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[1] We use the space weather validated 3-D HAFv2 model to help us study the

interplanetary propagation of the October/November 2003 solar eruptions from the Sun to
>90 AU and over a wide range of heliolongitudes and heliolatitudes. The HAFv2
model predictions at ACE (1 AU), Ulysses (5.23 AU), Cassini (8.67 AU), Voyager 2
(73 AU), and Voyager 1 (93 AU) are compared with available data. These comparisons
indicate the importance of asymmetric interplanetary propagation both in heliolongitude
and heliolatitude. We recommend that these effects explicitly be taken into account.
The HAFv2 results appear to be useful for interpreting the Voyager 2 and Voyager 1
energetic particle data in the outer heliosphere. They are consistent with the effects of the
Halloween solar events observed in the energetic particle data at both spacecraft. The
HAFv2 results also may be helpful for predicting the plasma wave 2–3 kHz radio
emission previously associated with large shocks and their interaction with the heliopause.
Our study indicates that the Halloween events may give rise to 2–3 kHz radio emission
in early 2005, assuming that the shocks which propagated beyond Voyager 1 will be
strong enough.
Citation: Intriligator, D. S., W. Sun, M. Dryer, C. D. Fry, C. Deehr, and J. Intriligator (2005), From the Sun to the outer heliosphere:
Modeling and analyses of the interplanetary propagation of the October/November (Halloween) 2003 solar events, J. Geophys. Res.,
110, A09S10, doi:10.1029/2004JA010939.

1. Introduction
[2] We believe it is time for researchers in our field to
move on to three-dimensional (3-D) time-dependent models
for studying solar wind propagation to the outer
heliosphere. To date most of the modeling to the outer
heliosphere of interplanetary events arising from solar
disturbances has been time-dependent 1-D MHD [Zank
et al., 2001; Richardson et al., 2005]. In the work of
Intriligator et al. [2004], we successfully experimented using
the time-dependent HAFv2 (Hakamada - Akasofu - Fry
version 2) model [Fry et al., 2001, 2003; Sun et al., 2003],
which is a 3-D kinematic model, for the November 2001 and
April 2002 events. This modeling led to important insights
about the outer heliosphere in 2002 and placed the differences
in the energetic particle observations from Voyager 1 and
Voyager 2 in this context so that they could be more
meaningfully interpreted.
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[3] In the present paper we use the HAFv2 model again
as a first step toward providing a benchmarking approach
for simulating solar wind parameters and studying the
propagation of the October/November (Halloween) 2003
solar events from the Sun to a number of locations in
heliocentric distance, longitude, and latitude throughout
the heliosphere. The October/November 2003 solar events
were unusual and present more of a challenge for modeling
than the earlier events we studied. Some of the results
indicate that this first benchmarking effort is far from
perfect, sometimes in the outer heliosphere there are large
errors, but given the complexity of the problem and the
insights gained from these initial forays, we believe that
these initial results deserve wider consideration. Examples
of insights gained include the arrival of two sets of two
shocks each at Voyager 2. The earlier shock set arrived in
February/March 2004 and may be associated with the
4 November 2003 fast west limb (S19W83) X40 shock.
The second pair of shocks arrived at Voyager 2 in April
2004, and the longer duration 28 April 2004 shock event
was associated with significant energetic particle effects.
[4] We are aware of and emphasize the limitations and the
shortcomings of our approach, but we believe that their
presentation may lead to new insights and that they also
represent a yardstick by which the future progress in this
area can be measured. Rather than hiding the errors, we
want to advertise where the model does well and where it
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Table 1. October/November (‘‘Halloween’’) 2003 Solar Events and HAFv2 Model Inputsa
NNNN

YYYYMMDD

HHMM

Latitude

Longitude

Vs

Tau

Optical

X-Ray

0507
0508
0509
0510
0511
0512
0513
0514
0515
0516
0517
0518
0519
0520
0521
0522
0523
0524
0525

20031019
20031021
20031022
20031023
20031025
20031026
20031026
20031028
20031029
20031101
20031102
20031103
20031103
20031104
20031111
20031113
20031117
20031118
20031120

1650
0347
0938
0827
0415
0617
1735
1102
2044
2234
1714
0124
0956
1943
1335
0924
0917
0747
0747

N05
S10
S02
S21
S15
S18
N05
S16
S15
S12
S14
N10
N08
S19
S03
N01
S01
N00
N01

E56
E90
E22
E88
E43
E44
W38
E08
W02
W60
W56
W83
W77
W83
W61
E90
E33
E18
W08

625
1058
650
967
316
1500
1700
3200
2700
400
2000
1600
1100
2380
492
1100
1100
950
900

0120
0040
0300
0130
0200
0300
0330
0300
0130
0100
0100
0145
0130
0130
0300
0300
0200
0300
0045

XXX
SF
XX
1B
2N
3N
2N
XX
2B
1N
2B
2B
2F
3B
SF
XX
1N
2N
2B

X1.1
C7.8
M1.7
X5.4
M1.2
X1.2
X1.2
X17.2
X10.0
M3.3
X8.3
X2.7
X3.9
X40
M1.6
M1.4
M4.2
M3.2
M9.6

a
From Dryer et al. [2004] with the exception of Vs that were modified (see below). The first column lists the ‘‘Fearless Forecast’’ numbers (NNNN) used
sequentially in real time by these authors since 1997. The date (YYYYMMDD) and time (HHMM) refer to the metric type II start time that is usually close
to the soft x-ray maximum time at 1-8A. The source locations are given in latitude and longitude relative to the central meridian of Earth. The HAFv2
model’s shock speed input (Vs in km/s) at the Sun is based on heuristic consideration of real-time radio and halo/partial halo CME plane-of-sky speed
estimates (FF#520, FF#522, and FF#524) in real time [Dryer et al., 2004; Smith et al., 2004, 2005] and an ex post facto fine tuning (FF#512-FF#519, and
FF#523) to achieve improved actual shock arrivals at L1 (Figure 1). Tau values refer to the assumed piston driving time of the coronal shocks above the
flare site in hours and minutes. The shape of the shock thereafter is determined by the HAFv2 simulation, not by any assumed cone angle. The optical and
x-ray classifications of the events also are listed.

does not. Often these very errors can be the most important
results for future research leading to new insights in the
physics of the problem, new constraints on models, and a
new focus on why the model does well on some events and
not on others.
[5] Large solar events have occurred during the descending phase of the solar cycle. The August 1972 events
[Intriligator, 1976] are an example of this phenomenon as
are the October/November 2003 events currently under
study. These two sets of events also yielded the two highest
solar wind speeds measured in situ [Skoug et al., 2004]. In
the latter case, we emphasize the asymmetry of the Voyager
1 and Voyager 2 locations (respectively, 34° north of the
ecliptic plane and 149° east of Earth when projected onto
the ecliptic and 24° south and 106° east of Earth) with
respect to the three flaring active regions that ranged from,
at most, N08 to S21. The implication of this statement is
that peak propagating shock strengths would be expected to
be directionally biased in latitude toward Voyager 2.
[6] We find that the three-dimensional HAFv2 model
provides a reasonable first step benchmarking approach
for simulating the solar wind parameters throughout a wide
range of heliospheric distances (from the Sun to 92 AU),
over a wide range of heliographic longitudes (from HGI
(Heliographic inertial coordinate system (NSSDC)) 25° to
320°), and over a wide range of heliographic latitudes (from
24° to +34°). In addition, we find that the HAFv2 model
results may help us to understand other heliospheric observations and phenomena including the Voyager 1 and Voyager 2 energetic particle and plasma wave measurements.
[7] We discuss the HAFv2 model and our previous study
of the outer heliosphere briefly in section 2. The wellknown solar events of the October –November 2003 are
then invoked as the background for the present study in
section 3. We then offer a prediction for plasma wave

heliosheath activity in section 4 followed by our conclusions in section 5.

2. HAFv2 Solar Wind Model
[ 8 ] Numerous papers have been published on the
HAFv2 model, e.g., Fry et al. [2001, 2002, 2003, 2004,
2005], Dryer et al. [2001, 2004], Sun et al. [2002a, 2002b,
2003], Smith et al. [2004, 2005], McKenna-Lawlor et al.
[2002, 2005], Intriligator et al. [2004], and Veselovsky et al.
[2004]. The three-dimensional HAFv2 kinematic model
projects radial solar wind flow from inhomogeneous sources on a surface at 2.5 solar radii out into space while
adjusting the flow for stream-stream interactions as fast
streams overtake slower ones. The stream-stream interaction
procedure is described in great detail by Olmstead and
Akasofu [1985] and Fry and Akasofu [1987]. Stream-stream
interactions are handled in a manner that mimics the net
result of the collisionless interactions of solar wind plasma
and fields. This procedure accounts for magnetic flux
conservation; the frozen field condition; and the formation,
interaction, and evolution of high and low speed streams.
This process includes compression and rarefaction, development of corotating interaction regions, and propagation of
CMEs (excluding the flux rope type) and interplanetary
shocks. The details of the modified kinematic procedure are
thoroughly presented by Hakamada and Akasofu [1982].
While MHD solutions integrate the equations of motion to
obtain velocity, the kinematic model begins with the equations integrated twice to obtain the fluid parcel positions.
The velocity then comes from dx/dt. Preevent, nonhomogeneous 3-D solar wind conditions (radial velocities and
IMF magnitudes and initial radial components) are initialized from daily-available (from NOAA/SEC) solar magnetograms and their use via the empirical methods given in the
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Figure 1. The arrival of the Halloween 2003 shocks at
ACE on 28, 29, 30 October and 4 November 2003 are
shown in the solar wind speed data and the HAFv2 results.
The timings of the shock arrivals and the magnitudes of the
associated speed jumps in the predictions of the HAFv2
model are very similar to the ACE speed observations at
1 AU. The Vs values in Table 1 were tuned to optimize only
the agreement between the shock arrivals in the model
results and in the ACE observations. ACE data courtesy of
R. Skoug and C.-C. Wu. ACE/SWEPAM density observations are not shown here due to some unreliable data for part
of this time period as discussed by Skoug et al. [2004]. See
color version of this figure at back of this issue.
references provided by Fry et al. [2003]. The model has
been calibrated with 1-D ideal MHD solutions [Sun et al.,
1985] and, even more importantly, with multipoint spacecraft observations [e.g., Intriligator et al., 2004].
[9] In the present paper the HAFv2 model results are
based on the solar inputs as shown in Table 1. The values
in Table 1 are the only free parameters in the HAFv2
model. Table 1 lists the input conditions for the 19 flares
and CMEs during the October/November 2003 series of
events from active regions 484, 486, and 488. It is based
on the real-time predictions for shock arrivals at L1
described by Dryer et al. [2004]. The present Table 1
differs from their Table 1 in that the input shock speeds
in our table have been tuned to allow for a more
favorable shock arrival time comparison with the ACE
observations as shown in Figure 1. This tuning for ACE
shock arrival times is the only procedure that is employed
with the use of free parameters in this paper.
[10] Since the HAFv2 model is usually used [Fry et al.,
2003; Dryer et al., 2004] at heliocentric distances within
10 AU, it does not take into account the effects of pickup
ions. These effects generally lead to a 10% slowing of the
solar wind [Wang et al., 2000]. Our comparisons between
the HAFv2 model, the Voyager 2 plasma and magnetic field
data, and the Voyager 1 magnetic field data (there has been
no operational plasma probe on Voyager 1 since 1981)
indicate that this 10% correction due to pickup ions
appears to be on average correct. As a next step in
improving our modeling, we plan to compare the HAFv2
results with full 3-D MHD results (T. R. Detman et al., A
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hybrid heliospheric modeling system, I. Background
solar wind, submitted to Journal of Geophysical Research,
2005 (hereinafter referred to as Detman et al., submitted
manuscript, 2005)). Following that we hope to also explicitly include the effects of pickup ions.
[11] In the work of Intriligator et al. [2004] we used
the 3-D HAFv2 model for studying the propagation through
the heliosphere to Voyager 2 (at 67 AU) and to Voyager 1
(at 85 AU) of the November 2001 solar events and the
March/April 2002 solar events. We compared the HAFv2
predictions with Voyager 1 and Voyager 2 data and with
the predictions of the 1-D models [Wang et al., 2000;
Richardson et al., 2003]. The HAFv2 results showed that
both the November 2001 events and the March/April 2002
events propagated asymmetrically in both longitude
and latitude through the heliosphere. We suggested that
Voyager 1 and Voyager 2 observed different effects of the
asymmetric propagation of solar events to the outer
heliosphere and that these different effects, rather than
only the crossing or approach of the termination shock by
Voyager 1, may have contributed to the differences
(during 2002.6 – 2003.1: August 2002 to February 2003) in
the Voyager 1 and Voyager 2 energetic particle observations
[Krimigis et al., 2003; McDonald et al., 2003; Burlaga et
al., 2003].

3. HAFv2 Comparisons at ACE, Ulysses, Cassini,
Voyager 2, and Voyager 1
3.1. Introduction
[12] As noted in section 2, solar flare events are approximated during the Halloween 2003 epoch and initiated at the
Sun with initialization tuned only by shock arrival times at
ACE. This is the only tuning that was done. No other tuning
was done at any other locations, and no other tuning was
done for any other parameters at ACE. There are no other
free parameters. The shock shape is determined by a preset
internal algorithm in HAFv2 and is not adjusted for better
results with respect to observations at other spacecraft.
The HAFv2 model then simulates, with no further inputs,
the ICMEs that propagate throughout the inner and outer
heliosphere. We will discuss below the simulated results
with available observations, in appropriate helioradial
sequence, at ACE, Ulysses, Cassini, Voyager 2, and
Voyager 1.
3.2. ACE
[13] In October/November 2003 the ACE spacecraft was
located in an L1 orbit at a heliocentric distance of 1 AU, at
321.5° HGI longitude, and +4.5° HGI latitude. Figure 1
shows the comparison of the HAFv2 model results for
speed with the ACE speed observations. As discussed in
the previous section, the HAFv2 model results were tuned
to optimize the agreement between the model and the ACE
shock arrival times by adjusting some of the solar input
parameters (Vs) in the work of Dryer et al. [2004] to the
values shown in Table 1. In Figure 1, it is evident that the
HAFv2 results accurately predict the magnitudes of
the three largest speed jumps and postshock plasma flows.
These parameters were not tuned. Only the shock arrival
times were tuned. The HAFv2 speed profile and the ACE
speed profile are very similar throughout the entire time
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Figure 2. HAFv2 predictions and solar wind observations
at Ulysses of the Halloween events. The generally
consistent agreement in the speed profiles of the HAFv2
predictions of the arrival times of the shocks and the
magnitudes of their associated jumps with the solar wind
measurements provides validation of the HAFv2 model at
Ulysses. No model shifting is necessary. See color version
of this figure at back of this issue.
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events. Figure 3 shows on 6 November 2003 an ecliptic
plane projection in HGI coordinates of the configuration of
the interplanetary magnetic field (IMF) after several days of
propagation of the events using the HAFv2 model [Fry et
al., 2003; Intriligator et al., 2004]. In Figure 3 the outermost shock front near 90° has reached Ulysses as also
shown in the time line plot of Figure 2. The small black dot
in the 270°– 0° quadrant indicates the location of Earth and
the ACE spacecraft. Further inspection of Figure 3 indicates
that the outermost shock fronts are propagating asymmetrically faster in the lower half of the figure (180°– 270°– 0°)
than in the upper half. The simulation also indicates the high
probability that, for a given ICME, the western flank of the
shock can hit Ulysses while its eastern flank can hit Earth.
In the case of FF#520, the large west limb event (X40 from
S19W83) on 4 November 2003, and the inner shock fronts
in Figure 3 show the FF#520 event propagating asymmet-

interval shown. The HAFv2 model predictions for solar
wind plasma density also are shown.
3.3. Ulysses
[14] Figure 2 shows at Ulysses (at a heliocentric distance
of 5.23 AU, HGI longitude of 80°, and HGI latitude of
+5.8°) the comparisons between the HAFv2 model predictions and the in situ observations of the solar wind speed
and density for the Halloween events. The agreement
between the model and the observations is quite good in
terms of the range of magnitudes of the speed and density
and in terms of the relative timings of the jumps. The
HAFv2 model predictions of the shocks lead those observed
as reported by Richardson et al. [2005] and Lario et al.
[2005]. The 6 November 2003 shock is predicted to arrive
on 5 November 2003; the 7 November 2003 shock is
predicted to arrive on 6 November 2003; and so on. By
the end of the series of stream-stream interactions the
HAFv2 model predicts the higher speeds occurring 2 –
3 days earlier than observed. However, the HAFv2 predicted magnitudes of the associated speed jumps are quite
accurate. Thus, even though Ulysses and ACE are separated
by more than 4 AU and by >90° in longitude, the HAFv2
predictions at Ulysses are accurate within a few days and
the overall envelope of the predicted speed magnitudes
at Ulysses quite accurately reflects the observations.
In contrast, the 1-D MHD results of Richardson et al.
[2005], which used 1 AU data at Earth as input to their
1-D model, had to be shifted 8 days forward in time to
more closely coincide with the shock arrival times at
Ulysses. Despite this adjustment, their envelope of the
predicted speed magnitudes did not agree well with the
Ulysses measurements. This again emphasizes the importance of 3-D modeling.
[15] The HAFv2 model results can provide additional
insights into the interplanetary propagation of the solar

Figure 3. HAFv2 results on 6 November 2003 showing
the asymmetric interplanetary propagation of the October/
November 2003 solar eruptions. Ecliptic plane projection of
IMF lines in heliographic inertial coordinates shows the
longitudinal distribution. The curved blue/dark (red/light)
lines show the IMF toward (away) sectors. The results show
the distortions of the IMF lines from the spiral field
configuration. The Sun is at the origin of the X axis. The
radius extends to 10 AU. The small black dot at 320°
indicates the location of Earth and ACE. The positions of
Ulysses and Cassini also are shown. Near 90° the outermost
shock has reached Ulysses. At this time this innermost
shock, which we associate with FF#520, is barely extending
into the 180°– 270° quadrant. This shock propagates later
into this quadrant. Eventually, as a result of its original
strength and ability to be refracted completely around the
Sun, it reaches Voyager 2 as shown in Figures 8 and 9. See
color version of this figure at back of this issue.
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series of interplanetary events (probably FF#520) approaching Ulysses is also indicated in Figure 5.

Figure 4. HAFv2 predictions of solar wind parameters at
the Cassini spacecraft. There are no in situ solar wind
plasma data available from Cassini. Two shocks (see text),
as indicated by the two vertical lines, were observed at
Cassini: the first late on 10 November, and the second on
16 November 2003. The time interval between these
shocks is in good agreement with the HAFv2 predictions
shown above, though the HAFv2 model predicts they will
arrive 2 days earlier than observed. See color version of
this figure at back of this issue.

3.5. Voyager 2
[18] Richardson et al. [2005] report that the shock
(merged interaction region, MIR) from the Halloween event
arrived at Voyager 2 (at 73.2 AU, 215.3° HGI longitude,
and 25.2° HG latitude) in late April 2004. The arrival
occurred during a data gap in the solar wind plasma data on
28 April. Since the HAFv2 model does not include the
effects of pickup ions it is anticipated that the HAFv2
prediction of the shock arrival time could be 10 – 14%
earlier than the observed arrival time. Figure 6 displays
the HAFv2 model predictions and the solar wind data in
April 2004. The predicted shock arrival time is earlier than
observed, in agreement with our expectations. A close
inspection of the model predictions and the solar wind data
in Figure 6 indicates that there are two predicted event
arrivals shown in the speed and, also, two observed shocks
shown in the speed. In addition to the larger shock that
occurred during the data gap on 28 April, there appears to
be this smaller shock observed on 19 April. The HAFv2
model predicts the arrival of a longer duration MIR on
17 April and of a shorter duration event on 8 April.
Magnetic and plasma data presented by Burlaga et al. [2005]
support this point despite their omission of mentioning the

rically toward Ulysses and Cassini in the 0° – 90° quadrant.
At Earth, in the 270° – 0° quadrant, a shock was recorded,
but Earth was spared the brunt of the event.
[16] In the 180°– 270° quadrant, the inner shock front is
barely extending into this region. The inner shock continues
to refract around the Sun, however, propagating farther out,
and extends more into this quadrant. By 16 February 2004
(see Figure 9) it is approaching Voyager 2. As discussed
below, we believe this inner shock may have reached
Voyager 2 on 15 March 2004 (see Figure 8).
3.4. Cassini
[17] The Cassini spacecraft (at a heliocentric distance of
8.67 AU, a HGI longitude of 25.8°, and HG latitude of
3.5°) was en route to Saturn in November 2003. Unfortunately, no in situ solar wind plasma observations were
made on Cassini. The arrival times at Cassini of two shocks
from the Halloween events were observed in the magnetic
field and energetic particle measurements [Lario et al.,
2005], as indicated by the two vertical lines in Figure 4.
These observed shock arrival times are in reasonably good
agreement with the HAFv2 predictions shown in Figure 4.
Each of the two large modeled shocks arrives 2 days
before the observed shock arrives. Thus the time interval
between the two large modeled shocks is similar to the time
interval between the two observed large shocks. These
results are in good agreement with the HAFv2 model
results in Figure 5 showing the ecliptic plane projection on
10 November 2003 in the vicinity of Cassini. In Figure 5
the outermost shock has recently passed Cassini and
continues to propagate to greater heliocentric distances.
Figure 5 also indicates that the outermost shock has
propagated beyond Ulysses. The leading edge of the other

Figure 5. Same as Figure 3, but for 10 November 2003,
showing the outermost shock has just passed Cassini. This
shock is now much farther beyond Ulysses, and another
series of shocks is propagating closer to Ulysses. Note, in
particular, that FF#520 (Table 1), launched on 4 November
2003, is simulated to have overtaken several earlierlaunched, but weaker, ICMEs. This shock is now propagating en route to Ulysses and Cassini. See color version of
this figure at back of this issue.
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Figure 6. HAFv2 predictions of the shock (as part of a
merged interaction region, MIR) arrivals and solar wind
parameters and the Voyager 2 solar wind data in April 2004.
The unshifted simulated first event (short duration square
wave) corresponds to the measured first shock on 19 April
2004 and the larger shock on 28 April 2004 is simulated by
the longer duration step increase in the speed. The scale
for the simulated speed is on the right side of the upper
panel. The simulated densities were too low to be plotted
here. The timing between the two simulated shocks is
similar to the timing between the two measured shocks at
Voyager 2. The Voyager 2 IMF data [Burlaga et al., 2005]
are consistent with the presence of these two shocks, as are
the energetic particle data shown in our Figure 11 below.
See color version of this figure at back of this issue.

first shock on DOY 110 (April 19). The decrease in intensity
in the >70 MeV/nucleon CRS data in the work of Burlaga et
al. [2005] and in our Figure 11 below are consistent with the
arrival of this earlier shock on 19 April at Voyager 2. The
time interval (9 days) between the arrival times of the two
shocks in the HAFv2 simulation is about the same as that
between the two shocks observed by Voyager 2. The trend in
the speed profile for the longer duration shock in the HAFv2
simulation is similar to that observed for the larger shock.
Thus, while the magnitudes of the simulated speed and
density and the exact time of arrival of the two events are
not precise in the HAFv2 model simulations, the arrival of
the two shocks, the time interval between them, and the trend
in the speed profile for the larger shock are all as suggested
by the HAFv2 simulation. Overall, our simulation only can
be indicative of the result that should be expected from a
fully 3-D MHD model with the incorporation of pickup ions.
[19] Richardson et al. [2005] used their 1-D MHD model,
which includes the effects of pickup ions, to predict the
Halloween shocks’ arrival at Voyager 2. The difference
between the Richardson et al. [2005] model predicted
arrival time at Voyager 2 and the actual observed arrival
time was about 14 days. Owing to an ambiguity in their
paper, it is not clear whether they predicted a 14-day earlier
or a 14-day later arrival than that observed. Richardson et
al.’s [2005] Figure 6 caption says ‘‘model profiles are timeshifted back 14 days,’’ but in the text (paragraph 11) they
note that ‘‘The model results are time-shifted forward
14 days to match the arrival of the first [28 April, DOY
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119] shock’’. This need for a 14-day time shift, generally, is
to be expected since their 1-D model, with input at L1,
implicitly assumes spherical expansion even though there
are large differences in heliolongitude (106°) and in heliolatitude (30°).
[20] Figure 7 shows the HAFv2 model results for the
ecliptic plane plot of the IMF out to 100 AU on 19 April
2004. Figure 7 is similar in format to Figures 3 and 5, but in
the case of Figure 7 the radius extends out to 100 AU. It is
evident in Figure 7 that the large broad simulated shock
front has recently gone beyond the heliocentric distance of
Voyager 2. Presumably this shock front contains the smaller
duration shock observed at Voyager 2 on 19 April 2004 and
the longer duration merged shock observed at Voyager 2 on
28 April 2004. Figure 11 below also shows the effects of
these shocks in the Voyager 2 energetic particle data. The
28 April 2004 shock was a prolific source of low energy
particles (e.g., 2– 3 MeV H+) and also strongly modulated
the >70 MeV/nucleon galactic cosmic rays. In contrast, the
earlier shock (19 April 2004) slightly modulated the galactic
cosmic rays as evidenced by the dip in the Voyager 2
intensity of the >70 MeV/nucleon ions at that time, as
discussed midway in paragraph 18. Figure 7 also indicates
that this shock front has not yet reached the heliocentric
distance of Voyager 1 at its longitude, but at Voyager 2’s

Figure 7. Same as Figures 3 and 5, but showing the
HAFv2 model predictions for the IMF ecliptic plane
configuration out to 100 AU on 19 April 2004. The
locations of Voyager 2 and Voyager 1 are shown. The figure
indicates that a broad shock (MIR) associated with the
Halloween 2003 events recently passed the location of
Voyager 2. We associate this broad MIR with the 19 and
28 April 2004 shocks shown in Figure 6. An additional
MIR, perhaps associated with the speed peak in May
(Figure 11), is approaching Voyager 2. See color version
of this figure at back of this issue.
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Figure 8. Additional HAFv2 model predictions associated
with the Halloween solar events. HAFv2 predictions of the
shock arrival and solar wind parameters and the Voyager 2
solar wind data in February and March 2004. An observed
shock arrived on 4 February, and a simulated one arrived on
3 February. An additional shock was observed at Voyager 2
on 15 March 2004. This shock may be associated with the
HAFv2 shock prediction for an arrival 21 February. Thus
the HAFv2 model also suggests that shocks associated
with the October/November 2003 solar eruptions (perhaps
from the FF#520 fast west limb flare (X40)) may arrive at
Voyager 2 before the April shock front associated with these
Halloween 2003 solar eruptions arrives. Note the scale for
the simulated speed is on the right side of the upper panel.
See color version of this figure at back of this issue.
longitude the shock front has propagated faster and farther
and has passed Voyager 1’s heliocentric distance. Figure 7
also indicates that an additional shock front is approaching
Voyager 2. The reader is reminded that the solar flare events
are probably stronger below the ecliptic plane near the S25
latitude of Voyager 2, whereas Voyager 1 is at N34. Thus, in
Figure 7, foreshortening of the strongest part of the shock’s
leading edge below the ecliptic appears to be closer to
Voyager 1 than it is in reality, assuming the model’s result is
generally correct.
[21] The HAFv2 model also provides some additional
insights on the propagation of the shocks to the outer
heliosphere from the October/November 2003 solar eruptions. The HAFv2 model predicts the arrival of earlier
shocks in February 2004 at Voyager 2 at 73 AU, as shown
in Figure 8. In Figure 8 on 3 February, the HAFv2 model
predicts a small speed increase accompanied by a large
density increase. The solar wind observations in speed
in Figure 8 appear to indicate the arrival of a shock on
4 February. The density data show an accompanying
increase in density. We thus associate the predicted
small shock of 3 February with the measured small shock
of 4 February. This possible association is surprising in
view of the expected effects of pickup ions causing the
slowdown of the background solar wind and of the propagation of shocks [Wang et al., 2000] that are not considered here. However, in view of many other uncertainties
(e.g., preevent background inhomogeneties based on limited
solar source inputs, temporal shock interactions with one
another, etc.), we cannot definitively ascertain at this time
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which, if any, or all, these effects can mask any kind of
average shock estimates. We speculate, however, that the
western flank of the FF#520 fast west limb shock (generated on 4 November 2003) participated in the solar wind
plasma’s acceleration.
[22] The HAFv2 predictions in the speed plot in Figure 8
show that the larger shock front arrives at Voyager 2
21 February 2004. We believe that the 15 March shock
observed on Voyager 2 may correspond to the simulated
one shown on 21 February. The Voyager 2 solar wind speed
and density data for 15 March show the arrival of a shock
during a data gap with the speed increasing from 470 to
490 km/s with an accompanying increase in density. The
magnetic field data [Burlaga et al., 2005] also show a peak
in the IMF magnitude at this time. We believe it is possible
that this early arriving shock is associated with FF#520, the
fast west limb event that occurred on 4 November 2003.
This event propagated to Cassini with an average transit
speed of 2500 km/s [Russell et al., 2004]. Its arrival at
Voyager 2 on 15 March implies an average transit speed of
950 km/s between the Sun and Voyager 2. As indicated in
Table 1, FF#520 occurred at S19°, and Voyager 2 at this
time was at S25° quite close to the latitude of the solar
event. The early arrival (21 February 2004) of the HAFv2
shock is consistent with our expectations, as discussed
above, since the effects of slowing due to pickup ions are

Figure 9. Same as Figure 7, but showing the HAFv2
model predictions for the IMF ecliptic plane configuration
out to 100 AU on 16 February 2004. A broad MIR is
approaching Voyager 2. The asymmetric configuration of
the MIR is evident with its faster and farthest propagation in
the 270° – 0° quadrant. We believe the shock (MIR) arrived
at Voyager 2 on 15 March 2004 giving rise to the
corresponding modulation (dip) in galactic cosmic rays
(>70 MeV/nucleon) shown in Figure 11. See color version
of this figure at back of this issue.
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Figure 10. HAFv2 model predictions of the shock arrivals
at Voyager 1. Since 1980 there have been no solar wind
measurements on Voyager 1. The HAFv2 results predict a
shock arrival at Voyager 1 20 June and at the end of July
near 27 or 28 July. The reader is reminded that the HAFv2
model does not take pickup ions into account. The inclusion
of pickup ions [Wang et al., 2000] could result in a 10 to
14% slowing in the solar wind. See color version of this
figure at back of this issue.
not included in our model. We have no explanation at this
time for the differences in speed and density between the
model and data and for the differences in the simulated
arrival times and observed shock arrival times in this figure.
Here again, though, our HAFv2 simulation is only the first
step toward a fully 3-D MHD model with the incorporation
of pickup ions. We suggest that this result be considered, as
with the other results in this paper, as benchmarks that
should, in turn, be followed by further investigations with
improved models.
[23] Figure 9 shows the HAFv2 predictions of the ecliptic
plane IMF configuration out to 100 AU for 16 February
2004. We believe this is the inner shock front that was
shown in Figure 3 (see, also, paragraph 16) where, at that
time, it was barely intruding into the 180°– 270° quadrant.
Now in Figure 9 it shows this evolved shock front as the
large shock front approaching the heliocentric distance of
Voyager 2. It is interesting to note that this shock front is
asymmetric and that in the 270°– 0° quadrant it has propagated out to heliocentric distances as large as those
associated with Voyager 1.
[24] Thus the HAFv2 model predicts that there will be a
series of shocks arriving at Voyager 2. The large variations
in initial speeds continually change the grouping of the
shocks, which also changes the magnitude of one group
relative to another as they proceed outward. Thus it is not
surprising to see that the fast event (FF#520?) arrived in the
outer heliosphere with not much magnitude in February
2004 while a larger event, perhaps associated with the other
October/November 2003 events, could develop along the
way to arrive there on 28 April 2004 as a more complex
MIR.
3.6. Voyager 1
[25] The HAFv2 model predicted (see Figure 10) that the
outer heliosphere propagation of the Halloween 2003 asso-
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ciated solar events would arrive as a series of shocks from
mid-June through the end of July 2004 at the Voyager 1
spacecraft (at a heliocentric distance of 93 AU, 172.2° HGI
longitude, and +34° HG latitude). The Richardson et al.
[2005] 1-D model predicted that the Halloween shocks
would arrive at Voyager 1 around 6 June 2004. The solar
wind experiment is not working on Voyager 1 and the
Voyager 1 magnetic field data are not yet available to us.
The Voyager 1 energetic particle data in 2004 are not similar
to the Voyager 2 data, but rather the 2004 Voyager 1
energetic particle data appear to be similar to the Voyager
1 energetic particle data from 2002.6 to 2003.1. Despite
these differences, both the Voyager 1 and Voyager 2
energetic particle data appear to show peaks and dips
associated with the arrival of the Halloween shocks, as
shown in Figure 11.
[26] Richardson et al. [2005] concluded that the Halloween shock did not reach Voyager 1. We do not agree with
this conclusion. We believe that, as shown in the HAFv2
model prediction in Figure 10, there were shock arrivals at
Voyager 1 in June and July 2004 associated with the
October/November 2003 solar eruptions. It also is possible
that there were additional subsequent shock arrivals as
discussed below. We believe that analyses and comparisons of the Voyager 1 and Voyager 2 energetic particle
data, as shown in Figure 11, may indicate that, at both
Voyager 1 and Voyager 2, there were several MIR shockrelated energetic particle enhancements and shock-related
Forbush decreases [Intriligator et al., 2004] associated
with the arrival of various shocks from the Halloween
2003 solar eruptions.
[27] HAFv2 predicted the arrival of the Halloween shocks
at Voyager 2 in February and in April 2004 and at Voyager 1
in mid-June and July 2004. Inspection of the Voyager 2
solar wind speed data in Figure 11 shows the arrival of the
large shock (see the solid black vertical arrow above the
speed jump in the bottom panel and the two corresponding
solid black vertical arrows above the Voyager 2’s energetic
particle data in the other two panels) in April. Several
smaller shocks (e.g., in February, March, and earlier in
April, as discussed above) also can be seen in the solar wind
speed both before and after the arrival (Figure 6) of the large
shock on 28 April 2004.
[28] As shown in Figure 11, the intensity in the 2 – 3 MeV
H data from Voyager 2 begins to rise before the large
(28 April) shock’s arrival. These particles may have found
their way to Voyager 2 either from the foreshock of the
approaching shock or along IMF lines (see Figure 7) that
threaded through both the region of acceleration of the shock
in the 270°– 0° quadrant and the vicinity of the Voyager 2
spacecraft. This particle increase endured for weeks as the
shock propagated farther out in the heliosphere. These
features in the Voyager 2 energetic particle data are consistent with the features in the IMF ecliptic plane configuration
on 19 April 2004 as shown in Figure 7. The slope of the
decrease in intensity of the 2 – 3 MeV H peak follows the
decreasing speed slope. Also at Voyager 2 there appear to be
small increases in the 2 – 3 MeV H intensity associated with
the February and March shock arrivals and with a number of
other discontinuities in the solar wind speed. With regard to
the >70 MeV/nucleon ion data from Voyager 2, the late
April shock arrival, and its associated merged interaction
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Figure 11. Voyager 1 and Voyager 2 data during 2004.
(bottom) Voyager 2 solar wind speed (two-hourly averages).
(middle) Voyager 2 and Voyager 1 CRS [McDonald et al.,
2003; Intriligator et al., 2004] 2 –3 MeV hydrogen ion
(proton) data. (top) CRS >70 MeV/nucleon ions. The CRS
data are six-hourly averages. In the middle panel the
intensity of the 2 – 3 MeV hydrogen ions from Voyager 1 is
several orders of magnitude higher than the corresponding
Voyager 2 data. This difference in intensities is similar to
the situation in 2002.6 to 2003.1. As shown in the lower
panel, the large Halloween shock (indicated by the black
vertical arrow above the data) arrives at Voyager 2 on
28 April. A number of smaller shocks arrive at Voyager 2,
including on 4 February, 15 March, 19 April, 1 June,
21 August, etc. In association with the Halloween shocks at
the respective spacecraft, the Voyager 2 and Voyager 1 data
appear to show peaks and dips in the 2 – 3 MeV H data and
corresponding enhancements and modulations in the
>70 MeV/nucleon ion data (e.g., at Voyager 2 on 15 March,
19 April, 28 April 2004). The black vertical arrow above
the data indicates the arrival of the 28 April shock at
Voyager 2. The inclined black arrows below the data denote
the modulation (Forbush decrease) associated with the
28 April 2004 Voyager 2 event in the >70 MeV/nucleon
ions and, subsequently, at Voyager 1. Note the dip in the
>70 MeV/nucleon ions at Voyager 2 9 days earlier
associated with the earlier 19 April 2004 shock arrival. See
color version of this figure at back of this issue.

region, was observed first, as an increase in intensity due to
particle acceleration, and then (see the first inclined, dashed
black arrow below the data) as a large Forbush decrease
[Intriligator et al., 2004]. Figure 11 shows there also were
small Forbush decreases associated with the February,
March, and 19 April shock arrivals.

A09S10

[29] In terms of the Voyager 1 data, as noted above, the
2– 3 MeV hydrogen intensities are several orders of magnitude higher than the Voyager 2 intensities. This situation
is reminiscent of the 2002.6 – 2003.1 time interval. In the
Voyager 1 data, there are a number of order of magnitude
peaks. Comparison of the 2 –3 MeV H peaks from Voyager
1 with the Voyager 1 galactic cosmic ray >70 MeV/nucleon
ion data indicates that the timings of the 2– 3 MeV H data
peaks correspond with smaller enhancements and then the
Forbush decreases in the galactic cosmic rays. The slope of
the Voyager 1 Forbush decrease near the beginning of
August 2004 (see black dashed inclined arrow below the
data) is quite similar to the slope of the large Forbush
decrease in the Voyager 2 data following the major shock
arrival at the end of April. The Voyager 1 peaks and dips in
the 2– 3 MeV H data in July also appear to correspond
to the galactic cosmic ray changes in that spacecraft’s
>70 MeV/nucleon ions. This correspondence appears to
continue into November 2004 as shown in Figure 11.
[30] We speculate that the highest intensity peak in the 2 –
3 MeV H data in late August also is associated with a
traveling Halloween-associated interplanetary shock. Recalling that the HAFv2 model predicted shocks at Voyager 1 in
mid-June and at the end of July (Figure 10) and also that
this model does not include the effects of pickup ions, it is
possible that, for example, the large shock predicted for
the end of July actually arrived at Voyager 1 about a
month later and was responsible for the highest peak
intensity observed in the particles to date this year.
[31] The Voyager 2 plasma speed in Figure 11 shows a
series of shocks and discontinuities continuing throughout
2004. A number of these, perhaps in different groupings as
discussed above, may have eventually reached the vicinity
of Voyager 1 and may have been responsible for the
recurring peaks and dips observed at that spacecraft. In
particular, the Halloween shocks in the vicinity of Voyager 1 may have accelerated the ambient particles in the
outer heliosphere including the pickup ions, the anomalous cosmic rays, electrons, and other termination shock
associated particles, and enhanced and modulated the
galactic cosmic rays. It is also possible that this is a
two shock phenomenon with particles traveling between,
or threading among, the traveling interplanetary shock(s)
and the termination shock. When additional in situ data
become available (e.g., Voyager magnetic field data,
energetic particle anisotropies and composition, electrons,
etc.), we may be able to eliminate or to substantiate these
possibilities for the locations of the sources of these
particles, their acceleration sites, and the mechanisms
involved (perhaps including those discussed by Intriligator
et al. [2001]).

4. Prediction for Plasma Wave Heliosheath
Activity
[32] Gurnett et al. [2003] reported the return on
1 November 2002 of the 2 – 3 kHz radio emission as
observed by the plasma wave experiment on Voyager 1.
They associated this with the interaction of a strong shock
(from the solar events of early April 2002) with the
heliopause. The Bastille Day 2000 solar events did not
give rise to such a plasma wave event. Richardson et al.
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[2005] speculated that the large shock observed at the end
of April 2004 at Voyager 2 might arrive at the heliopause
in March 2005. They assert, however, that the shock was
not seen at Voyager 1 (the spacecraft closest to the nose of
the heliosphere) and that the strength of this shock was
similar to the Bastille Day shock. Thus they conjectured
that the shock may not reach the heliopause or may not be
strong enough to trigger plasma wave emission.
[33] We believe that some of the Halloween shocks did
reach Voyager 1, e.g., as discussed above, in mid-June and
in July 2004, and that they accelerated the ambient particle
population and modulated galactic cosmic rays. They also
may have interacted with the termination shock. Generally,
the Halloween interplanetary shocks were quite asymmetric.
They appear to be stronger in the neutron monitor data (not
shown) than the April 2002 or the Bastille 2000 events.
They tended to be weaker in the upwind direction and in the
north, i.e., in the vicinity of Voyager 1. Thus we also would
speculate that the 2 – 3 kHz plasma wave activity may return
in early 2005. However, if the wave activity does not recur,
it would likely be due to the 3-D asymmetric interplanetary
configuration of these events.

5. Conclusions
[34] We have used a first generation (kinematic), space
weather forecasting 3-D solar wind model, HAFv2, to
suggest the necessity for consideration of solar-generated
disturbances when examining Voyager 1 and Voyager 2
observations in the outer heliosphere. Our first effort in this
direction is described by Intriligator et al. [2004]. The 3-D
HAFv2 model was deemed to be appropriate because of its
lengthy history of published space weather real-time experiences as noted in sections 1 and 2 above. Here, we have
continued this methodology by considering the October/
November (Halloween) 2003 solar flare disturbances. We
have suggested here, starting from solar observations
and using benchmarks at ACE (1 AU), Ulysses (5.23 AU),
and Cassini (8.67 AU) in addition to Voyager 2 (73 AU) and
Voyager 1 (93AU), that heliolongitudinal and heliolatitudinal effects should explicitly be taken into consideration. We
plan to extend this work by using the 3-D MHD approach
(Detman et al., submitted manuscript, 2005) that also
incorporates a global, preevent, inhomogeneous, background solar wind plasma and interplanetary magnetic field.
Eventually, of course, the effects of pick up ions should be
included within this 3-D MHD context. Our 3-D HAFv2
results appear to be useful for interpreting the Voyager
energetic particle data and perhaps the 2 –3 kHz plasma
wave emissions as well.
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Figure 1. The arrival of the Halloween 2003 shocks at ACE on 28, 29, 30 October and 4 November
2003 are shown in the solar wind speed data and the HAFv2 results. The timings of the shock arrivals and
the magnitudes of the associated speed jumps in the predictions of the HAFv2 model are very similar to
the ACE speed observations at 1 AU. The Vs values in Table 1 were tuned to optimize only the
agreement between the shock arrivals in the model results and in the ACE observations. ACE data
courtesy of R. Skoug and C.-C. Wu. ACE/SWEPAM density observations are not shown here due to
some unreliable data for part of this time period as discussed by Skoug et al. [2004].

Figure 2. HAFv2 predictions and solar wind observations at Ulysses of the Halloween events. The
generally consistent agreement in the speed profiles of the HAFv2 predictions of the arrival times of the
shocks and the magnitudes of their associated jumps with the solar wind measurements provides
validation of the HAFv2 model at Ulysses. No model shifting is necessary.
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Figure 3. HAFv2 results on 6 November 2003 showing the asymmetric interplanetary propagation of
the October/November 2003 solar eruptions. Ecliptic plane projection of IMF lines in heliographic
inertial coordinates shows the longitudinal distribution. The curved blue/dark (red/light) lines show the
IMF toward (away) sectors. The results show the distortions of the IMF lines from the spiral field
configuration. The Sun is at the origin of the X axis. The radius extends to 10 AU. The small black dot at
320° indicates the location of Earth and ACE. The positions of Ulysses and Cassini also are shown.
Near 90° the outermost shock has reached Ulysses. At this time this innermost shock, which we associate
with FF#520, is barely extending into the 180° – 270° quadrant. This shock propagates later into this
quadrant. Eventually, as a result of its original strength and ability to be refracted completely around the
Sun, it reaches Voyager 2 as shown in Figures 8 and 9.

Figure 4. HAFv2 predictions of solar wind parameters at the Cassini spacecraft. There are no in situ
solar wind plasma data available from Cassini. Two shocks (see text), as indicated by the two vertical
lines, were observed at Cassini: the first late on 10 November, and the second on 16 November 2003. The
time interval between these shocks is in good agreement with the HAFv2 predictions shown above,
though the HAFv2 model predicts they will arrive 2 days earlier than observed.
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Figure 5. Same as Figure 3, but for 10 November 2003, showing the outermost shock has just passed
Cassini. This shock is now much farther beyond Ulysses, and another series of shocks is propagating
closer to Ulysses. Note, in particular, that FF#520 (Table 1), launched on 4 November 2003, is simulated
to have overtaken several earlier-launched, but weaker, ICMEs. This shock is now propagating en route
to Ulysses and Cassini.

Figure 6. HAFv2 predictions of the shock (as part of a merged interaction region, MIR) arrivals and
solar wind parameters and the Voyager 2 solar wind data in April 2004. The unshifted simulated first
event (short duration square wave) corresponds to the measured first shock on 19 April 2004 and the
larger shock on 28 April 2004 is simulated by the longer duration step increase in the speed. The scale for
the simulated speed is on the right side of the upper panel. The simulated densities were too low to be
plotted here. The timing between the two simulated shocks is similar to the timing between the two
measured shocks at Voyager 2. The Voyager 2 IMF data [Burlaga et al., 2005] are consistent with the
presence of these two shocks, as are the energetic particle data shown in our Figure 11 below.
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Figure 7. Same as Figures 3 and 5, but showing the HAFv2 model predictions for the IMF ecliptic
plane configuration out to 100 AU on 19 April 2004. The locations of Voyager 2 and Voyager 1 are
shown. The figure indicates that a broad shock (MIR) associated with the Halloween 2003 events
recently passed the location of Voyager 2. We associate this broad MIR with the 19 and 28 April 2004
shocks shown in Figure 6. An additional MIR, perhaps associated with the speed peak in May
(Figure 11), is approaching Voyager 2.

Figure 8. Additional HAFv2 model predictions associated with the Halloween solar events. HAFv2
predictions of the shock arrival and solar wind parameters and the Voyager 2 solar wind data in February
and March 2004. An observed shock arrived on 4 February, and a simulated one arrived on 3 February.
An additional shock was observed at Voyager 2 on 15 March 2004. This shock may be associated with
the HAFv2 shock prediction for an arrival 21 February. Thus the HAFv2 model also suggests that
shocks associated with the October/November 2003 solar eruptions (perhaps from the FF#520 fast west
limb flare (X40)) may arrive at Voyager 2 before the April shock front associated with these Halloween
2003 solar eruptions arrives. Note the scale for the simulated speed is on the right side of the upper panel.
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Figure 9. Same as Figure 7, but showing the HAFv2 model predictions for the IMF ecliptic plane
configuration out to 100 AU on 16 February 2004. A broad MIR is approaching Voyager 2. The
asymmetric configuration of the MIR is evident with its faster and farthest propagation in the 270° –0°
quadrant. We believe the shock (MIR) arrived at Voyager 2 on 15 March 2004 giving rise to
the corresponding modulation (dip) in galactic cosmic rays (>70 MeV/nucleon) shown in Figure 11.

Figure 10. HAFv2 model predictions of the shock arrivals at Voyager 1. Since 1980 there have been
no solar wind measurements on Voyager 1. The HAFv2 results predict a shock arrival at Voyager 1
20 June and at the end of July near 27 or 28 July. The reader is reminded that the HAFv2 model
does not take pickup ions into account. The inclusion of pickup ions [Wang et al., 2000] could result in
a 10 to 14% slowing in the solar wind.
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Figure 11. Voyager 1 and Voyager 2 data during 2004. (bottom) Voyager 2 solar wind speed (twohourly averages). (middle) Voyager 2 and Voyager 1 CRS [McDonald et al., 2003; Intriligator et al.,
2004] 2 – 3 MeV hydrogen ion (proton) data. (top) CRS >70 MeV/nucleon ions. The CRS data are sixhourly averages. In the middle panel the intensity of the 2 – 3 MeV hydrogen ions from Voyager 1 is
several orders of magnitude higher than the corresponding Voyager 2 data. This difference in intensities is
similar to the situation in 2002.6 to 2003.1. As shown in the lower panel, the large Halloween shock
(indicated by the black vertical arrow above the data) arrives at Voyager 2 on 28 April. A number of
smaller shocks arrive at Voyager 2, including on 4 February, 15 March, 19 April, 1 June, 21 August, etc.
In association with the Halloween shocks at the respective spacecraft, the Voyager 2 and Voyager 1 data
appear to show peaks and dips in the 2 – 3 MeV H data and corresponding enhancements and modulations
in the >70 MeV/nucleon ion data (e.g., at Voyager 2 on 15 March, 19 April, 28 April 2004). The black
vertical arrow above the data indicates the arrival of the 28 April shock at Voyager 2. The inclined black
arrows below the data denote the modulation (Forbush decrease) associated with the 28 April 2004
Voyager 2 event in the >70 MeV/nucleon ions and, subsequently, at Voyager 1. Note the dip in the
>70 MeV/nucleon ions at Voyager 2 9 days earlier associated with the earlier 19 April 2004 shock
arrival.
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