
COROTATING INTERACTION REGIONS AT HIGH LATITUDES

Report of Working Group 3

H. KUNOW1 AND M. A. LEE2

CO-CHAIRS

L. A. FISK3, R. J. FORSYTH4, B. HEBER5, T. S. HORBURY4;6, E. KEPPLER5,
J. KÓTA7, Y.- Q. LOU9, R. B. MCKIBBEN8, C. PAIZIS9, M. S. POTGIETER10,

E. C. ROELOF11, T. R. SANDERSON12, G. M. SIMNETT13, R. VON STEIGER14,
B. T. TSURUTANI15, AND R. F. WIMMER-SCHWEINGRUBER16

PARTICIPANTS

J. R. JOKIPII7

CONTRIBUTING AUTHOR NOT PARTICIPATING IN THE WORKING GROUP

1Extraterrestrische Physik, Universität Kiel, Kiel, Germany
2Space Science Center, University of New Hampshire, Durham, New Hampshire, USA

3Dept. of Atmospheric and Space Sciences, University of Michigan, Ann Arbor, Michigan, USA
4The Blackett Laboratory, Imperial College, London, United Kingdom

5Max-Planck-Institut für Aeronomie, Katlenburg-Lindau, Germany
6now at Queen Mary and Westfield College, London, United Kingdom

7Depts. of Planetary Sciences and Astronomy, University of Arizona, Tucson, Arizona, USA
8Enrico Fermi Institute, University of Chicago, Chicago, Illinois, USA

9Dipartimento di Fisica, Università di Milano, Milano, Italy
10Potchefstroom University for CHE, Potchefstroom, South Africa

11Applied Physics Laboratory, Johns Hopkins University, Laurel, Maryland, USA
12Space Science Dept., ESA/ESTEC, Noordwijk, The Netherlands

13Physics and Astronomy Dept., University of Birmingham, Birmingham, United Kingdom
14International Space Science Institute, Bern, Switzerland
15Jet Propulsion Laboratory, Pasadena, California, USA

16Physikalisches Institut der Universität Bern, Bern, Switzerland

Received: 6 June 1999; Accepted: 8 July 1999

Abstract. Ulysses observed a stable strong CIR from early 1992 through 1994 during its first journey
into the southern hemisphere. After the rapid latitude scan in early 1995, Ulysses observed a weaker
CIR from early 1996 to mid-1997 in the northern hemisphere as it traveled back to the ecliptic at the
orbit of Jupiter. These two CIRs are the observational basis of the investigation into the latitudinal
structure of CIRs. The first CIR was caused by an extension of the northern coronal hole into the
southern hemisphere during declining solar activity, whereas the second CIR near solar minimum
activity was caused by small warps in the streamer belt. The latitudinal structure is described through
the presentation of three 26-day periods during the southern CIR. The first at�24�S shows the
full plasma interaction region including fast and slow wind streams, the compressed shocked flows
with embedded stream interface and heliospheric current sheet (HCS), and the forward and reverse
shocks with associated accelerated ions and electrons. The second at 40�S exhibits only the reverse
shock, accelerated particles, and the 26-day modulation of cosmic rays. The third at 60�S shows
only the accelerated particles and modulated cosmic rays. The possible mechanisms for the access
of the accelerated particles and the CIR-modulated cosmic rays to high latitudes above the plasma
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interaction region are presented. They include direct magnetic field connection across latitude due to
stochastic field line weaving or to systematic weaving caused by solar differential rotation combined
with non-radial expansion of the fast wind. Another possible mechanism is particle diffusion across
the average magnetic field, which includes stochastic field line weaving. A constraint on connection
to a distant portion of the CIR is energy loss in the solar wind, which is substantial for the relatively
slow-moving accelerated ions. Finally, the weaker northern CIR is compared with the southern CIR.
It is weak because the inclination of the streamer belt and HCS decreased as Ulysses traveled to
lower latitudes so that the spacecraft remained at about the maximum latitudinal extent of the HCS.

Keywords: Solar wind, interplanetary medium, CIRs, high latitude heliosphere

1. Introduction

M. A. LEE andH. KUNOW

The origin of corotating interaction regions (CIRs) in the solar wind is to be found
in the pattern of slow and fast solar wind accelerated at the Sun. Near solar min-
imum activity fast wind originates in polar coronal holes. Slow wind originates
adjacent to or above active regions to create a ‘streamer belt’ of slow wind around
the Sun evident in white-light coronagraph images. The coronal magnetic field
channels the wind streams, which in turn draw the field into a radial configuration.
At a ‘source surface’ about the Sun with a heliocentric radius of a few solar radii
the solar wind consists of fast streams at higher heliographic latitudes separated
by an irregular band of slow wind at lower latitudes. The wind is approximately
radial, with embedded radial magnetic field, and in lateral pressure balance. The
streamer belt encases the heliospheric current sheet (HCS), whose location on the
source surface can be estimated by extrapolating from the observed photospheric
magnetic field assuming that the field is a potential field and is radial at the source
surface (Hoeksemaet al., 1982). As the Sun becomes more active the coronal
holes shrink and the pattern of slow and fast wind becomes more irregular. Slow
wind may ultimately dominate at solar maximum activity, resulting in a simpler
underlying wind, but disturbed by frequent coronal mass ejections.

Because of solar rotation the stream interfaces and HCS on the source surface
map into the heliosphere along a family of Archimedian spirals, neglecting for a
moment the difference in the fast and slow wind speeds that results in two families
of spirals. In simple cases the resulting surfaces may approximate the ballerina
skirt popularized by Jokipii and Thomas (1981). An interaction region develops
wherever the stream interface surface separates slow wind ahead of fast wind. With
increasing heliocentric radial distancer, the fast wind then runs into the slow wind
to create a compression region. Conversely, where slow wind trails fast wind, a rar-
efaction region develops. If the pattern of fast and slow wind at the source surface is
stable over several solar rotations, then the interaction region is called a CIR since
the configuration is approximately stationary in the frame which corotates with the
Sun.
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The nature and strength of the interaction is determined by the local unit normal
to the interfacen (see discussion in Sect. 3 of Crooker, Goslinget al., 1999, in this
volume). The compression is due to the component of the difference in the fast
and slow wind velocities∆Ver in the n direction, ∆Vn � er , whereer is the unit
vector in the radial direction. The quantityjn � er j increases withr due to solar
rotation and spherical expansion. The compression increases the radial speed of
the interface to a value intermediate between the fast and slow wind speeds. When
the increased wind pressure in the compression region becomes large enough, it
drives a ‘forward’ shock into the slow wind and a ‘reverse’ shock into the fast wind.
Initially (at smallr) both shock normals are approximately in then direction. With
the geometry appropriate near solar minimum, the reverse shocks propagate into
the fast streams toward high latitudes, either north or south of the streamer belt. The
forward shocks propagate toward lower latitudes into the streamer belt. At larger
the reverse shocks may propagate substantially above the maximum latitude of the
original stream interface. It is noteworthy that Ulysses observed mostly reverse
shocks at latitudes above 35� (Gosling et al., 1995). For intermediate values of
jn �er j, both fast and slow flows are deflected at the stream interface, in opposite
directions, to acquire latitudinal and azimuthal velocity components within the CIR
between the forward and reverse shocks. These account for the E/W and N/S flows
observed in CIRs. These flows, and the shock strengths, may be interpreted as
resulting from conservation of momentum as the fast and slow streams collide.
Clearly the interaction is strong if the inclination of the stream interface to the
equator on the source surface is large. Thenjn �er j increases to�O(1) within �1–
2 AU as the Archimedes spiral wraps into the azimuthal direction. If the inclination
is small, the interaction region only develops at largerr due to the spherical expan-
sion of the wind. Any small wiggle in the stream interface at the source surface
creates an interaction region if fast wind trails slow wind, although it may be of
small spatial extent. The structure and numerical modeling of CIRs is discussed in
depth in the article by Gosling and Pizzo (1999).

Depending on the inclination and pattern of the HCS at the source surface, the
thickness of the streamer belt, and the location of the spacecraft, a spacecraft may
observe the full interaction region, including both shocked and unshocked slow and
fast wind, both shocks, and the HCS. At latitudes above that of the original stream
interface, it may observe only shocked and unshocked fast wind separated by the
reverse shock. Or at even higher latitudes it may observe no plasma signature of
the CIR. Of course more than one full or partial interaction region may be observed
with each solar rotation. During the first portion of the Ulysses trajectory to high
(southern) latitudes, the spacecraft encountered a relatively stable and very im-
pressive CIR, which it observed from early 1992 at�10�S to late 1994 at�80�S.
The signatures of the CIR, with 26-day periodicity, were observed through nearly
30 solar rotation periods. This sequence of 26-day periods of observation were
numbered sequentially and became the focus of the original workshops held at
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Elmau Castle. We begin this Chapter with Sect. 2 by Roelofet al.presenting three
of these periods: CIR 9 at�24�S, CIR 18 at�40�S, and CIR 25 at�60�S.

CIR 9 is characteristic of the periods which show the complete interaction re-
gion formed between fast wind from the southern coronal hole and the slow wind
from the streamer belt. It includes the shocked and unshocked streams, the forward
and reverse shocks bounding the compressed shocked flows, and the HCS. It also
shows the ions and electrons accelerated at the shocks; the reverse shock dominates
electron acceleration and the acceleration of ions to energies above�1 MeV/amu.
Finally, it reveals the modulating influence of the CIR on galactic cosmic rays
(GCR), which are suppressed in the CIR and trailing fast wind. CIR 18 is south
of the highest southern latitudinal extent of the stream interface; the only clear
plasma and field signature is a weak reverse shock. However, accelerated ions and
electrons are evident at the shock and extending into the region upstream of the
shock, and GCR are modulated in the vicinity of the shock. CIR 25 reveals no
clear plasma signature of the CIR. Nevertheless, it does show the clear presence
of a broad spatial extent of accelerated ions and electrons, and weakly modulated
GCR.

A major theme of the workshops and this chapter is the access of energetic
particles accelerated at the shocks bounding the CIR at lower latitudes to high
latitudes, well above any plasma signature of the plasma interaction. A related
question is the origin of the small but significant 26-day variation of galactic cos-
mic rays observed at the highest latitudes explored by Ulysses. According to the
simplest picture, magnetic fields lie on cones of constant heliographic latitude and
do not allow direct magnetic connection to high latitudes from the CIRs at lower
latitudes. The reverse shock does extend above the stream interface, but is weak
at these latitudes and is not expected to extend very high in latitude. In Sect. 3,
four ideas or constraints concerning the latitudinal transport of energetic particles
are presented. In Sect. 3.1 Fisk describes the possible direct magnetic connection
from Ulysses to a distant portion of the CIR at lower latitudes due to differential
rotation of the Sun and non-radial expansion of the fast wind from coronal holes. A
constraint on distant magnetic connection to account for the particle enhancements
is the energy loss suffered by particles in the solar wind as they propagate from the
CIR to Ulysses. In Sect. 3.2 Roelof presents a derivation of that energy loss rate
and finds that it favors electrons which are faster. Electrons would then be expected
to lag ions, as observed at high latitudes by Ulysses, since they can connect to more
distant portions of the reverse shock. Another possibility for latitudinal transport of
energetic particles and cosmic rays to high latitudes is diffusion perpendicular to
the average magnetic field due to the ‘random walk’ of field lines. This possibility
is explored by Kóta and Jokipii in Sect. 3.3. The origin of stochastic field lines in
the solar wind is discussed by Lou in Sect. 3.4.

In Sect. 4 we turn our attention to the observations of Ulysses in the northern
hemisphere, the CIR observed in 1996–1997, and a comparison between that CIR
and the CIR observed in 1992–1993 in the southern hemisphere. In Sects. 4.1 and
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4.2 Sanderson and Forsyth compare the inferred shape of the HCS at the source
surface during the north and south CIRs. The northern CIR occurs close to solar
minimum when the current sheet is weakly warped. Thus, we expect the CIR that
develops in the vicinity of Ulysses to be weak, and indeed the energetic particle
enhancements associated with the northern CIR are about two orders of magnitude
smaller than those associated with the southern CIR described earlier in the chapter.
In contrast, the inferred current sheet at the source surface during the southern
CIR is strongly warped, implying a strong CIR in the vicinity of Ulysses. Sander-
son and Forsyth show that in all cases the warps in the current sheet determine
the dependence of the CIR on helio-longitude, as expected. As the current sheet
evolves, so does the longitude of the CIR. In Sect. 4.3 Simnett, Roelof and Heber
describe the energetic electron and proton intensity increases during the northern
CIR. The enhancements are qualitatively similar to those in the southern CIR (peak
intensities associated with the shocks, electrons lag protons at high latitudes) but
much smaller.

In Sect. 5 McKibben describes the variation of galactic cosmic rays during the
northern CIR. The 26-day variation of the GCR extends to the highest latitudes.
An interesting global feature of the GCR observed during the fast latitude scan in
early 1995 is their dependence on heliographic latitude. Their intensity increases
symmetrically with increasing latitude but with a minimum intensity at a latitude
of �10�S, so that the intensity maximum in the northern polar regions is larger
than that in the southern polar regions. There is currently no explanation for this
offset.

2. Global Structure, Observations and Challenges to Theory

E. C. ROELOF, G. M. SIMNETT, T. R. SANDERSON, andH. KUNOW

2.1. INTRODUCTION

The Ulysses mission made its first southern pass during the declining phase of Solar
Cycle 22. It is in the decline of each solar cycle that transient activity diminishes
while the streamer belt shrinks towards the equator. This extends the boundaries
of the polar coronal holes (PCH) towards the equator. In fact, towards the end of
the decline to solar minimum, each PCH can actually cross the equator, forcing
the streamer belt to ripple into an equator-crossing sinusoid in latitude. The in-
teraction of the high-speed solar wind from the PCHs with the low-speed solar
wind from the streamer belt forms the recurrent CIR structure. After its Jupiter
flyby flung Ulysses out of the ecliptic in February 1992, it performed a surgical
cut in latitude through the three-dimensional configuration of the CIRs that were
well established in Solar Cycle 22. Ulysses made the transit to mid-latitudes at
helioradii that varied only from 5.3 AU on CIR 1 (June 1992) to 4.3 AU on CIR 18
(September 1993). We have a century of observations which demonstrate that the
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CIR structure is remarkably stable; this was established once the cause of 27-day
recurrent geomagnetic disturbances were demonstrated to be CIRs. Consequently,
Ulysses gave us an almost purely latitudinal slice at�5 AU of the approximately
time-stationary structure of the heliosphere during the declining phase of the solar
cycle. Even more fortunately, Ulysses carried a well-conceived complement of par-
ticles and fields instruments that could characterize its environment in terms of the
magnetic field, the solar wind plasma, and energetic particles from galactic cosmic
ray protons with energies>1 GeV down to CIR-associated�50 keV electrons and
ions.

In the following section these comprehensive measurements are presented and
interpreted.

2.2. OBSERVATIONS

As a result of the cooperation of the two workshops on CIRs convened at Elmau,
Germany, in 1996 and 1997, a standard one-page data format was developed to
represent each CIR from CIR 1 (June 1992) through CIR 36 (December 1994).
The data were measured by the Ulysses spacecraft on its first (southern) excursion
into the high-latitude heliosphere. These plots were constructed by C. Tranquille of
ESA/ESTEC and archived in the Ulysses Data System. The 26-day time-ordered
format displays the history of mostly one-hour averages for a wide range of ener-
getic particle, plasma and magnetic field parameters measured by Ulysses, which
characterize the dynamics of each CIR. Details of the Ulysses intrumentation may
be found in the special volume ofAstron. and Astrophys.92, 207–440, 1992.

Examples of the one-page 26-day summaries are presented in Figs. 1, 2, and
3 for representative CIRs 9, 18, and 25, respectively. The abscissa is triply la-
beled by day of year (with the date of the start of each rotation indicated on the
left), heliocentric distance (in AU) of Ulysses, and Ulysses latitude (in degrees).
The time resolution of the data is one hour (with one obvious exception). The
top panel shows unidirectional differential intensities of ions (HI-SCALE), be-
ginning at 61–77 keV, jumping to 207–336 keV, and then extending to protons at
0.48–0.97 MeV. The series is continued with protons (COSPIN/LET) 1.2–2.0 MeV
and 8–19 MeV. These energies cover a proton velocity range of a factor of 20
(0:01< β < 0:20). The second panel depicts the percentage modulation of 0.25–
2 GeV (0:60 < β < 0:94) galactic cosmic ray protons (COSPIN/KET) in daily
averages de-trended from the effects of the monotonic latitudinal gradient. The
third panel is devoted to four electron channels (HI-SCALE) covering the range
30–300 keV, corresponding to 0:34< β < 0:80. All the energetic particle channels
contain instrumental backgrounds that have not been completely subtracted (as
indicated where the traces are horizontal). Thus the top three panels depict the
behavior of CIR-associated energetic particles whose velocities vary by a factor of
nearly 100.
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Figure 1.CIR 9 as observed by Ulysses in January 1993 at a distance of�5 AU and 24� heliolatitude.
Forward and reverse shocks during the 26 day period from January 14–February 09 are marked.Panel
No. from top:(1) Proton fluxes of various energy channels observed by HI-SCALE and COSPIN. (2)
Modulation dependent high energy proton channel (250 MeV–2 GeV) showing CIR related modu-
lation (daily averages). (3) CIR related electron increases in various energy ranges observed by the
HI-SCALE experiment. (4) Solar wind temperature and density. (5) Solar wind speed. (6) Magnetic
field elevation. (7) Magnetic field azimuth. (8) Magnitude of magnetic field (HED experiment). All
data points are hourly averages except for daily averages in Panel No. 2.
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Figure 2.CIR 18 as observed by Ulysses in September 1993 at a distance of 4.3 AU and 40� south
heliolatitude. Averages of observations are plotted from September 5–October 1, 1993. For details
see caption of Fig. 1.

The plasma (SWOOPS) and magnetic field parameters (HED) form the low-
est 5 panels: solar wind density (cm�3) and temperature (K), and radial velocity
(km/s); and magnetic field magnitude (nT) and directions (θ andφ in degrees) in
RTN coordinates (θ is latitude measured from the R–T plane andφ is longitude
in the R–T plane measured from the negative T direction). Vertical dashed lines
indicate shocks identified by Baloghet al. (1995a) up until day 335 of 1993;
thereafter they represent reverse waves (that have not formed shocks).
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CIR 9, shown in Fig. 1, is representative of the strong CIRs seen as Ulysses
was about to leave the streamer belt and rise above the heliospheric current sheet.
Note that positive polarity (away from the Sun) was only observed for one 3-day
stretch (days 17–20), while the remainder of the polarity was negative (towards
the Sun). The southern polar coronal hole exhibited negative magnetic polarity
during the decline of Solar Cycle 22. The solar wind exhibits the wide range of
velocities experienced in this transition region:�400 km/s in the streamer belt
to �800 km/s in the polar hole stream. This factor-of-two variation produces the
strong forward and reverse shocks on days 20 and 22, respectively, that bound the
magnetic compression region of the CIR (also clearly identifiable in the enhanced
density and temperature).

Burtonet al.(1996) have identified these boundary-layer shocks as super-critical.
Low-energy ions have comparable peaks downstream of both forward and reverse
shocks, but>1 MeV protons,>30 keV electrons, and the modulation of�1 GeV
galactic cosmic ray protons respond much more strongly downstream of (preced-
ing) the reverse shock. All particle species are affected a few days upstream of
(before) the forward shock, but the particle effects extend a good 10 days upstream
of (after) the reverse shock. Note that all the ions and electrons in the top two panels
decay at roughly the same rate. In this decay phase, the distance from Ulysses to
the reverse shock along the interplanetary field lines is steadily increasing as the
shock corotates away from Ulysses.

Contrast CIR 9 at 24�S with CIR 18 at 39�S, as shown in Fig. 2. Now Ulysses
is wholly in the southern polar high speed stream. The only signature of the CIR
in the plasma data is a small reverse shock late on day 261 (only 3 more reverse
shocks were identified after CIR 18). Yet the CIR signature is still clear in the ener-
getic particles and galactic cosmic ray protons. However, the<100 keV ions now
decay much more rapidly than the 8–19 MeV protons (which peak a day after the
reverse shock). The 30–300 keV electrons reach their maxima many days after the
reverse shock, and then their intensities decay very slowly. This lag of the�50 keV
electron intensity maxima several days behind that of the�1 MeV protons appears
abruptly after CIR 13 and persists to the highest latitudes at which the protons are
measurable above instrument background (CIR 28 at 67�S).

These patterns become even more exaggerated when we examine CIR 25 at
56�S in Fig. 3. Now there is only a weak reverse wave (day 69) formed by a
�100 km/s variation in the solar wind velocity. Nonetheless, all particle species
show strong variations, although the maxima (or GCR minimum) are many days
after the wave. The low-energy ions decay rapidly, while the 1.2–2 MeV protons
and the 30–300 keV electrons have a remarkably symmetrical time (longitude)
dependence that extends over most of the rotation (270�). Simnettet al. (1995b)
showed that the H/He ratio (not shown) measured at 0.35–1.0 MeV/amu decreased
steadily following the reverse wave, reaching values<10 at about the time of the
electron intensity maximum.
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Figure 3. CIR 25 as observed by Ulysses in March 1994 at a distance of 3.5 AU and 56� south
heliolatitude. Averages of observations are plotted from March 4–March 31, 1994. For details see
caption of Fig. 1.

Note that the phase of the particle maxima (or GCR minimum) for each species
has remained almost the same in rotations 9, 18, and 25, even though Ulysses has
climbed from 24�S up to 56�S and decreased its helioradius from 5.0 to 3.5 AU over
3/4 of a year. Although the shapes of the intensity histories of each species have
evolved over the solar rotations, examination of the traces in the top two panels of
Figs. 1, 2, and 3 shows a systematic ‘morphing’ of the shape of the uppermost trace
(61–77 keV ions withβ= 0:01) into that of the lowermost (165–300 keV electrons
with β = 0:80). Thus, on any given rotation from CIR 9 to CIR 25, the energetic
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Figure 4. Difference in time between 12 hour mean maxima of�1 MeV/amu ions and electrons
(positive times correspond to ions arriving first). No value plotted for CIR 15 as it was distorted by a
transient solar energetic particle event. The value for CIR 23 was determined by measuring the shift
between the centroid at half the maximum values (from Sayle and Simnett, 1998).

particle behavior is systematically ordered by the particle velocity. We shall see in
Sect. 3 below that the dominant trends in these energetic particle time histories can
be explained as the consequence of remote magnetic connection of Ulysses at high
latitudes to the CIRs that exist at lower latitudes, combined with the inescapable
process of particle energy loss due to organized magnetic gradient and curvature
drifts in the solar wind electric field (see Sects. 3.2 and 3.3).

One remarkable trend in the energetic particle data that has very strong impli-
cations for the nature of the global magnetic field configuration is displayed in
Fig. 4 from Sayle and Simnett (1998). We mentioned in our description of CIR 18
the abrupt appearance after CIR 13 of the lags of the�50 keV electron intensity
maxima behind those of the�1 MeV protons. It is evident from Fig. 4 that lags as
great as 4 days were already observed by CIR 17 (37�S), whereas from CIR 2 up
to CIR 13 (30�S), no lags were observed. Therefore, this abrupt effect, indicative
of remote magnetic connection from Ulysses to the CIRs, appears suddenly within
a latitude interval of only 7�.
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Figure 5.Maximum amplitudes of CIR accelerated protons and electrons and CIR modulated galactic
protons from mid-1992 through mid-1994 (from Heberet al., 1999).

Another striking correlation between diverse particle species is displayed in
Fig. 5 from Heberet al. (1999). It compares the normalized intensity maxima of
1–3 MeV protons (COSPIN/LET), 3.5–6.8 MeV oxygen (EPAC) and 40–65 keV
electrons (HI-SCALE) with the maximum amplitude of the 0.25–2.2 GeV galactic
cosmic ray protons (COSPIN/KET). Maxima are plotted for CIRs 1 through 27
(13�S to 63�S). The energetic particle intensities are not correlated with the GCR
amplitude until Ulysses begins to depart the streamer belt and to enter the southern
polar high-speed stream around CIR 13 (30�S). From then on, right up to the high-
est latitudes where the energetic particles can be measured, their intensity maxima
track those of the GCR 26-day amplitude. This correlation exists among particles
whose magnetic rigidities (the usual parameter of galactic cosmic ray modulation
theory) vary over a range of 0.18 to 880 MV/c (which is a factor of almost 5000).

A final observational correlation can be seen in Fig. 1. Comparing the history of
the 61–77 keV ion intensities (top panel) between the forward and reverse shocks
(day 20–22) with that of the solar wind plasma temperature (fourth panel down)
shows they are quite similar. Incidentally, with respect to the relationship between
energetic particle intensities discussed by D. S. Intriligator in Crooker, Goslinget
al. (1999), there are three stream interfaces in CIR 9 (Wimmer-Schweingruber
et al., 1997): two fall in the two intensity (temperature) local minima, and the
third is later. The top panel of Fig. 1 reveals that the highest energy protons are
unaffected by the second and third stream interfaces. Ogilvie and Roelof (1999)
have made detailed temperature/intensity comparisons for CIRs 5–13, and they
find in the strongest CIRs (e.g.those with supercritical reverse shocks) that a good
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Figure 6.Ion fluxesvs.proton temperatures for CIR 7 following the forward shock (a) and preceding
the reverse shock (b).

correlation exists between the logarithm of the 61–77 keV ion intensity and the
logarithm of the plasma temperature. An example is shown in Fig. 6 for CIR 7.
More complete particle and plasma data for this CIR are given in a figure of the
article by Crooker, Goslinget al. (1999). On the scatter plot of Fig. 6, hourly
averages of the temperature are plotted against the 61–77 keV ion intensity (plotted
as dots). The intensities of 0.6–1.1 MeV protons are also plottedvs. temperature
(as plusses). Two time periods are plotted; first, between the forward shock and the
stream interface; and second, between the stream interface and the reverse shock.
Note that the particle intensities vary by a factor of�30. The general result of
Ogilvie and Roelof (1999) is that the temperature correlation is best at the lower
energies and prior to the reverse shock. Without going into their explanation in
terms of the shock acceleration mechanism, one can draw a model-independent
conclusion. The ions that are first seen following the stream interface must have
traveled from the reverse shock to Ulysses along magnetic lines with velocities
about ten times greater than the plasma velocity. On the other hand, the tempera-
ture is a parameter that is transported with the solar wind, and it must carry with
it the signature of the shock heating (decreased in a calculable way by adiabatic
cooling en route). However, the plasma also carries the magnetic field line with
it. In a corotating frame, both the plasma and the energetic particles follow the
field line; the particles just move along it faster than the plasma. Therefore, if there
is a correlation between plasma temperature and energetic particle intensity, there
cannot be any significant transverse transport of the energetic ions within the CIR
between the reverse shock and the spacecraft.

2.3. OBSERVATIONAL CHALLENGES TO THEORY

The following salient observational points characterize the phenomenology of CIRs
as manifested in measurements of the magnetic field, solar wind plasma, galactic
cosmic ray protons, and low-energy ions and electrons. Not only do the striking
inter-relationships among these diverse measurements demand explanation, their
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latitude dependence has profound implications for the three-dimensional structure
of the heliosphere during the declining phase of the solar cycle.
� Continuation to highest latitudes of: 26-day recurrent modulation of�1 GeV

galactic cosmic ray protons and�50 keV electron events (in relative phase
with each other). Phase of�50 keV electron maximum consistent with a
cylindrical (latitude-independent) corotating structure (Roelofet al., 1996).

� Lag of �50 keV electron maxima 1–4 days behind�1 MeV proton max-
ima suddenly appears at mid-latitudes�32�S on CIR 14 (Sayle and Simnett,
1998).

� Sudden change in 26-day GCR modulation amplitude, also above�30�S
(Heberet al., 1999).

� Diminution of�1 MeV proton and�50 keV electron intensities by a factor
�10�4 with increasing southern latitude 25�S–80�S.

� H/He ratio at�1 MeV/amu is<10 near the reverse shock (vs. 20 for solar
energetic particles) (Simnettet al., 1995b).

� Nearly symmetrical longitude (time) profiles extending over almost 360� in
26-day recurrent modulation of�1 GeV GCR protons and�50 keV electron
events.

� Amplitude of 26-day GCR modulation correlated with GCR latitude gradient
(Kunow et al., 1997; Zhang, 1997).

� Amplitude of 26-day GCR modulation correlated with maximum intensities
of �50 keV electrons and�1 MeV protons (Heberet al., 1999).

� Highest intensities of�50 keV electrons and�1 MeV protons associated with
the reverse shock (when shocks can be observed< 45�S), rather than the
forward shock.

� Energetic ion intensities (50 keV–5 MeV) exhibit minima between forward
and reverse shock (sometimes in vicinity of stream interface).

� At strongest CIRs (20�S–30�S), solar wind plasma temperature is correlated
logarithmically with the intensity of 60 keV ions and 1 MeV protons down-
stream of shocks (best correlation between stream interface and reverse shock).

2.4. DISCUSSION

Let us see how the theoretical explanations of the following sections (and those
of other chapters as well) fare in addressing the patterns summarized immediately
above in Sect. 2.3.
1. High-latitude particle events and GCR modulation imply remote magnetic con-

nection. This requires drastic modification of the Parker Archimedean spiral
field. Fisk (Sect. 3.1) and Kóta/Jokipii (Sect. 3.3) offer distinctly different
models that are deterministicvs.stochastic (respectively).

2. No explanation is offered for the sudden appearance of electron lag at�32�S.
3. No explanation is offered for the sudden change of the GCR modulation am-

plitude at�32�S.
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4. Diminution of particle intensities with increasing latitude is consistent with an
energy-loss mechanism that depends only on velocity (but is mass- and charge-
independent). This agrees with the theory of Roelof (Sect. 3.2) and calculations
of Kóta/Jokipii (Sect. 3.3).

5. H/He ratios<10 are consistent with a large contribution of accelerated pickup
ions (Gloeckler, 1996).

6. Symmetrical high latitude electron and ion profiles are implied by the Fisk
model connection (Fig. 7), but this has not been combined with energy loss
calculation to demonstrate quantitative agreement with data.

7. Zhang/Simpson offer a theory for the GCR amplitude/gradient relationship
(McKibben, Jokipiiet al., 1999).

8. No explanation offered for the correlation between GCR modulation and low-
energy ion increases. Correlations have been observed for decades in the eclip-
tic between Forbush decreases and energetic storm particle ion events (al-
though electron increases were rarely observed).

9. Giacalone and Jokipii (1997) offered a simple explanation for the reverse shock
being more efficient than the forward shock (seed particles have higher up-
stream energies because of the higher solar wind velocity at the reverse shock).
However, no shock acceleration theory published so far explains all the details
of shock-associated ion spectra (Desaiet al., 1999; Fisk and Lee, 1980).

10. The conjecture by Siscoe and Intriligator (1993) (put forward and subsequently
rejected in their original study) was that the stream interface, comprising un-
shocked plasma, should be a ‘gap’ in energetic ions accelerated at the forward
shock and the reverse shock. (This is discussed in Crooker, Goslinget al.,
1999, by Intriligator.) However, many CIRs do show gaps, as predicted.

11. The correlation of plasma temperature with energetic ion intensities on an
hour-by-hour basis (Ogilvie and Roelof, 1999) is consistent with the original
‘gap’ conjecture of the low-energy particle intensity minimum in the vicinity of
stream interface(s). However, this correlation is clearest only for the strongest
(mid-latitude) super-critical shocks.

3. Remote Connection of Particles at High Latitudes to CIRs

J. KÓTA, L. A. FISK, J. R. JOKIPII, Y.-Q. LOU andE. C. ROELOF

There have been several ideas proposed to explain the particle transport from the
CIRs at low latitudes to Ulysses at high latitude. The possible mechanisms out-
lined below are not mutually exclusive; a combination of these may occur. Further
studies are needed to explore the quantitative contribution from these phenomena.
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3.1. LATITUDE TRANSPORT BYDIRECT MAGNETIC CONNECTION

L. A. FISK

The ability of low-energy particles to propagate from CIRs near the equatorial
plane to high heliographic latitudes would obviously be greatly facilitated if there
was a direct magnetic connection from low to high latitudes. In a standard Parker
model for the heliospheric magnetic field, such direct connection is prohibited
since the field lines lie on cones of constant latitude. However, as was pointed out
by Fisk (1996), the interplay between the differential rotation of the photosphere
and the non-radial expansion of the solar wind from more rigidly rotating polar
coronal holes can lead to large excursions of the heliospheric magnetic field in
latitude. In an introductory paper to this volume, Fisk and Jokipii review the model
of Fisk (1996), describe its basic assumptions, and provide some illustrative field
configurations. The basic consequence of the model is that the heliospheric mag-
netic field acquires a systematic component in the polar direction, which results in
direct magnetic connection from low to high latitudes.

In this section, we explore the consequences of the model of Fisk (1996) for the
observed properties of energetic particle events seen at high latitudes. The prop-
erties, with which the model should be consistent, include: the attenuation of the
particle intensity with latitude, the observed behavior with longitude, including the
asymmetry in the intensity in longitude, and phase differences between electrons
and protons.

Shown in Fig. 7, from Zurbuchenet al. (1999) and repeated from Fisk and
Jokipii (1999), are the heliocentric radial distances at which a field line from a
given latitude and longitude on the Sun (following the non-radial expansion) will
cross a heliocentric latitude of 30�, i.e.will enter into the region where CIRs occur.
This calculation assumes a simple model for the excursions of the magnetic field
lines at the Sun, in which these excursions are circles offset from the rotation axis,
as is described in Zurbuchenet al. (1997). The actual distance along the field
line is, of course, much longer than the heliocentric radial distance, since the field
follows the general spiral pattern. Within the first 15 AU in radial distance from
the Sun, the distance along the field is approximately twice the radial distance; at
larger radial distances, the distance along the field is a larger multiple.

Ulysses would observe the various longitudes in Fig. 7 by traversing from right
to left; the longitudes are defined relative to the rotating Sun and are of arbitrary
phase. Thus, when Ulysses passes through the longitude region around 200�, field
lines at all latitudes are at their point of closest approach in connection distance to
the CIR.

We should expect then in this model, as is observed, that the longitudinal phase
of energetic particle events generated by acceleration at the CIRs, or for that matter
galactic cosmic ray modulation resulting from the CIR, is essentially independent
of latitude. Moreover, the intensity variation with latitude should be approximately
correct. The mean free path of low-energy particles in the heliosphere is�1 AU.
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Figure 7.The heliocentric radial distance at which a field line from a given latitude and longitude
crosses 30� north latitude,i.e. enters the region where CIRs occur. The longitude scale is fixed on
the rotating Sun, and is of arbitrary phase (after Zurbuchenet al., 1999, see also Fig. 5 of Fisk and
Jokipii, 1999, in this volume).

Thus, for low-latitude field lines, which connect within 5–10 AU in radial distance,
or 10–20 AU along the field lines, there is attenuation due to scattering and adia-
batic deceleration, but it is not extensive. For higher latitude field lines, the distance
along the field line to the CIR increases to�30 AU, and the attenuation due to
scattering and adiabatic deceleration is considerably greater. Indeed, high latitude
events can be four orders of magnitude smaller than their low-latitude counterparts
(Roelofet al., 1997).

There is also an interesting asymmetry in Fig. 7. As Ulysses traverses from right
to left, the onset of field lines that have a reasonable connection distance to the
CIR region is quite abrupt. However, as Ulysses continues to traverse in longitude,
the increase in connection distances, to where it is no longer reasonable to expect
that energetic particles from the CIR can be observed, is fairly gradual. We should
thus expect that the onset of the observed energetic particle events would be more
abrupt than their decay, and indeed that is observed (Simnettet al., 1995a). Such
asymmetry may be difficult to account for in models in which the latitude transport
is due primarily to cross-field diffusion, since in such a process a more symmetric
profile might be expected.

The actual profiles that should be observed for electrons and protons will depend
on a number of competing effects. The intensity of accelerated particles at the
shocks surrounding CIRs should, at least initially, increase with heliocentric radial
distance as the CIR develops. Thus, as field lines connect to the CIR further out
in radius, the intensity should tend to increase. Scattering along the field lines and
adiabatic deceleration will have the opposite effect of decreasing the intensity. This
reduction should be stronger for protons than for the more mobile electrons. Thus,
as Ulysses moves across Fig. 7 from field lines that have short connection distances
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to the CIR to field lines with longer connection distances, it should see the proton
peak first, followed by the electron peak, as is observed (Simnettet al., 1995a).

Conceptually, then, there are a number of aspects of the model for the helio-
spheric magnetic field with footpoint motion that are consistent with the obser-
vations of energetic particles in CIRs. However, it should be noted that, in this
discussion of the behavior of the energetic particle events with longitude, the model
used is quite simple. We consider that a field line which connects below 30� in
latitude will encounter the CIR and be able to acquire energetic particles acceler-
ated at the CIR. In fact, CIRs have considerable variation in longitude and radial
distance. There is a difference between the ability of the forward and reverse shocks
to accelerate particles, with the latter generally a better accelerator. There is con-
siderable structure both in longitude and latitude as high- and slower-speed solar
wind interact. A detailed modeling of the field configuration in a realistic three-
dimensional solar wind, and its consequences for energetic particle propagation to
high latitudes, is required.

3.2. ADIABATIC ENERGY LOSSES OFCHARGED PARTICLES

E. C. ROELOF

Clearly the rate of energy loss of particles propagating from a distant point on the
CIR to the inner heliosphere will determine in part their observed intensity at a
given energy. Northrop (1963) summarized the equations governing the motion of
a charged particle in the adiabatic (guiding center) approximation for the case when
the transverse electric field is ‘small’,i.e., when the electric field drift velocityuE =�
c=B2

�
E�B is much smaller than the particle velocityv = vkb+ v?+dR?=dt.

Here v? describes the gyration of the particle about the guiding center motion
R(t). The time rate of change along a particle’s trajectory of its kinetic energy
T = (m�m�)c2 = (γ�1)m2

� is given by
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whereb = B=B is the magnetic field unit vector, and the total derivative d=dt =
∂=∂t +(vkb+uE)�∇ is taken along the guiding center trajectory (neglecting addi-
tional drift terms that are much smaller than the electric field drift). The dominant
term in d=dt is vkb�∇, except during the short time intervals when the particle is
mirroring andvk! 0. After some vector algebra we obtain
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wgb2308.tex; 2/09/1999; 21:38; p.18
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where smaller terms have been neglected. The terms inside the brackets become
the familiar ‘gradientB’ and ‘curvature’ drift velocities if they are divided by
qB=c. Now let us divide (3) byT and note thatmv2=T = γβ2=(γ�1) = (γ+1)=γ.
Introducing the pitch cosineµ, we then obtain

γ
γ+1

dlnT
dt

=
1�µ2

2
∂ lnB

∂t
+uE �

�
(1�µ2)

2
∇ lnB+µ2b �∇b

�
(4)

where we have omitted theEk term because parallel electric fields are usually small
once the solar wind escapes the corona.

The remarkable property of Eq. 4 is that theRHS does not depend on anyprop-
erties of the particle – not charge, not mass, not even velocity. The only velocity-
dependent term isγ=(γ+ 1) on the LHS, and this varies extremely weakly with
velocity, beginning at 1/2 for non-relativistic particles and approaching 1 for ex-
tremely relativistic particles. Equation 4 states that the instantaneousfractional
time rate of change of energy forany particle undergoing guiding-center motion
depends only on thelocal properties of the solar wind and magnetic field. The
reason, then, that 50 keV electrons (β = 0:4) lose far less energy than 50 keV/amu
ions (β = 0:01) while traveling from a distant CIR connection to Ulysses at 5 AU
is that the 50 keV/amu ions take longer to make the transit. Because the fractional
loss rate of energy is the same for both the electrons and the ions, the particle that
spends the least time in a given region loses the least energy. We can demonstrate
this quantitatively with the following computation.

Beyond 5 AU,uE becomes just the solar wind velocityV =V (r=r) and reason-
able approximations for a low-latitude spiral magnetic field give∇ lnB�= b �∇b�=
�r=r2. For the following discussion we will neglect the explicit time dependence
of the magnetic field (∂B=∂t �= 0), so that substitution in the non-relativistic limit
(γ = 1) of Eq. 4 yields

dlnT
dt

�=�
V
r

�
1+µ2�!�

4V
3r

(5)

when one averagesµ2 over an isotropic pitch-angle distribution. This is the usual
expression given for what is called ‘adiabatic deceleration’ in the diffusion convect-
ion formulation of cosmic ray transport. Note, however, that we have obtained this
result from guiding center motion for the particle, without introducing pitch-angle
scattering. Weak scattering would tend to isotropize the pitch-angle distribution,
leading to



µ2
�
= 1=3. However, for any value ofµ2 < 1, �2V=r < dlnT=dt <

�V=r, so the actual pitch angle distribution makes no more difference than a factor
between 3=4 and 3=2 times the adiabatic rate.

Let us now examine the effect on a non-relativistic particle traveling from some
initial position r1 to another oner2 along guiding center trajectoryr(t). If the
particle does not mirror along the trajectory, then the fractional energy loss can
be expressed as a single-valued function of distance through the relation dr=dt =



240 H. KUNOW, M. A. LEE ET AL.

(µvb+uE) � r=r. For a local Parker spiral beyond�3 AU, dr=dt �= µvV=Ωr sinΘ+
V, so that

dlnT
dr

=
dt
dr

dlnT
dt

=
r
V

dlnT
dt

��
r +

µβc
ΩsinΘ

�
(6)

Examination of Eq. 4 shows that for any but the highest latitudes the dominant
dependence of d(lnT)=dt ∝ (�V=r), so the numerator in Eq. 6 should be a weak
function F of r andµ where(�F) is of order unity. In the denominator, the nu-
merical factorc=Ω = 26 days� c=2π = 714AU determines the character of the
dependence onβ. Non-relativisticallyT ∝ β2, so we can rewrite Eq. 6 as

1
β

dβ
dr

=�
F(r ;µ)

r +µβ(714AU=sinΘ)
(7)

where we have takenb to have positive (outward) polarity, soµ> 0 indicates a
particle propagating outward. In order to integrate Eq. 7 forβ(r)we need to specify
how µ depends onr as well as the equation of the field lineΘ(r). One choice
could be scatterfree propagation with 1�µ2 ∝ B(r). Just for the purpose of rough
estimation, however, let us treatF and µ as constants. Then the extreme (non-
relativistic) limits are:
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In the high energy case, Equation 8, the decrease in velocity∆β is roughly pro-
portional to the change in radius∆r (the sign ofµ properly accounting for inward
or outward propagation). On the other hand, in the low energy case, Equation 9,
the field-aligned motion of the particle contributes little compared to the convec-
tion of the field line radially outward at the solar wind velocity. The particle is
swept outward (even though its parallel velocity may be inward) and it ‘cools’ as
a power-law in distance. In the isotropic case we described under Eq. 5, where
(1=2)dlnT=dt = �2V=3r so thatF = 2=3, we recover the well-known ‘adiabatic
cooling’ law v ∝ r�2=3 or T ∝ r�4=3. To reiterate an essential point: the results
of these estimations depended only on the initial positions and velocities of the
particles, but not on their mass or their charge. The results hold for all species and
charge states of ions, as well as for electrons.

3.3. RANDOM CONNECTION – PERPENDICULAR DIFFUSION

J. KÓTA andJ. R. JOKIPII

As mentioned in the previous paragraphs, adiabatic cooling occurs even for scatter-
free transport; curvature drifts move the particles against theV�B electric field.
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Figure 8.Energy spectra at 1, 10, and 15 AU obtained from a spectrum imposed at 15 AU (dashed
line). The left panel shows scatter-free propagation (solid lines) and hemispherical scattering (dotted
lines). The right panel shows the resulting spectra at 1 AU for the mean free path values of∞, 7, 3.5,
and 1.5 AU.

The transit time and thus the net cooling and reduction of flux can increase by a
significant factor if scattering is not negligible. The transport of energetic parti-
cles, including convection, adiabatic focusing, cooling or acceleration, and random
pitch-angle scattering, is described by a Fokker-Planck equation, which is equally
applicable for low or high rates of scattering (Skilling, 1971; Isenberg, 1997; Kóta
and Jokipii, 1997).

Figure 8 shows some illustrative examples on the reduction of ion fluxes due
to adiabatic cooling when scattering is included. AnE�3 spectrum is imposed
at 30o latitude, 15 AU from the Sun to represent CIR-accelerated particles, then
the distribution resulting along the spiral field line is computed. The left panel
(a) shows the spectra obtained for scatter-free propagation (solid lines) and for
strong hemispherical scattering, with no scattering throughµ= 0 (dotted lines),
respectively. Substantial modulation occurs in both cases. Standard diffusion mod-
els, which would giveκk! ∞ and no modulation, are inapplicable to these cases.
Hemispherical scattering, which corresponds to an effective speed of half the parti-
cle speed along the field line, results in longer transit times, and larger modulation.
Figure 8a also indicates that most of the cooling and flux reduction takes place
between 10 and 15 AU, where field lines are more tightly wound.

The right panel (b) shows the resulting spectra at 1 AU for various scattering
mean free paths,λ. λ = 1:5 AU results already in a� 104 factor of reduction.

This adiabatic cooling may account for the decrease of the magnitude of ion
events at high latitudes (Simnettet al., 1995a; Sandersonet al., 1995). At the
same time, these considerations may set a lower limit for the scattering mean free
path and/or an upper limit for the heliocentric radius of the CIR where acceleration
takes place.
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The same rate of adiabatic cooling, averaged over pitch angles, appears in Par-
ker’s equation if particle transport is diffusive. Diffusion across the mean field
may shorten the path particles have to travel. Also, connection to CIRs closer than
15 AU may become possible if random walk of the field lines is significant.

The continued appearence of low-energy ion and electron events at high lati-
tudes can be understood in terms of random latitudinal transport due to the ran-
dom walk of field lines (which does not exclude the possibility of an additional
organized latitudinal motion). Figure 9 shows the results of a model simulation
(Kóta and Jokipii, 1998) for� 0:7 MeV protons and� 70 keV electrons, assuming
considerable perpendicular diffusion (κ?=κk in the 0.02–0.05 range). Accelerated
spectra of ions and electrons are imposed as sources at shocks and compression
regions, then the transport of these particle populations is followed in the simula-
tion, including convection, diffusion, drifts and further acceleration or deceleration.
Results indicate that, for reasonable values of perpendicular diffusion, low-energy
CIR-accelerated particles can be expected to appear at high heliographic latitudes.
The effect is more pronounced if perpendicular diffusion is enhanced in the latitu-
dinal direction as suggested by Jokipii (1973).

The lower panel of Fig. 9 indicates that the phase shift between the ion and elec-
tron events observed by Ulysses at high latitudes (Simnettet al., 1995a; Simnett
and Roelof, 1997) is a natural consequence of the model. Slow ions are effectively
convected outward by the solar wind, thus only the ions accelerated close to the
Sun are able to reach Ulysses at high latitudes; this results in peaked events with
diminishing magnitudes. Electrons, on the other hand, are mobile and can reach
Ulysses from a larger area, which explains their longer duration in time. The time
lag may be interpreted in terms of a velocity shear between lower and higher
latitudes (Kóta and Jokipii, 1998).

3.4. RANDOM-PHASED WAVY SPIRAL MAGNETIC FIELDS IN SPACE

Y.-Q. LOU

Ulysses observations revealed a remarkable fact that periodic solar modulation
(�26 days) of cosmic rays and energetic particles accelerated by CIR shocks at low
latitudes (within�35�) in the magnetized solar windpersistto high heliographic
latitudes with decreasing strengths (Simpsonet al., 1995; Keppleret al., 1995;
Lanzerottiet al., 1995). Two immediate questions come to mind. First, why should
cosmic ray fluxes at high latitudes be modulated by low-latitude CIR shocks? Sec-
ond, how do energetic particles accelerated by CIR shocks reach higher latitudes,
given a mean spiral magnetic field in the heliosphere? Here, we present a scenario
of random-phased wavy spiral magnetic fields (over a wide frequency range) in
the solar wind (see Fig. 10 and Lou, 1996) and explain in physical terms how
globalsolar modulation of cosmic rays and energetic particles works. For a detailed
analysis of wavy spiral magnetic fields, one is referred to Lou (1994) on Alfvénic
fluctuations in the solar wind with a mean spiral magnetic field.
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Figure 9.Simulated variations of� 0:7 MeV proton and� 70 keV electron fluxes along the trajectory
of Ulysses around the southern polar pass. The lower panel shows a shorter period in early 1994 to
emphasize the phase shift between electrons and ions. A dash in the bottom panel is to indicate a
3-day period.

Ulysses observations (Baloghet al., 1995b) confirmed the ubiquitous presence
of random fluctuations of large-amplitude transverse magnetic field in the polar
heliosphere (Jokipii and Kóta, 1989; Hollweg and Lee, 1989; Roberts, 1990; Lou,
1992; 1993) and, as a result, the more or lessisotropic distribution of the mean
cosmic ray flux intensity in the heliosphere (Simpsonet al., 1995). Given this
overall isotropic cosmic ray flux, one can see consequences of CIR shocks. As
a spacecraft is submergedinside a CIR shock, much enhanced magnetic fields
therein bend and shield off cosmic rays to yield a much reduced flux intensity. At
a higher latitude just outside a CIR, the spatial extent of the CIR subtends a huge
solid angle (nearly a half space) towards a spacecraft; the spacecraft still receives a
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An Illustrative Sketch
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Figure 10.Schematic illustration of latitude excursions of wavy spiral magnetic fieldlines in relation
to heliospheric current sheet latitude extent.

significantly reduced cosmic ray flux. As a spacecraft ascends to higher latitudes,
low-latitude CIRs subtend smaller solid angles towards the spacecraft and thus CIR
modulations of cosmic rays become progressively weaker.

As shown in Fig. 10, it is possible for an individual large-amplitude wavy spiral
magnetic field line to directly connect high- and low-latitude regions. When lower
portions of a magnetic field line dip into low-latitude CIRs, shock-accelerated
energetic particles can readily climb up to higher latitudes. For an ensemble of
wavy spiral magnetic field lines in interplanetary space, one would expect a ran-
dom distribution in space and time of phases and amplitudes among individual
wavy magnetic field lines. In this manner, energetic particles generated by CIR
shocks can propagate to higher heliographic latitudes more or less following the
solar modulation period of�26 days (Keppleret al., 1995; Lanzerottiet al.,
1995). Meanwhile, cross-field diffusion should be effectively enhanced as a result
of randomness (Kóta and Jokipii, 1995). This naturally explains why modulation
of cosmic rays and energetic particles should anticorrelate with each other at all
latitudes. Since Alfvénic fluctuations are transverse and incompressible, wavy spi-
ral magnetic fields will not produce conspicuous compressions in the persistently
fast polar solar wind and the wind advects these fluctuations radially outward. In
the above description, the presence of a randomly fluctuating spiral magnetic field
in space is essential.

As to the origin of random fluctuations of transverse magnetic fields in the solar
wind, there are several possible sources. Granule and supergranule motions over
the solar surface can give rise to wave fluctuations (Jokipii and Kóta, 1989) with
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time scales ranging from minutes to days. Energetic events, such as coronal mass
ejections and solar flares, and the opening of closed magnetic field regions can
certainly produce magnetic field fluctuations in the solar wind (Reineret al., 1995).
Here, we emphasize that the interfaces at� �35� between the persistently fast
polar solar wind (�700 km/s) and the low-latitude periodically varying solar wind
embedded with CIRs will inevitably suffer Kelvin-Helmholtz (KH) instabilities (cf.
Chandrasekhar, 1961). The mean spiral magnetic field is roughly perpendicular to
the radial solar wind and thus cannot suppress such KH instabilities. As a result,
large-amplitude Alfvénic fluctuations with low frequencies and long azimuthal
wavelengths in spiral magnetic fields can be sustained along the interfaces by pe-
riodically varying shears in solar wind speeds (Lou, 1996). In particular, magnetic
field fluctuations should be stronger along those portions associated with CIRs
because of stronger shears.

4. Comparison of the CIRs Observed by Ulysses in the Southern and
Northern Heliosphere

4.1. THE INFLUENCE OF THECURRENT SHEET ON THERECURRENCE OF

CIRS AT 4–5 AU

T. R. SANDERSON andR. J. FORSYTH

4.1.1. Introduction
The evolution of the Sun’s neutral sheet and its influence on the interplanetary
medium has been the subject of continual attention for at least the last two solar
cycles, ever since the first attempts to measure and quantify its position. Mea-
surements on IMP 1 as early as 1965 (Wilcox and Ness, 1965) had shown the
existence of magnetic sectors of opposite polarity in the interplanetary magnetic
field at 1 AU. To explain this, Schattenet al. (1969) used a mathematical model
of a spherical source surface and a radially emanating field, with a neutral line
separating the two hemispheres and related it to the interplanetary magnetic field
sector boundaries.

Schulz (1973) suggested that these magnetic sectors were the result of multi-
ple crossings of the large-scale heliospheric current sheet separating two opposite
hemispheres of the Sun. The 2-sector patterns were the result of a tilted solar
magnetic dipole, and the 4-sector patterns were the result of an additional warp
due to a quadrupole contribution to the current sheet.

Since then there have been numerous attempts to relate measurements on the
Sun to observations at 1 AU. Of relevance here are the early works describing solar
minimum 2 solar cycles ago,e.g.Burlagaet al.(1981) and Hoeksemaet al.(1982;
1983), which established and quantified many of the ideas presented in this paper.
These authors, using either K-Coronameter or Solar Heliograph measurements,
found that at solar minimum the tilt of the dipole is small, typically only a few
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degrees, and that small warps of only a few degrees can be as significant as the tilt.
In the period around solar minimum two solar cycles ago (Hoeksemaet al., 1982),
the warp and the tilt were such that two northward and two southward extensions
of the current sheet were observed, giving rise to a 4-sector structure at 1 AU. The
general trend was that of a slow evolution of features affecting the current sheet
with a time scale of several months, different features drifting slowly either east-
or westwards relative to the coronal rotation, similar to the observations which we
will present here.

In recent years, the Ulysses mission has enabled us to look at the interaction
regions caused by a tilted current sheet and their effect on energetic particles.
Smith et al. (1993) showed that between 13�S and 29�S, 4 interaction regions
per rotation were observed. According to Sandersonet al. (1994) and Simnettet
al. (1994) these interaction regions were responsible for the acceleration of the
observed energetic particles.

The formation of these interaction regions has been explained by Goslinget al.
(1993). In their model a band of slow solar wind from the coronal streamer belt,
tilted at an angle relative to the solar equator, is surrounded by fast solar wind flow
from the polar coronal holes. The tilt is caused by the tilt of the magnetic dipole
relative to the solar rotation axis and changes with different phases of the solar
cycle. Fast solar wind overtakes the slow solar wind far from the Sun along inter-
faces that are inclined relative to the equator in the same sense as the original belt
of slow wind, creating an interaction region. Forward and reverse waves propagate
perpendicular to this interaction region, the forward wave into the slow solar wind
(and hence to low latitudes), and the reverse wave into the fast solar wind (and
hence to high latitudes). This explanation used the modelling of Pizzo and Gosling
(1994) of corotating flows originating in a tilted dipole geometry back at the Sun.

4.1.2. Summary of the Ulysses Mission
Figure 11, from Sandersonet al. (1999), is a summary of observations for the
first complete orbit of the Ulysses spacecraft around the Sun. The top panel shows
1.2–3.0 MeV proton and 8.4–19 MeV/amuα-particle intensities. The next panel
shows the solar wind speed. The bottom panel shows the locus of the neutral line
as measured on the Sun by the Wilcox Solar Observatory Solar Magnetograph
and the heliographic latitude of the spacecraft. The most interesting periods, from
the particle acceleration point of view, were the two�1-year periods when the
spacecraft passed from the slow solar wind of the streamer belt to the high-speed
solar wind flow of the polar coronal hole, and back, every solar rotation. These two
periods, labeled 1 and 2 in Fig. 11, lasted from mid-1992 to mid-1993 (Period 1)
and from late-1996 to mid-1997 (Period 2). During these times regular recurrent
increases of locally accelerated particles were observed. The much shorter fast
latitude scan, which has already been discussed earlier (Sandersonet al., 1996),
will not be discussed in detail here.
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solar wind speed, position of the current sheet at the Sun, and spacecraft heliographic latitude.

4.1.3. Southern Polar Pass
In 1992, Ulysses was slowly moving to higher southern latitudes, and crossing
the tilted current sheet at least once per solar rotation, as can be seen in Fig. 11. In
mid-1992, at the start of Period 1, a major re-organisation of the solar coronal fields
changed the shape of the current sheet, giving rise to a new 2-sector interplanetary
magnetic field structure, as reported by Baloghet al.(1993). One major high-speed
stream was observed coming from the southern hemisphere, its appearance being
attributed by Bameet al. (1993) to the equatorward extension of the coronal hole.

Figure 12 shows data for 12 solar rotations during Period 1, starting on 12
January 1993, taken from Sandersonet al. (1999). This includes 5 of the 6 solar
rotations studied by Smithet al. (1993), labeled here numbers 9–13. During the
first 4 rotations shown here, 4 interaction regions per rotation were observed, which
Smith et al. (1993) labeleda, b, c andd. Three of these,a, b andd, originated
from the southern hemisphere, whilst the other,c, originated from the northern
hemisphere. These interaction regions were associated with forward or reverse
shocks, or even forward-reverse shock pairs.

The thick bar shows the point where the current sheet crosses over the position
of the spacecraft, following the model of Goslinget al. (1993), as the possible
location on the current sheet which should correspond to the interaction regions of
Smithet al. (1993).

At the start of the period shown in Fig. 12, in rotation 9, Ulysses crossed over
the current sheet once per rotation, and one dominant interaction region, labeled
d, was observed. The black bar shows the expected position of the corresponding
interaction regions. The main particle intensity increase was observed at the trailing
edge of interaction regiond, where a reverse shock was observed.
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During rotations 9–13, interaction regiond slowly diminished in strength. In-
teraction regiona, due to a new warp in the current sheet that developed north of
Ulysses, slowly increased in strength. By rotation 15, a substantial warp, shown by
the second thick bar, had developed, which then continued to dominate the shape of
the current sheet. The smaller peak in the particle intensity, which was associated
with interaction regiona, slowly grew in importance until by rotation 15, the major
particle intensity peak was at regiona instead ofd (Sandersonet al., 1994). During
rotation 20, a peak in the particle intensity was observed even though the spacecraft
was no longer crossing the current sheet, and no reverse shock was observed. The
particle intensity profile was now much more rounded, and was most likely due to
an acceleration process taking place further away from the spacecraft.

When the new warp first appeared (rotation 13) it did not coincide exactly in
time with interaction regiona. At this time the spacecraft was above the current
sheet, so that the connection to the interaction region was probably longer than the
distance from the Sun to the spacecraft. However, the general trend of a change
in position of the relevant warp in the current sheet fits the overall pattern of the
observed recurrences.

The change-over in importance of interaction regiond to a gave the illusion of
a change of phase of the particle intensity peak, which could be taken as a period-
icity different from the�26-day periodicity observed for the individual interaction
regions.

No evidence was found for any major deviation from the�26-day periodicity,
other than small drifts east- or westwards of the interaction regions due to the move-
ment of the Sun’s active regions, such as was found by Hoeksemaet al. (1982).

4.1.4. Northern Polar Pass
Figure 13, taken from Sandersonet al. (1999), shows the return from the northern
polar regions to the ecliptic as the spacecraft passed from complete immersion in
high-speed flow to immersion in the low-speed flow of the streamer belt (McComas
et al., 1998).

At the start of 1996, particle increases began to be seen again as Ulysses was de-
scending towards the current sheet after the northern polar pass. Several increases
were observed during the first half of 1996 whilst Ulysses was still completely
immersed in high-speed flow, despite the lack of any interaction regions. Similar
observations of this period by Roelofet al. (1997) are included in Sect. 4.3.

The first four peaks of 1996 were observed with a period of around�26 days.
New peaks, with a different phase but still with period�26 days, were observed
starting at the end of May 1996, again with no significant interaction regions. The
first encounter with lower speed flow started around 1 October (Goslinget al.,
1997). Thereafter, 11 excursions in and out of the low-speed flow were observed,
labeled 1 to 11 in reverse order, following the convention used by Bameet al.
(1993) for numbering the peaks during 1992–1993. This culminated in complete
immersion in the slow speed flow of�375 km/s in mid-1997.
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Associated with these transitions was a regular pattern of particle increases,
interspersed within which were several transient events. In Fig. 13 vertical arrows
show the times of the transient events. The transient events can easily be identified
by their somewhat higher (�50–80) proton toα-particle abundance ratio than the
CIR events. Thin vertical bars spaced every 25.6 days are included to show the
regularity of the first 4 peaks, and thick vertical bars with a different phase to show
periodicity of the other peaks.
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During all this time, the latitude of the spacecraft was slowly decreasing, reach-
ing in September 1996 the position of the current sheet, as projected out to the po-
sition of the spacecraft (Forsythet al., 1997). Low-speed flow of around 400 km/s
was encountered on around 1 October 1996, but the spacecraft never really entered
the 400 km/s flow again until February 1997. Ulysses finally entered full immersion
in slow speed flow in July 1997, the slow decrease in the northern extension of
the current sheet just about matching the decrease in latitude of the orbital posi-
tion. The spacecraft only just entered the low-speed flow, with the current sheet
retreating at about the same rate as the spacecraft approached it.

Figure 14 shows data for the 16 rotations starting on 1 January 1996, rotations
5–20. In the first 4 rotations, 20, 19, 18 and 17, peaks in the particle intensity can be
observed recurring with a periodicity of around 26 days. Ulysses was far from the
current sheet at this time and not encountering the local interaction regions, and so
these particles must have been accelerated at some remote site. These particle in-
creases, with rounded intensity-time profiles, are typical of the increases observed
when no local shock or compression region was seen. The solid red bars show the
possible location of the interaction regions far away from the spacecraft.

In rotation 15, a new peak in the particle intensity appears, but at a different
phase, coincident with a change in the shape of the current sheet. At this time, a new
warp in the current sheet appeared, shown with a second bar, increasing in strength
and dominating the shape of the current sheet over the remaining 11 rotations
shown in Fig. 14.

The spacecraft entered the low-speed flow around rotation 11, and interaction
regions started to appear, as did forward and reverse shocks and the associated
peaks in the particle increases. During rotations 15 down to 6, the particle increases
stayed at approximately the same phase, implying a periodicity of�26 days, the
pattern of increases following closely the crossing of the current sheet.

Again, no evidence was found for any periodicity other than the�26 day pe-
riod seen in the southern pass. Rather, an evolution of the current sheet on the
Sun which, just like the observation in Period 1, controls the recurrence of the
interaction regions and hence the peaks in the particle intensity profiles.

The particle profiles associated with streams 13 to 20 are typical of those ob-
served when no shocks are seen,i.e. somewhat rounded, and lasting for several
days (Sandersonet al., 1994). Those associated with rotations 6 to 12 are typical
of those associated with shocks, with the particle intensity more spiky and a sharp
peak at the shock.

These observations show how the neutral line observed on the Sun, when pro-
jected to the position of Ulysses using a simple approximation, can be used to pre-
dict the position of the current sheet at the spacecraft. Using the model of Gosling
et al. (1997) we can determine the position of the interaction regions formed by
the interaction of the high-speed polar coronal flow with low-speed streamer belt
flow. Since these interaction regions are responsible for the acceleration of the
energetic particles in the CIRs, one can predict the pattern of the particle increases.
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Figure 14. Data from
16 solar rotations starting
on 1 January 1996. The left
column shows the expected
latitude of the current
sheet at the position of the
spacecraft. The solid, almost
horizontal line shows the
position of the spacecraft.
The right hand side shows
the 1.8–3.8 MeV proton
intensity. The vertical lines
show the observed times of
reverse shocks, whilst the
solid bars show the expected
positions of the interaction
regions using the model of
Goslinget al. (1993).
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4.1.5. Summary
During the passage from the ecliptic to southern latitudes, the spacecraft crossed
the current sheet only once per rotation, despite the fact that the sheet had an almost
sinusoidal form with a period of around half a solar rotation. This shape was due
to a warp in the current sheet that had the right phase and amplitude to change
the otherwise flat but tilted current sheet into this shape. At Ulysses, a 2-sector
structure was observed, with four interaction regions per rotation, with a mix of
forward and reverse shocks, and a compound high-speed flow structure. A very
regular pattern of particle increases was observed, with a broad particle increase per
rotation, one dominant peak, and the phase changing very slowly as the dominance
of one interaction region took over from another.

A completely different current sheet was observed during the passage from
northern latitudes back to the ecliptic. A differently shaped and phased warp and
a smaller dipole tilt gave rise to an asymmetric two-sector structure at Ulysses
with the spacecraft staying in the northern hemisphere for about twice as long as
in the southern hemisphere. A regular pattern of particle increases was seen. In
May 1996, a dramatic change in the shape of the current sheet changed the phase
of the increases, when, just like during the first period, one interaction region took
over in importance from the other, changing dramatically the phasing of the particle
increases.

The observations were made under widely differing conditions. Period 1, the
ascent to high southern latitudes was in solar cycle 22 when the dipole tilt was
large, whilst Period 2, the return to low latitudes was during the early phase of
solar cycle 23 when the dipole tilt was small. Nevertheless we observe the same
features in both periods. Interaction regions, coming from the interaction of the
high-speed streams with the low-speed streams propagate past the spacecraft, as in
the model of Goslinget al. (1993). The timing and strength of these interaction
regions changes as the dipole tilt changes, as the warps in the current sheet slowly
change in amplitude, and as the position of the spacecraft changes relative to the
current sheet. This is followed by corresponding changes in the phase and ampli-
tude of the peaks in the particle intensity profiles, which give rise to the pattern of
particle increases seen at Ulysses.

4.2. CURRENT SHEET STRUCTURE DURING THE NORTHERN CIR

R. J. FORSYTH

During 1996 solar activity, as measured by monthly mean Sunspot number, was
low and should be close to minimum. It was certainly lower than in March 1995 (at
the time of the Ulysses fast latitude scan), and in the most recent Sunspot number
data (Solar Geophysical Data, April 1997, Pt. 1) there is no evidence of any rise in
mid-1996 or more recently. Thus, in principle, there would be no reason to expect
that the HCS tilt during 1996 would be any greater than that observed by Ulysses
in 1995.
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from the neutral line at the source surface. The annotation is described in the text.

To gain a first understanding of how the HCS behaviour at this time is related
to the structure of the solar corona, we have compared the Ulysses HCS data with
the neutral line on the Stanford University source surface maps, available via the
Stanford web site or in Solar Geophysical Data. These maps are produced (e.g.
Hoeksema, 1995) by extrapolating outwards the photospheric magnetic fields mea-
sured at the Wilcox Solar Observatory (WSO) using a potential field model with an
outer boundary condition that the magnetic field lines are all open and radial at 2.5
solar radii from the Sun, the so-called ‘source surface’. Magnetic fields originating
from the northern and southern hemispheres are separated by the neutral line at
the source surface, and thus the HCS observed at Ulysses should map back to the
neutral line. One synoptic map is produced per Carrington Rotation as the Sun
rotates as seen from Earth.

For each of the Carrington rotations in Fig. 14 we determined the maximum
heliographic latitude reached by the neutral line and the Carrington longitude at
which this occurred. The results are shown in Fig. 15. The maximum latitude of
the HCS and the latitude of Ulysses are plotted at the time that a parcel of plasma
emitted from the appropriate longitude would reach Ulysses. To aid comparison
with Fig. 14, the Carrington Rotation numbers corresponding to each data point
are shown along the top of the figure. Beneath these, the letter S indicates that
a magnetic field sector was observed and C indicates that a CME was observed
during the rotation; all three CMEs were seen near longitudes where we might
have expected to observe sector boundaries.

Figure 15 shows that the reappearance of magnetic field sector structure at
Ulysses in September 1996 was a combination of the steadily reducing latitude
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of Ulysses and a rapid rise in the maximum latitude of the HCS deduced from the
source surface maps. The rise started around June 1996 in the interval comparable
with CR1910. In the interval covered by CR1915 the predicted maximum HCS
latitude drops again slightly and the lack of a clear sector boundary at Ulysses
is consistent with the spacecraft having a similar latitude. Skipping CR1916 and
1917 where the issue is confused by the CME signatures, we find that the sector in
CR1918 is correctly predicted and also the absence in CR1919. Where sectors are
observed at Ulysses, the estimated source longitude is consistent with the longitude
of the maximum latitude of the neutral line. For CR1910-1915 this is within�10�

of 240� Carrington longitude. Thus, this study provides a further confirmation that
the neutral line on the Stanford source surface maps provide a first order prediction
of where HCS crossings will be observed by Ulysses. Preliminary comparisons
with HCS maximum latitudes deduced from SOHO/LASCO synoptic maps (Y.-
M. Wang and R. A. Howard, personal communication) suggest lower maximum
latitudes than obtained from the Stanford maps, but with least disagreement (�3�)
in CR1913–1914 when Ulysses re-encountered the HCS, and thus not inconsistent
with our observations. It is also noted that the alternative Stanford source surface
maps, produced assuming the photospheric fields are purely radial and placing the
source surface at 3.25 solar radii, also suggest lower maximum latitudes for the
neutral line. However, these completely fail to predict the higher latitude Ulysses
HCS crossings, most likely due to the source surface being set too high. This al-
ternative model is apparently more successful at 1 AU near the ecliptic, and agreed
better with the latitude of the first Ulysses southward crossing in 1993 (Phillipset
al., 1994).

We have presented observations showing the reappearance of the magnetic field
compressions associated with CIRs and the reappearance of magnetic field sec-
tor structure at Ulysses as the spacecraft returned from high northern latitudes.
The maximum northern latitude reached by the HCS, as observed by Ulysses on
30 Sept. 1996, was 25:5�N. This is a significantly higher latitude than that inferred
from the Ulysses fast latitude scan observations in 1995, and given the lower solar
activity in 1996 as discussed in the introduction, this higher maximum latitude is at
first surprising. Thus it is interesting to ask what change in the photosphere and/or
corona caused the latitude rise of the neutral line shown in Fig. 15 and hence the
reappearance of HCS crossings at Ulysses. In an attempt to address this, Figure 16
shows a Carrington map of the photospheric magnetic field measured at WSO
for CR1913. The solid lines represent contours of zero and increasingly positive
(or outward) magnetic field strength and the dashed lines represent contours of
increasingly negative (or inward) field strength. The map, derived from a sequence
of full disk magnetograms, forms the inner boundary condition in the calculation of
the source surface maps to which we compared the Ulysses HCS observations. The
neutral line thus calculated for CR1913 at the 2.5 solar radii source surface has been
overlaid on Fig. 16 as a heavy black line. A strong bipolar feature, characteristic of
an active region, is clear in the photospheric field at this time, in the longitude range
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Figure 16.A Carrington map of the photospheric magnetic field observed by Wilcox Solar Observa-
tory for Carrington Rotation 1913. Note the bipolar signature of the active region near 240� longitude.
The heavier overlaid black line shows the location of the neutral line at the source surface.

230–270� . Its negative polarity region is centred on 240� longitude and extends
to high northern latitudes, consistent with the longitude where Ulysses observed
negative polarity. Inspection of a sequence of these synoptic maps shows that this
feature was present from CR1910 to CR1915, being most pronounced in 1912–
14. The associated active region was visible in YOHKOH/SXT (Solar Geophysical
Data, 1996) and SOHO/EIT images (B. J. Thompson, personal communication)
over approximately the same period.

Thus a reasonable interpretation would be that this long-lived active region was
responsible for producing the strong northward deflection of the HCS localised
at Carrington longitude 240�, leading to its earlier and higher latitude than ex-
pected observation at Ulysses. This conclusion is supported by the recent coronal
field modeling work of Wanget al. (1997) based on SOHO-LASCO coronagraph
observations from the same time period.

4.3. ELECTRON AND PROTON INTENSITY INCREASES IN THENORTHERN

HEMISPHERE

G. M. SIMNETT, E. C. ROELOF, andB. HEBER

One of the features of the Ulysses high-latitude pass in the southern hemisphere
was the occurrence of periodic increases in the intensities of both ions up to a
few MeV/amu and mildly relativistic electrons. At the same time the intensity
of galactic cosmic rays showed periodic decreases. The appearance of recurrent
�50 keV electron events continued right up to 80� latitude. When taken together,
these phenomena have been interpreted as evidence for a remote magnetic connec-
tion to a low-latitude CIR at a distant radial distance from Ulysses (Fisk, 1996).
With Fisk’s interpretation the solar magnetic field undergoes significant latitudinal
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Figure 17.Energetic particles observed during the northern pass of Ulysses (heliolatitude and ra-
dial distance are shown at the foot of the figure): 250–2000 MeV protons together with>100 MeV
protons from IMP 8, 53–107 keV electron and 0.48–0.96 MeV proton intensities. The bottom panel
shows the solar wind speed.

fluctuations such that particles accelerated by a CIR at a radial distance consider-
ably beyond Ulysses might gain access to field lines passing through Ulysses. The
CIR structure is also responsible for modulating the ingress of galactic cosmic rays,
which shows up as a minimum at the same time as the CIR-accelerated particles
show a maximum. It is of interest to understand whether these particle increases
and the galactic cosmic ray modulation are a function of latitude only, or whether
they are critically dependent on the nature of the high-speed solar wind stream
responsible for the CIRs. In the latter case they would be solar-cycle dependent.
Detailed analysis of the electron/proton ratio and the electron and proton spectra
should also provide revealing information on the nature of the acceleration pro-
cesses occurring in the interplanetary medium. A summary of these data may be
found in Simnettet al. (1998) in their Figs. 1–3 and Heberet al. (1997).

We have now extended the analysis to include the whole of the Ulysses de-
scent to the ecliptic plane, and Fig. 17 shows the higher energy particle data from
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COSPIN, together with the>100 MeV proton intensity from IMP 8. The middle
panels show the 53–107 keV electron and 0.48–0.96 MeV proton intensities from
HI-SCALE, although there are only a few occasions when the electron intensity
is above background. This is rather different from the southern hemisphere pass,
when proton increases were seen up to�65� and low energy electron increases up
to 80�. The bottom panel shows the SWOOPS solar wind speed. Comparison of the
lower two panels shows that the amplitude of the proton increases is largest when
the 26-day modulation of the solar wind speed is largest.

Simnett and Roelof (1997) showed that as Ulysses went over the northern solar
polar region and started its descent to lower latitudes, then the electron events reap-
peared, only at somewhat reduced intensity. When the recurrent increases started to
be accompanied by�0.5 MeV protons, then the characteristic delay of the electron
maximum from the proton maximum also reappeared, just as in the southern hemi-
sphere (see Fig. 18, Simnett and Roelof, 1997). However, when Ulysses reached
�30� latitude, which was where in the southern hemisphere the increases of the
electrons and the protons had simultaneous maxima, somewhat surprisingly the
electron increases disappeared. The electron increase around day 149, 1996 was
the last one where the electrons lagged the protons, and this was referred to as N6
in Roelofet al. (1997).

In Fig. 18 we compare the Ulysses 250–2000 MeV proton intensity observed in
the northern hemisphere with that observed in the southern hemisphere. Note that
in this figure time is running from left to right for the measurements in the south-
ern hemisphere (lower curve) and from right to left for the measurements in the
northern hemisphere (upper curve). At the top of the figure the radial distance and
heliographic latitude are indicated for the Ulysses southern hemisphere passage.
The northern pass is chosen such that the heliographic latitudes are approximately
the same. The recurrent variations within the 2 1/2 years in the southern hemisphere
are modulated on the time scale of one sidereal solar rotation. In the southern
hemisphere the amplitude of the recurrent cosmic ray decreases had its maximum
around 30�S and decreased towards both lower and higher latitudes; this is not
observed in the northern hemisphere.

We presume that the driving force for the particle phenomena is the recurrent
high-speed solar wind stream. Direct evidence for this vanished at Ulysses around
35� during the southern pass and reappeared just below 30� on the northern descent.
The solar wind stream in the northern hemisphere (Fig. 17) is neither so uniform
in intensity nor so regular in phase as it was in the south. This is reflected in phase
changes in the galactic cosmic ray modulation. One very noticeable difference
between the two hemispheres is the lack of relativistic electrons in the northern
hemisphere. While this phenomenon is still under study, it seems likely that it is
related to the absence of a strong and regular solar wind stream in 1996 and 1997.



CIRS AT HIGH LATITUDES 259

0.2

0.3

0.4

98034 97299 97199 97099 96365 96265 96165 96065 95322 95222

Doy of year, R, and θ (southern hemisphere)

co
un

t r
at

e [
1/

s]

Doy of year (northern hemisphere)

co
un

t r
at

e [
1/

s]

0.2

0.3

0.4

92120 92220 92320 93044 93144 93244 93344 94079 94179 94279

southern hemisphere

northern hemisphere

5 4.5 4 3.5 3 2.5

-20 -25 -30 -35 -40 -50 -60 -70

r [AU]

θ [o]
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northern hemisphere.

4.3.1. The Electron-Proton Delays
The clue to the nature of the energetic particle acceleration processes occurring
in the outer heliosphere came with the detection of delays between the intensity
maxima of slow protons and fast electrons, with the electron maxima occurring
later. An additional clue was the almost clock-like nature of the timing of the
electron maxima in the southern hemisphere, when corrected for the position of
Ulysses in heliocentric coordinates (Roelofet al., 1996).

Figure 19 shows the data in more detail for 20 solar rotations, starting on 3 Au-
gust 1996 and ending on 23 December 1997. This covered the Ulysses passage
from a latitude of 31�N to the heliographic equator. Also shown in this figure as
vertical bands are the times of forward (solid line) and reverse (dotted line) shocks
(or waves) observed by the plasma and magnetic field instruments on Ulysses
(Forsyth, personal communication). The purpose of this plot is to emphasize the
relative timing of the particle events and the plasma signatures. After rotation N14
there is no electron event associated with either a forward or reverse shock or wave
and the electron increases that are seen have some significant phase shifts with
respect to our 26-day solar rotation cycle. This was discussed in more detail by
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Roelof et al. (1997). The electron increases are more readily associated with the
reverse shock plasma signature than with the forward shock.

We believe that the differences between the southern and northern passes of
Ulysses are a clue to the nature of the electron acceleration in CIRs. During the
southern pass, the corotating stream was not only strong, but stable (Roelofet al.,
1996). However, in 1995 the modulation of the galactic cosmic rays was weak until
early 1996, when Ulysses went below�50�N. Figure 17 shows that this was true
both at IMP 8 and at Ulysses. One feature of the southern hemisphere pass was that
in the streamer belt belowjΛj �30� the strongest proton events were associated
with the forward-reverse shock pairs, with the maximum intensity seen around the
time of the reverse shock. In the northern hemisphere there have not been so many
reverse shocks. We draw attention to the forward-reverse shock pairs in rotations
N14, N16, N21 and N22. These had significant proton increases below 1 MeV,
but only N14 had any electrons associated with the shocks. Rotations N23–29 had
protons associated with the forward shock (or wave) but no electrons above the
background level.

Thus, for electrons to be accelerated it seems that we need a forward-reverse
shock pair, plus an element of stability over at least several rotations of the coro-
tating structure.

5. North-South Asymmetries in Modulation and 26-Day Variations

R. B. MCKIBBEN

Ulysses’ fast latitude scan in 1994–95 provided a unique opportunity to study the
latitude structure of modulation near solar minimum on a time scale (�1 year)
short compared to the 11-year solar cycle. As reported by Simpsonet al. (1996)
and Heberet al. (1996), the modulated intensities of galactic cosmic rays and
anomalous components were�10–20% higher over the north solar polar region
than over equivalent latitudes in the south polar region. Furthermore, the latitude
variation of the fluxes was symmetric about a surface 7–10 degrees south of the he-
liographic equator rather than about the equatorial plane itself. When analyzed with
respect to a latitude of 10�S, the intensities of galactic cosmic rays and anomalous
components were the same in the north and south at the same latitudinal separation
from the southwardly displaced symmetry surface. Simpsonet al.(1996) suggested
that the flux excess over the north pole might be the result of the action of a constant
latitude gradient over the more extended latitudinal range made available by the
southward offset in the symmetry surface of modulation. The nature and cause of
this southward offset in the symmetry surface of modulation has been the subject
of much discussion. (See, for example, the discussion in Fisket al., 1998, pp.
191–192), and there is still no consensus on the explanation and implications of
the observation. One simple explanation, a constant southward displacement of the
equatorial current sheet, appears to be excluded by the observed near-constancy of
the radial component of the interplanetary magnetic field observed during passage
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from the south to the north polar regions in the fast latitude scan (Forsythet al.,
1996).

Regardless of the existence and cause of the offset in the overall symmetry
of the modulation, 26-day variations, presumably impressed by the CIRs near the
ecliptic plane, were observed to the highest latitudes in both the north and south
hemispheres. However, the variations were less prominent and more poorly orga-
nized near the north pole. This is more likely a temporal effect than a spatial effect
related to the north-south asymmetry in modulation. During the fast latitude scan
the inclination of the current sheet continued to decline towards the nearly flat
inclination characteristic of solar minimum. Thus, the strength of the interaction
between fast and slow wind near the ecliptic also continued to decline, so that any
CIRs formed were weaker and developed at larger radii from the Sun. Consistent
with this, Ulysses observed somewhat weaker 26-day variations in the cosmic ray
intensity as it approached the equatorial band of slow solar wind after the north po-
lar pass than it had observed during the initial climb to high latitude in 1993–1994.
Thus there seems to be no clear, proven relationship between the observed North-
South asymmetry in the global modulation and the strength of 26-day variations
observed at high latitude.

6. Summary and Conclusions

H. KUNOW andM. A. LEE

Ulysses is the first spacecraft to explore the high-latitude range of the heliosphere.
The discussion of corotating interaction regions at high latitudes in this chapter
is therefore totally based on Ulysses observations. During its first orbit Ulysses
observed a stable strong corotating interaction region from early 1992 through
1994 in the southern hemisphere. After a rapid latitude scan from south to north
Ulysses observed only weaker CIRs from early 1996 to mid 1997 in the northern
hemisphere.

We described the global structure of corotating interaction regions at high lat-
itudes in Sect. 2 by discussing three model CIRs at fundamentally different lati-
tudes. The most striking feature was the observation of CIR effects at latitudes well
beyond the disappearance of the associated forward and reverse shocks up to the
highest latitudes of 80�. Two different types of effects of CIRs upon energetic parti-
cles can be recognized: 1.) Observation of CIR-accelerated ions and electrons, and
2.) CIR-related periodic decreases of the galactic and anomalous cosmic ray com-
ponent. The magnitude of both effects generally decreases with latitude, however,
while the amplitude of accelerated ion events decreases by orders of magnitude,
the latitude dependence for the modulation of galactic and anomalous cosmic rays
and for accelerated electrons is much smaller. In addition, a time delay is observed
between the maxima of accelerated ions and electrons that starts to show up at
about 30�S and gradually increases up to�100 hours at 60�S.
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All observational features are summarized in Sect. 2.3 together with the chal-
lenges they pose to theories and models. They indicate that particle transport be-
tween remote CIRs and the observer is a key to understanding effects of CIRs
observed at high latitudes. In Sect. 3 we discussed possible models and their impli-
cations:

� Direct magnetic field connection across a large latitude range due to system-
atic field line weaving caused by solar differential rotation combined with an
observed non-radial expansion of the solar wind was described in Sect. 3.1.
Energetic particles propagate along these direct field line connections suffer
adiabatic energy losses. The calculations in Sect. 2 show that the energy loss
rate depends only on the initial position and velocity of the particles that favors
faster electrons with much lower loss rates resulting in electron lagging low
energy ions considerably. They have their maxima at about the same time
as the recurrent decreases of galactic cosmic rays have their minima. Both
electrons and GCRs have sufficiently high velocities to be able to connect to
more distant portions of the reverse shock at high latitudes.

� An alternate phenomenon enabling latitudinal transport of energetic parti-
cles and cosmic rays to high latitudes is diffusion perpendicular to the av-
erage magnetic field due to random walk of field lines. This was discussed in
Sect. 3.3.

In Sect. 4 we compared the observations of CIRs by Ulysses in the southern and
northern heliosphere. CIRs are weaker in the northern hemisphere because the
inclination of the streamer belt and the heliospheric current sheet (HCS) decreased
with decreasing solar activity as Ulysses traveled to lower latitudes. In addition the
warps of the current sheet are reduced in the northern hemisphere. The effects of
CIRs on energetic particles are qualitatively similar in both hemispheres, however,
much smaller in the northern hemisphere.

Section 4.3 described the variation of galactic cosmic rays during the northern
CIR. The 26-day variation of galactic cosmic rays extended to the highest latitudes.
A specific feature was the latitude dependence of galactic cosmic rays observed
during the fast latitude scan in 1995. It was observed that the intensity increases
symmetrically with increasing latitude if the plane of symmetry is at a latitude
of �10�S instead of at the equator. The reason for this offset, however, currently
cannot be explained.

While current models and theories predict many observations of CIRs at high
latitudes, not all observed features can be explained by one of them alone. Since
the effects discussed in Sect. 3 are probably all operating in the solar wind it will
be necessary to develop a comprehensive theory which takes into account all ef-
fects and determines their relative importance depending on solar, local, and global
conditions. This is discussed further in Sect. 5 of McKibben, Jokipiiet al. (1999)
in this volume.
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