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We report observations of sof¥ E‘&?ﬁ%@léﬂ éﬁgcf@ésd?ﬁgﬁﬁgﬁ gheHebeeged AV ENtHATCASPIN/LET instruments
onboard Ulysses during the P?@&r i e e AT RR iP HNOd OB IR Mber, in the declining
phase of the solar activity cyEk Sﬁ?&@%ﬁ%ﬁ?ﬁﬁ%ﬂ?@ﬁf%f HERCTRORS; SOMBMISONS discuss observations

of particle anisotropies and BH A el kb ans ACYRRCARLAMPPBUIRN produced a series of
Explarer (ACE) sPacecraft near the ecliptic plang are discussed.
. Sun: coronal mass ejections (CMEs) Sun: ares Sun: magnetic elds Sun: particle emission

2. INSTRUMENTATION

In this paper, we use energetic particle data from the Cosmic

Ray and Solar Particle Investigation (COSPIN)/Low Energy

1. INTRODUCTION Telescope (LET) instrument (Simpson et al. 1992) and the He-
liospheric Instrument for Spectra, Composition, and Anisotropy

)0 October, the joint ESA/NASA Ulysses at Low Energies (HI-SCALE) instrument (Lanzerotti et al. 1992)

d the previously uncharted third dimension onboard Ulysses. Magnetic eld observations from the Ulysses
During its operational lifetime of almost 19 magnetometer (VHM-FGM; Balogh et al. 1992) and solar wind
leted three orbits carrying it over both poles measurements from the Ulysses Solar Wind Plasma experiment

(SWOOPS; Bame et al. 1992) are also used. The COSPIN/
n was again close to its activity minimum LET instrument records, the uxes, and the composition of so-
completed third polar orbit of Ulysses, solar lar energetic particles and low-energy cosmic ray nuclei from
ore prevalent during the declining phase of hydrogen up to iron over a range of energies from 1 MeV/n
Kibben et al. 2005; Malandraki et al. 2007, to [501MeV/n. Ton data from the LEMS120 telescope (Low
> case in the declining phase of the 22nd Energy Magnetic Spectrometer) and differential intensities of
he rst polar passes occurred (1994 35 315 keV magnetically de ected electrons (DE) measured

d 35 315 keV electrons) obtained during by the WART B detector head of the HI-SCALE experiment
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Table 1
Signi cant Solar Events (M3 or Greater) Reported in 2006 December
Flare CME?*

Date X-Ray Onset Flare Class Ha Location NOAA AR Time? CME Width VeeMmE
5 Dec 339/1018 X9.0/2NP S07 E79 10930 No LASCO observations
6 Dec 340/0802 M6.0/SF S07 E66 10930 No LASCO observations
6 Dec 340/1829 X6.5/3BP¢ S06 E63 10930 340/2012 Halo
6 Dec 340/2014 M3.5 S06 E58 10930 . e ..
13 Dec 347/0214 X3.4/4BP S06 W24 10930 347/0254 Halo 1774
14 Dec 348/2107 X1.5/2B® S06 W44 10930 348/2230 Halo 1042
Notes.

2 CME classi cation and parameters extracted from the SOHO/LASCO CME catalog at http://cdaw.gsfc.nasa.gov//.

b Flare associated with intense metric type I radio burst (as reported in the SEC Preliminary Report and Forecast of Solar Geophysical Data published
online at http://www.swpc.noaa.gov/weekly/index.html by the NOAA/SED and the AFWA).

¢ Moreton wave observed to ow out of are (http://spaceweather.com/index.html).

d First appearance in the C2 coronagraph (>1.5 solar radii).
© Plane of sky projected CME speed in km s51.

are also utilized. The WART B detector head has a geometrical
factor of  0.05 cm? sr. We also use electron intensities and
their angular distributions in the energy range 178 290 keV de-
tected by the sunward looking telescope LEFS60 (Low-Energy
Foil Spectrometer) of the HI-SCALE experiment, which has a
larger geometrical factor ( 0.48 cm? sr). Energetic particle data
measured in the ecliptic plane near 1 AU were obtained from
the Low Energy Telescope (LET; Mewaldt et al. 2008) of the in
situ measurements of particles and CME transients investigation
(IMPACT; Luhmann et al. 2008) onboard the STEREO space-
craft and the Electron, Proton, Alpha Monitor (EPAM) instru-
ment onboard the ACE spacecraft (Gold et al. 1998). EPAM was
adapted from the ight-spare unit of the Ulysses/HI-SCALE
instrument.

3 OBSERVATIONS AND DATA ANALYSIS
3.1. Solar Activity

Table 1 contains a list of the major solar events and their
characteristics for 2006 December. M3 or greater class ares
and associated coronal mass ejections (CMEs) are listed.
The solar ares are as reported in the solar geophysical
data (http://sgd.ngdc.noaa.gov/sgd/jsp/solarindex.jsp) whereas,
when available, CME identi cation and parameters were ob-
tained from the Solar and Heliospheric Observatory/Large An-
gle and Spectrometric Coronagraph (SOHO/LASCO) CME
catalog compiled by S. Yashiro and G. Michalek (available
at http://cdaw.gsfc.nasa.gov). After it rotated into view on the
east limb, Active Region 10930 began producing a series of X-
and M-class ares. The four X-class ares during this period
of isolated but intense solar activity are highlighted using the
bold-faced type in Table 1. The strongest one was an X9.0 so-
lar are recorded on December 5 at SO7 E79 as viewed from
the Earth. On December 6, region 10930 produced an X6.5

are, and as it rotated across the solar disk, two more X-class

ares were observed on December 13 and 14, both in the west-
ern hemisphere of the Sun and both associated with fast halo
CMEs. All X-ray ares of this period were associated with
particularly intense metric type II radio bursts, indicative of
propagating coronal shock waves at the Sun (e.g., Vainio &
Khan 2004; Mann 2006). Furthermore, a rare Moreton wave
aka solar tsunami was observed to ow out of the X6.5 are
(http://spaceweather.com/index.html).

3.2. High-latitude Observations

Figure 1 shows the position of Ulysses, then at a heliocentric
distance of 2.8 AU and at >72 southern heliographic latitude,
with respect to the xed Sun Earth line, projected onto the
solar equatorial plane as viewed from the north (top) and on
a plane perpendicular to the solar equator as viewed from the
Earth toward the Sun (bottom) on DOY 339 (December 5) (left)
and DOY 347 (December 13) (right). The ideal Archimedes
spiral magnetic eld lines connecting Ulysses to the Sun are
also shown, calculated using the measured solar wind speed at
Ulysses on the two days. The negative values in red correspond to
locations east of the central meridian. On December 5, there was
an angular separation of 70 in longitude between the nominal
Ulysses magnetic footpoint and the X9.0 are location. The
great circle angular separation between the spacecraft footpoint
andthe arewas 77 .Thisseparationwas 135 forthe Earth.
Subsequently, as the Sun rotated, Ulysses became more poorly
connected, while the Earth became better connected to the are
sites.

In the top panel of Figure 2, an overview of the spin-averaged
energetic ion intensities as measured by the Ulysses/HI-SCALE
LEMSI120 telescope in the energy range 77 1123 keV and
the Ulysses/COSPIN/LET telescope in the energy range 1.8
19 MeV in 2006 December is presented. The second panel
presents the integral rate of higher energy (=50 MeV) ions as
measured by COSPIN/LET. The vertical arrows in this panel
indicate the occurrence of the ares in Table 1. Longitude in-
formation is given for the four X-class ares observed. Mag-
netically de ected near-relativistic electrons (DE) as measured
by the WART B detector head of the HI-SCALE experiment
for the same period are shown in the third panel. The panels
below present solar wind velocity and interplanetary magnetic

eld IMF) magnitude, meridional angle, and azimuth angle in
the Ulysses Radial-Targential-Normal (RTN) coordinate system
(Forsyth et al. 1995). The radial solar distance and the helio-
graphic latitude of the spacecraft are shown at the top of Figure 2.
The HI-SCALE ion channels may be contaminated at the begin-
ning of large SEP events when many electrons arrive promptly,
well before the slower ions can reach the spacecraft (e.g., Lario
et al. 2004). By comparing electron intensities with low-energy
ion intensities and COSPIN/LET intensities with HI-SCALE/
LEMI120 intensities in 2006 December, we conclude that the
<1 MeV ion channels of the LEMS120 were contaminated in
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Figure 1. Position ofUlysseswith respect to the xed Sun—Earth line on December 5 (DOY 339) and 13 (DOY 347); see the text.

the rising phase of the SEP event by electrons bypassing thanagnetic connection aflyssego the ares during this period.
magnetic de ection system. We have indicated this period by At quiet times, the COSPINLET 8-19 MeV proton channel
dotted traces in Figur@. The solid vertical lines in Figur@ mainly responds to high-energy particles (galactic cosmic rays),
indicate the time of passage of three forward (F) shocks duringbut when the level of solar activity increases, it responds
this period. The shocks are obvious from the abrupt increasesprimarily to solar particles in the nominal energy range. One
in the solar wind speed and magnetic eld magnitude. No asso- large gradual SEP event is observed in this energy channel. The
ciated driver ejecta signatures were detected during this periodonset and decay pro les of the event for 8—19 MeV protons were
(Ebert et al.2009 Liu et al. 2008. This constitutes a unique relatively smooth (Figure®). The event has a “clean” onset,
observation byJlyssesat high latitudes. occurring in a period nearly devoid of solar wind structures
As is evident from Figur@, major SEP events were observed and with relatively low pre-event intensities. The onset time
by Ulyssesin response to the rise of solar activity in 2006 at Ulyssesis de ned as the time when the intensities exceed
December. These events were observed wbérsseswas by more than 2 the background intensity, requiring that they
immersed in the high speed solar wind ow emanating from continue to rise from then. Using 10 minute averaged data, we
the southern polar coronal hole (McComas et24109. As have found that the 8—19 MeV proton intensities are observed to
discussed below, the shocks observed are most likely relatedstartincreasingat23:40 U8 0.166 hri.e., 13 hrafterthe X9.0
to Active Region 10930 and the associated X-class ares. are. Using the solar wind velocity of 780 kn?$ measured by
The shocks arrive atllysseson DOY 344 (December 10), the UlyssesSWOOPS experiment at the time of the event the
345 (December 11), and 351 (December 17) so the delaysParker spiral magnetic eld line connectinglysseso the Sun
with respect to the X-ray are onsets are all about ve days, is computed to be 2.88 AU long. The earliest expected onset
consistently implying shock speeds of the order of 1000 km time for protons propagating from the Sun along the eld using
s>1. However, what is striking is that shocks associated with the velocity of the highest energy ions contributing to the 8—
low-latitude events are able to readiyssesat the South Pole 19 MeV channel is calculated to bel.98 hr after the onset of
of the Sun. The 2006 December 13 CME, evolved into a the X9.0 are. Comparison with the observations shows that
Magnetic Cloud driving a strong interplanetary shock, observed the onset atUlyssesis considerably delayed. A slower rate
by near-Earth spacecraBTEREQACE Liu et al. 2009; see of rise is observed after the occurrence of the X6.5 are in
Section3.3. Propagation of the solar wind data outward from the 8-19 MeV proton channel. No additional increase in the
1 AU using an magnetohydrodynamic model showsgsses proton pro les in this channel was observed in response to the
observed the same shock on December 1A@E STEREO December 13 and 14 ares, possibly because it was masked by
This CME-driven shock was, thus, observed at both the Earththe already high pre-existing intensities (also the case for the
andUlyssesvhen they are separated by 4 latitude and 117 near-relativistic electrons) ahdr due to the poorer magnetic
in longitude, the largest shock extent ever detected in the spaceconnection ofUlyssesduring this period. However, increases
era (Liu et al.2009. were observed in the lower energy pro les, with the lowest
Two separate enhancements are clearly distinguished inenergy particles observed by HI-SCALE peaking at the time
the >50 MeV ions and near-relativistic electron proles in of passage of the shocks on DOY 345 and 351, suggesting a
response to the X9.0 and X6.5 ares (Fig@ewith the second  mixture of particles due to solar events and locally accelerated
enhancement being more pronounced, possibly due to the venparticles by the traveling interplanetary shocks.
strong Moreton wave observed to ow out of the X6.5 are Figure 3 focuses on the onset of the SEP event and shows
leading to a more ef cient acceleration of particles at these differential proton intensities in the energy range 1.8-19 MeV
energies. For the later ares of this period, increases are onlyas measured by the COSRINET instrument for the 2006
barely observed over the background level for the0 MeV December 5-9 period. A velocity dispersion effect, with the
ion intensity and superposed on the decaying near-relativistichigher energy particles starting to be detected earlier than the
electron intensities. This is most likely due to the poorer lower energy particles, is evident at the onset of the event
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