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Abstract. The Ulysses spacecraft is in a near-polar solar orbit with a period of 6.2 years. The heliospheric magnetic field
polarity detected by Ulysses from its 1992 Jupiter encounter
to the current time is presented, following ballistic mapping
of the polarity information to the solar wind source surface,
at approximately 2.5 solar radii. The spacecraft’s first foray
to polar latitudes and first rapid heliolatitude scan occurred
in 1994–1995, near a minimum in solar activity. The heliospheric current sheet during this period was confined to
low heliolatitudes. In 2000–2001, Ulysses returned in situ
data from the same region of its orbit as in 1994–1995, but
near to the maximum in solar activity. Unlike at solar minimum, heliospheric current sheet crossings were detected at
the spacecraft over a wide heliolatitude range, which is consistent with the reversal of the solar magnetic dipole occurring during solar maximum. Despite complexity in the solar
wind parameters during the latest fast latitude scan (McComas et al., 2002), the underlying magnetic field structure appears consistent with a simple dipole inclined at a large angle
to the solar rotational axis. The most recent data show the
heliospheric current sheet returning to lower heliolatitudes,
indicating that the dipole and rotational axes are realigning,
with the Sun’s magnetic polarity having reversed.
Key words. Interplanetary physics (interplanetary magnetic
fields; sources of the solar wind) – Solar physics, astrophysics and astronomy (magnetic fields)

1 Introduction
A unique aspect of the ESA/NASA Ulysses mission is its
provision of in situ data from extremely high heliolatitudes
within the inner heliosphere. To reach the regions in the heliosphere above the solar poles, Ulysses performed a close
flyby of Jupiter in early 1992 to alter the spacecraft’s orbit
from one lying close to the ecliptic plane to a 6.2-year, nearpolar orbit inclined at 80.2◦ to the solar equator.
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Figure 1 shows the monthly sunspot number, which is
an indicator of solar activity levels, and the heliolatitude
of Ulysses. The spacecraft’s first fast latitude scan, during
which Ulysses travelled from high southern to high northern latitudes in less than 11 months, took place near a minimum in the solar cycle. The spacecraft recently repeated
the scan near solar maximum, when solar magnetic polarity reversal took place. Open magnetic field lines originating in regions of opposite magnetic polarity are separated
by the heliospheric current sheet (HCS). Crossings of the
HCS are detected in situ as reversals in the heliospheric magnetic field (HMF) polarity at the spacecraft. The heliolatitude range over which HCS crossings occur is primarily a
function of the solar magnetic dipole’s tilt. Nearing solar
maximum, as the dipole begins to reverse orientation, the
HCS is expected to extend over an ever-increasing heliolatitude range. The dipole axis crosses the solar equator, and the
HCS latitude range decreases again (Saito et al., 1978). This
is the behaviour of the source surface neutral line in potential field models based on photospheric field measurements
(e.g. Hoeksema, 1986). Due to the difficulty of remotely observing high-latitude photospheric fields, these models cover
a limited latitude range.
During the majority of Ulysses’s first polar orbit, the HCS
was confined to low heliolatitudes. Data returned by Ulysses
during 2000/2001 have provided the first in situ measurements of high-latitude heliospheric magnetic fields around
the time of polarity reversal, when the HCS extended over
its maximum heliolatitude range. The Ulysses data may thus
greatly aid our understanding of the polarity reversal process.
Here, we present the global pattern of magnetic polarity, the
sector structure, detected by the spacecraft since its entry into
a near-polar orbit.

2

Data analysis

The HMF polarity distributions were derived from data returned by Ulysses’s magnetometer (Balogh et al., 1992) and
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Fig. 1. Top: monthly sunspot numbers from the U.S. National Geophysical Data Center. Bottom: the heliolatitude of Ulysses. The
spacecraft’s two fast latitude scans are shaded.

SWOOPS instrument (Bame et al., 1992). Hourly-averaged
data from both instruments were employed, to reduce the effects of short-term fluctuations of the solar wind parameters.
The magnetic polarity at Ulysses was estimated by comparing the instantaneous Parker spiral direction at Ulysses, with
the actual azimuth angle of the field. In all plots presented
here, the magnetic polarities are shown as yellow (outwards,
or positive polarity), blue (inwards, or negative), or red (uncertain polarity, where the field azimuth was between 60◦ and
120◦ from the expected Parker spiral direction).
For each data point, ballistic mapping was used to estimate the source Carrington longitude of the parcel of plasma
represented by that datum. This made use of the coordinates
of the sub-Ulysses point on the Sun at the time of observation, the solar wind velocity measured at the spacecraft, the
spacecraft’s heliocentric distance, and the rotation period of
the Carrington frame of reference (= 25.38 days in the inertial frame). The solar wind was assumed to have remained
at the same heliolatitude during its traversal from the solar
wind source surface, at ∼2.5 solar radii, to the spacecraft.
Some uncertainties are known to be associated with some of
the assumptions made (e.g. Neugebauer et al., 1998), but the
results are believed to be sufficiently accurate for a relatively
reliable overview of the polarity distribution.

3

Results

The polarities at Ulysses from the Jupiter encounter in early
1992 onwards, mapped back to the source surface, are shown
in Fig. 2. Due to the spatial distortion associated with the
Mercator projection, particularly for high-latitude regions,
the same source surface magnetic polarities are shown in
Figs. 3 and 4, as viewed from above the solar rotational poles.
The Northern Hemisphere is shown in the upper panels, and
the Southern Hemisphere in the lower panels. Each phase
of the mission from equator to pole, or vice-versa, is shown,

beginning with the first excursion to high southern latitudes
after the Jovian encounter in early 1992. Magnetic polarity
observations made during the mission’s in-ecliptic phase, i.e.
preceding the period covered by these plots, were outlined
by Balogh et al. (1993a).
The longitudinal sampling of the mapped-back data is
sometimes poor, particularly when rapid increases occurred
in solar wind velocity, giving a corresponding westward
jump in the apparent source longitude. We decided not to
interpolate between the data points plotted in the figures.
One of the unexpected aspects of the HMF at high latitudes
around solar minimum was its occasional reversal when well
away from the HCS. Through the study of the propagation
directions of waves during these polarity inversions, Balogh
et al. (1999) determined that they are likely to be caused by
large-scale folds in the B-field, rather than by flux tubes of
opposite polarity originating at the Sun. In the plots presented here, these isolated features are largely represented
by red points, i.e. uncertain magnetic polarities.
Below, we briefly describe the observations made during
each phase in the mission, describing the recent data in most
detail.
3.1

From Jupiter to the Southern Polar Region (1992:038 –
1994:256)

The data representing this period, which was during the declining phase of the solar cycle, are shown in the first panels
of Figs. 2 and 3. A mixture of the two polarities was detected at the beginning of this period, as described by Balogh
et al. (1993b). The then-northern (outward) polarity was detected until a heliolatitude of ∼30◦ S (Smith et al., 1993;
Balogh et al., 1993b), when HCS crossings ceased.
3.2

The solar minimum fast latitude scan (1994:257 –
1995:212)

Around its first perihelion passage, Ulysses moved rapidly
from high southern to high northern heliolatitudes. The relevant data are shown in the second panel of Fig. 2, and the second and third panels of Fig. 3. It is clear that HCS crossings
were confined to low heliolatitudes, implying that the axis
of the Sun’s magnetic dipole component was closely aligned
with the rotation axis. A previous study of the HCS crossings
by Erdös and Balogh (1998) has shown that at the location of
Ulysses the HCS was, on average, symmetric with respect to
the solar equatorial plane, while the coronal neutral line was
displaced to the south, on average, by ∼5◦ .
3.3

From high northern latitudes to the solar equator
(1995:213 – 1997:349)

The data for this period are shown in the upper half of the
third panel of Fig. 2, and the fourth panel of Fig. 3. Ulysses
continued to detect the then-northern (outward) polarity until
HCS crossings resumed at a heliolatitude of 25.5◦ N, which
was at higher latitudes than expected. This was ascribed by
Forsyth et al. (1997) to be due to an active region deflecting
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Fig. 2. The polarity distribution at the solar wind source surface plotted in a Mercator projection in the Carrington frame of reference. Each
plot displays a distinct mission phase. The arrows to the right of the plot denote the direction in which Ulysses was moving in heliolatitude.
The colours employed are defined in the key.
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Fig. 3. The same data as presented in the first two and a half panels of Fig. 2, but projected onto spheres representing the solar wind source
surface, viewed from above the solar rotational poles. Time broadly moves from left to right, with the Northern Hemisphere shown in the
upper plots, and the Southern Hemisphere in the lower plots. Carrington longitudes of 0◦ and 90◦ are indicated. The colours denote the same
polarities as defined in Fig. 2.

the HCS northwards. The HCS did, however, later move to
lower latitudes, before Ulysses reached the solar equator.
3.4

From the solar equator to the southern polar region near
solar maximum (1997:350 – 2000:332)

This period, plotted in the lower half of the third panel in
Fig. 2, and the first panel of Fig. 4, saw a marked increase in
complexity in the sector structure detected at Ulysses, coincident with the increase in solar activity. Balogh and Smith
(2001) described the observations to mid-2000, and Smith et
al. (2001) summarized observations at Ulysses to late 2000,
at high southern heliolatitudes.
Rather than being dominated by a single polarity, the
Southern Hemisphere at this time was a mixture of the two
polarities, as the HCS extended to ever higher heliolatitudes
with the approach of solar maximum. Both polarities were
detected during each solar rotation, except for the very last
rotation prior to maximum southern heliolatitude (Smith et
al., 2001), indicating that Ulysses briefly moved to higher
latitudes than the maximum HCS latitude.
If the HCS during this time was a single, coherent structure without significant warps, it can be stated that magnetic
polarity reversal had not occurred at this time (∼2000:332),
at least in the polarity distribution at the solar wind source
surface. However, although it is almost certain that the HCS
inclination was near its maximum, a small warp in the HCS
would have been sufficient to produce the observations de-

scribed while most of the sheet had actually tipped past the
south pole.
As pointed out by Smith et al. (2002), the two-sector structure observed during this period was consistent with a single
HCS tilted at high inclination. The presence of isolated “islands” of opposite polarity cannot be ruled out, but such features were not unambiguously detected by the spacecraft.
3.5

The solar maximum fast latitude scan (2000:333 –
2001:286)

An initial overview of the HMF polarity at Ulysses around
solar maximum was presented by Jones and Balogh (2002).
This period is represented in the fourth panel of Fig. 2, and
the second and third panels of Fig. 4. There are obvious
differences in the polarity distribution between this mission
phase and solar minimum fast latitude scan. Although the
polarity distribution was probably evolving rapidly during
this period, the fast pace of Ulysses’s motion around its second perihelion provided the closest we can currently attain
to a global “snapshot” of the HMF polarities during this key
phase in the solar activity cycle. During almost the entire
period, both polarities continued to be detected at the spacecraft, in approximately equal proportions with each solar rotation, until northern mid-heliolatitudes were reached. At a
heliolatitude of ∼67◦ N, around 2001:236, the last clear HCS
crossing was seen at Ulysses. From that time onwards, the
“new” northern (inward) polarity was the only one detected,
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Fig. 4. The polarity data presented in the final two and a half panels of Fig. 2, in the same format as Fig. 3.

with the exception of brief reversals within transient structures. As the new northern polarity was clearly dominant at
this time, this constrains the time of polarity reversal at the
source surface to earlier than 2001:236.
Solar wind parameters during this period show a complex
mixture of fast and intermediate speed flows, probably resulting from interactions between slow streams and faster
flows from coronal holes and the interplanetary counterparts
of coronal mass ejecta (McComas et al., 2002). Care should
always be taken when extrapolating single-point sampling of
HMF polarity to a global view. The magnetic polarity distribution is, however, simple enough, with a two-sector structure seen in the 80◦ S to 60◦ N heliolatitude range, to be fairly
confident that the sector structure seen was a result of the solar magnetic dipole being tipped such that its axis was nearorthogonal to the Sun’s rotation axis.
3.6

From high northern latitudes southwards (2001:287 –
2002:278)

The final panels in both Figs. 2 and 4 show the polarity distribution to the time of writing, during which Ulysses has
moved from high northern latitudes to ∼30◦ N. The sector
structure may have been again detected around 2002:018, at
a heliolatitude of ∼62◦ N. However, this possible sector was
not clear, and it was two full solar rotations later when the
sector structure was detected unambiguously, at a heliolatitude of ∼50◦ N. The sector structure continues to be quite
clearly seen, with the new northern polarity constituting most
of the solar wind sampled, as expected. A swathe of new

southern polarity is present from ∼320◦ to 80◦ longitude at
the end of this period.
Quite striking is the shift in the range of Carrington longitude of the “new” southern polarity in the Northern Hemisphere. This is very different to the longitude range it occupied during the ascent to high northern latitudes, and suggests that the magnetic dipole’s rotation rate during this period was slower than that of the Carrington frame of reference. A similar longitude shift was seen around highest
southern latitudes near solar maximum. Such a shift in the
sector structure has been detected previously (e.g. Svaalgard
and Wilcox, 1975; Balogh et al., 1993b).
As the rate of change of warping of the HCS is probably
past its peak during this period, and as the fraction of the
longitude range taken up by the southern polarity is not decreasing, we expect Ulysses to continue to sample the new
southern polarity while in the Northern Hemisphere. However, as it occurred when Ulysses was first approaching the
solar equatorial plane in 1996, comparatively rapid repositioning of the HCS could conceivably occur, which would
leave Ulysses again in unipolar fields.

4

Conclusion

The high-latitude observations made by Ulysses in
2000/2001 reveal for the first time the behaviour of the
HCS at high latitudes. The sector structure at Ulysses near
solar maximum is vastly different to that seen near solar
minimum. Although detailed examinations of the data
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remain to be carried out, the first results presented here
clearly show that, largely through very fortunate timing,
Ulysses witnessed the magnetic polarity reversal from a
unique vantage point.
Although solar wind velocity exhibited a largely complex
structure during the near-maximum fast latitude scan (McComas et al., 2002), the global magnetic polarity distribution
appears to be consistent with the solar magnetic dipole simply being inclined at a large angle to the solar rotational pole.
The complexity seen in the solar wind parameters may thus
largely be a consequence of the disruption of a relatively simple initial flow pattern by stream-stream interactions between
the Sun and spacecraft.
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