the field line. Earlier observations
by spacecraft close to the ecliptic plane
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Fig. 4. Latitude dependence of the normalized
variance in the magnetic field magnitude, oz%/
IBI2, and of the sum of the variances of the mag-
netic field components (0,2 + 0,2 + ¢,2)/IBI2. The
variances have been calculated using the full res-
olution (1 or 2 s per vector) data in hourly intervals
and the resulting hourly variance values have then
been averaged over 27-day intervals.




showed that (13), on average, the direction
of the magnetic field vectors is that derived
from Parker’s model, as also confirmed by
Ulysses (14). However, in-ecliptic data
from other spacecraft imply a possible over-
winding of the spiral (15); this may be
related to effects of the solar cycle. Ulysses
observations up to 60° south latitude (16)
showed that, in this latitude range, the most
probable orientation of the out-of-ecliptic
magnetic field remains to a good approxi-
mation the Parker direction. However, the
distribution around the most probable di-
rection showed, already at low and medium
latitudes, an asymmetry, indicating that, on
average, magnetic field lines have a tenden-
cy to be less rather than more tightly wound
than expected on the basis of Parker’s mod-
el. The complete Ulysses data set for heli-
olatitudes greater than 60° (Fig. 3) showed
that at the highest latitudes explored by
Ulysses, neither the most probable value of
the field direction nor the average direction
follow the expected Parker model. If hourly
averages are used, as in Fig. 3, the most
probable value corresponds to field lines
that are more, rather than less, tightly
wound, and the distribution retains the
same asymmetry as already seen at lower
latitudes. However, the average direction is
sensitive to the averaging period used, and
can indicate accordingly a more or less
tightly wound configuration.

This deviation at high latitudes from the
Parker geometry, we suspect, is the result of
the large-amplitude directional fluctuations,
particularly at longer wavelengths that, be-
ing mostly transverse to the field, introduce a
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Fig. 5. Hourly averages of the magnetic field mag-
nitude and its three components over an interval
of 10 days around the time of the highest southern
latitude reached by Ulysses (7 September to 17
September). Although the magnitude and the ra-
dial component of the field are relatively smooth,
the two transverse components show large am-
plitude fluctuations. This figure illustrates the prev-
alence of long wavelength transverse, mostly
Alfvénic fluctuations in the magnetic field at high
latitudes.

bias in the azimuthal direction of the mag-
netic field. There is little doubt that the
structure of the heliospheric field is more
complex than that anticipated on the basis
of the Parker model. This effect has been at
least qualitatively foreseen, on the basis of
the assumed random motion of the foot-
points of field lines in the photosphere (17).

The level and nature of fluctuations in
magnetic field strength and, more impor-
tantly, in direction, in the polar heliosphere
affect the access of galactic cosmic rays
above the solar poles and provide informa-
tion, albeit indirectly, on conditions in the
solar corona. These fluctuations can be
quantified in different ways. Fluctuations at
the longer wavelengths have been character-
ized by the total variance in the components
of the magnetic field, compared to the vari-
ance in the magnitude of the field vector
(Fig. 4). The significantly increased level of
variance in the components at high latitudes
indicates that the direction of the magnetic
field is much more variable than its strength.
The unexpectedly strong residual modula-
tion of cosmic rays over the polar regions
observed by Ulysses (18) is a direct conse-
quence of the increased level of directional
fluctuations in the magnetic field. The long-
er period fluctuations, with a power spectral
exponent close to —1, were highly Alfvénic
(19). Fluctuations in the transverse compo-
nents of the magnetic field vector and the
corresponding transverse components of the
solar wind velocity vector were in phase.
These observations showed that with the
transverse components of the magnetic field
dominated by large amplitude fluctuations
and a consistently sunward-pointing radial
component (Fig. 5), the fluctuations propa-

gated outward in the solar wind frame, in a
manner fully consistent with their origin
close to the sun.

Structure function analysis has been
used previously to study interplanetary fluc-
tuations near the ecliptic plane (20). The
implied power spectral exponent of the
magnetic field fluctuations can be deduced
from such structure function analysis (21).
Two different spectral regimes were ob-
served by Ulysses. Fluctuations at high fre-
quencies, above about 107° Hz, are the
result of small-scale, intermittent turbu-
lence generated in the solar wind. The pow-
er spectral exponent of these turbulent fluc-
tuations is close to the Kolmogorov value of
—5/3, similar to that which has been found
near the ecliptic plane (22), although a
better match to the observations is
achieved by higher order MHD models
(23). At low frequencies, below about 10™4
Hz, the power spectral exponent of fluctu-
ations is close to — 1. This regime appears to
be similar to that observed in the ecliptic at
0.3 AU by the Helios spacecraft, in high-
speed solar wind streams (24). However, in
the ecliptic, these fluctuations became ef-
fectively masked between 0.3 and 1 AU by
the development of dynamic interaction
regions between fast and slow solar wind
flows. At high latitudes, in the relatively
uniform solar wind flows from the polar
coronal hole, these fluctuations were ob-
served by Ulysses out to beyond 4 AU. This
indicates that fluctuations that originate
much closer to the sun, in the acceleration
region of the solar wind, are less likely to
decay in the uniform polar solar wind flows.
The long wavelength fluctuations therefore
provide a probe into conditions in the co-

Fig. 6. (Top) Power spectral indices

Estimated spectral index

e 1to5min
1 4 10 to 40 min
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of nearly 1 year of Ulysses magnetic
field data taken within polar solar
wind flows, indicating evolution of
the fluctuations with radial distance.
(Bottom) Heliographic latitude and
distance of the spacecraft. The
power spectral indices are shown
for three frequency ranges, together
with least squares straight line fits to
the data. The 1- to 5-min scale (cir-
cles) is within the inertial turbulent
regime, where the power spectral in-
dex is near —5/3. At hourly scales,
(crosses) the power spectral index is
near —1; this population of fluctua-
tions is unlikely to have changed
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rona and, in particular, into the dynamic
processes and structures that are associated
with the acceleration of the solar wind.

The transition between the two different
regimes varied along the orbit of Ulysses
(Fig. 6): Closer to the sun, at higher lati-
tudes, the transition between unevolved
fluctuations and turbulence occurs at higher
frequencies, consistent with the slow evolu-
tion of fluctuations with heliocentric dis-
tance. In this interpretation, a population of
fluctuations with an essentially 1/f spectrum
close to the sun evolves, through the inter-
mediary of small velocity fluctuations in the
solar wind, toward a fully developed turbu-
lence with a power spectral exponent of
—5/3. This model is likely to be somewhat
simplistic, as shown by the more detailed
study based on structure function analysis,
that includes correlations higher than sec-
ond order (21). Although the evolution and
mix of the fluctuations observed in the fast
solar wind flows at polar latitudes is thus
significantly different from that near the
ecliptic plane, the interpretation of the ob-
servations in terms of detailed processes on
the microscales and mesoscales of the solar
wind remains to be completed.

Fluctuations in the magnetic field in any
case cannot be fully described in terms of
conventional spectrum analysis. While
structure function analysis provides a more
complete understanding into the statistical
nature of the fluctuations, the study of dis-
continuities provides a complementary ap-
proach into aspects of the microstructure of
the polar flows. The rate of occurrence of
discontinuities, as measured using criteria
defined previously for in-ecliptic measure-
ment, has been found to increase signifi-
cantly (up to 100 to 200 per day) in the
high-speed polar solar wind (25), when
compared to rates found near the ecliptic.
The presence of discontinuities appears to
be strongly correlated with the presence of
Alfvén waves. When individual examples
of discontinuities are examined, it is found
that the discontinuity is part of the Alfvén
pulse train, and corresponds to the phase-
steepened edge of the wave.

A feature of the microscale structure is
the frequent occurrence of nulls (or holes) in
the magnetic field (26). These events, in
which the strength of the magnetic field
drops to a value close to zero (without a
change in the direction of the field), are of
short duration (of the order of tens of sec-
onds) and represent a significantly different
state of the solar wind plasma. Although
such events had been noted in the ecliptic
(27), their rate of occurrence is significantly
enhanced at high latitudes. Their relation to
the mirror-mode instability first identified in
the Earth’s magnetosheath (28) is at present
unclear, as is their frequent association with
tangential discontinuities. There is evidence
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of plasma (Langmuir) wave activity associat-
ed with the magnetic holes (29), possibly
caused by streaming energetic electrons. An-
other feature of the short time-scale magnet-
ic field observations is the presence of cur-
rent-sheet-like features, characterized by
dropouts in the magnitude of the magnetic
field, associated with sharp deflections of the
field direction. Taken together, the collec-
tion of small-scale phenomena in the high-
speed and relatively uniform solar wind char-
acteristic of the polar region represent new
classes of plasma processes for use as diagnos-
tics of coronal and heliospheric processes.
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Over the Southern Solar Pole: Low-Energy
Interplanetary Charged Particles

L. J. Lanzerotti,* T. P. Armstrong, R. E. Gold, C. G. Maclennan,
E. C. Roelof, G. M. Simnett, D. J. Thomson, K. A. Anderson,
S. E. Hawkins lll, S. M. Krimigis, R. P. Lin, M. Pick, E. T. Sarris,
S. J. Tappin

The heliosphere instrument for spectrum, composition, and anisotropy (HISCALE) re-
corded the fluxes of low-energy ions and electrons (>50 kiloelectron volts) when Ulysses
crossed the southern solar polar region and revealed that the large-scale structure of the
heliosphere to at least ~—75° was significantly influenced by the near-equatorial helio-
spheric current sheet. Electrons in particular were accelerated by the current sheet—
produced and poleward-propagating interplanetary reverse shock at helioradii far from
the Ulysses location. At heliolatitudes higher than ~—75° on the Ulysses ascent to the
pole and ~—50° on the descent, small, less regular enhancements of the lowest energy
electron fluxes were measured whose relations to the current sheet were less clear. The
anomalous component of low-energy (~2 to 5 megaelectron volts per nucleon) oxygen
flux at the highest heliolatitudes was found to be ~10~8 [per square centimeter per second
per steradian (per kiloelectronvolt per nucleon)]; the anomalous Ne/O ratio was ~0.25.

The HISCALE investigation (1) on the
Ulysses spacecraft provided three-dimen-
sional measurements of the distributions of
low-energy charged particles (electrons and
ions with energies between 50 keV and 5
MeV) in the heliosphere. These low-energy
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particles are accelerated from lower energy
plasmas by magnetohydrodynamic processes
in the solar corona and photosphere, as well
as in interplanetary shock waves. HI-
SCALE also measured the composition of
the low-energy [E > 0.5 MeV per nucleon





