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Abstract. Relativistic protons emitted by the Sun on 2000
July 14 (Bastille Day) caused the count rate of high-latitude
neutron monitors to increase by 25-40% relative to the pre-
existing background of galactic cosmic rays. We use a 9-
monitor network to show that an initial large anisotropy de-
creased very rapidly to a small value. We model the event
with numerical codes based upon the Boltzmann equation,
and conclude that solar particle transport was significantly
influenced by a reflecting boundary or magnetic bottleneck
from an earlier CME that was located∼ 0.3 AU beyond
Earth at the time of the Bastille Day event. We also model
Wind low-energy electrons to determine the parallel mean
free path over a rigidity range spanning 4 orders of magni-
tude.

1 Introduction

Figure 1 presents an overview of cosmic ray activity around
the time of the Bastille Day solar particle event. A large For-
bush decrease occurred on July 13. While this decrease was
in progress, relativistic solar particles arrived at Earth, caus-
ing a ground level enhancement (GLE) on Bastille Day (July
14). The event was associated with a solar flare at 1024 UT
in NOAA region 9077 located at N22 W07, which registered
as a powerful X5-class eruption by the NOAA GOES-8 satel-
lite.

Finally, on July 15, another large Forbush decrease oc-
curred. This decrease was caused by the coronal mass ejec-
tion (CME) associated with the Bastille Day GLE, after a
transit time from Sun to Earth of only∼ 28 hours, implying
a mean speed∼ 1500 km/s. The observations in Figure 1
were recorded by neutron monitors in Thule, Greenland and
McMurdo, Antarctica. We note that the neutrons detected are
secondary particles caused by nuclear interactions of cosmic
rays with Earth’s atmosphere. The primary cosmic rays ini-
tiating these interactions are predominantly protons.
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Fig. 1. Cosmic ray activity observed around the time of the Bastille
Day (2000) solar particle event. Light lines show relative hourly
count rates recorded by neutron monitors in Thule, Greenland and
McMurdo, Antarctica. Heavy line is their average. Each monitor
was normalized to an index value of 100 on July 9. These data are
available at:<http://www.bartol.udel.edu/∼neutronm/>.

2 Neutron Monitor Data Analysis

We limited our database to 9 high-latitude monitors with ge-
omagnetic cutoffs below 1 GV. Such monitors uniquely have
excellent directional sensitivity for solar cosmic rays and are
thus ideally suited for analysis methods that demand precise
measurement of particle anisotropies (Bieber and Evenson,
1995). Station viewing directions were computed using a tra-
jectory code that takes into account the continually changing
configuration of Earth’s magnetic dipole and magnetosphere.

As shown in Figure 2, at event onset these monitors had
viewing directions well distributed throughout an80◦-wide
band centered on the ecliptic. Solid circles show viewing
directions for 50-percentile (median) rigidity particles, and
the lines encompass viewing directions for 20- to 80-percent-
ile rigidities. These lines encompass the central 60% of the
detector response and thus represent the angular resolution
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Fig. 2. Viewing directions in GSE coordinates of the nine neutron
monitors employed in this analysis. Solid circles show the view-
ing direction for a vertically incident median rigidty solar cosmic
ray, and the lines encompass the central 60% of the monitor energy
response (see text). “O” and “X” designate the position of the nom-
inal sunward and anti–sunward Parker spiral magnetic field. Station
codes are: AP Apatity, Russia; GB Goose Bay, Canada; IN Inuvik,
Canada; MA Mawson, Antarctica; MC McMurdo, Antarctica; SA
Sanae, Antarctica; TH Thule, Greenland; TA Terre Adelie, Antarc-
tica; and TI Tixie Bay, Russia.

of each station.
Neutron monitor data were pressure corrected using the

normal 2-coefficient method appropriate for solar cosmic
rays. Figure 3 displays corrected data from two stations used
in our analysis. As shown by Figure 2, Thule was view-
ing approximately sunward along the nominal Parker spiral
direction, while Tixie Bay was viewing approximately anti-
sunward. Thus Thule observes a faster rise and higher peak
intensity than Tixie. Differences such as these permit us to
derive detailed information on cosmic ray transport from net-
works of stations.

Data from all 9 stations were fitted to a first order aniso-
tropy,

f(θ, φ) = n (1 + ξx sin θ cosφ
+ ξy sin θ sinφ + ξz cos θ) , (1)

wheref is the cosmic ray intensity arriving from direction
(θ, φ), n is the cosmic ray density,ξx, ξy, ξz are the three
components of the anisotropy vector,θ is polar angle, and
φ is azimuth. To take account of the spread of asymptotic
direction with particle rigidity, we used 10 rigidity values at
each station. Owing to the excellent angular resolution of
the stations used, however, this complication produced only
small differences from the simple procedure of treating each
station as a perfect uni-directional detector viewing the me-
dian rigidity direction.

Results are shown by the data points (5-minute averages)
in Figure 4. The density displays a typical fast rise and slower

Fig. 3. Bastille Day GLE as recorded by neutron monitors in Thule,
Greenland and Tixie Bay, Russia. At event onset Thule was viewing
approximately sunward along the nominal Parker spiral magnetic
field, while Tixie was viewing anti-sunward (cf Fig. 2).

decay. The magnitude of anisotropy,|ξ|, is initially high, but
decreases very rapidly to a low level. The direction of the
anisotropy (not shown) was in acceptable agreement with the
local measured magnetic field direction, considering that par-
ticles at these energies have Larmor radii of the same order
as the magnetic field coherence length.

3 Modeling

3.1 Relativistic Protons

Modeling the time evolution of particle density and aniso-
tropy permits detailed information to be gained on processes
of particle scattering and transport in the solar wind. For
this event, we employed two separate modeling approaches
that were independently implemented by different subsets of
the investigation team. One model employed the Boltzmann
equation including effects of streaming, focusing, and pitch
angle scattering (Dröge, 2000a and references therein), and
used the traditional method of “fitting by eye” the density
and anisotropy profiles. The second model employed a sim-
ilar Boltzmann equation supplemented with terms describ-
ing convection and adiabatic deceleration (Ruffolo, 1995),
and used a fitting method involving automated minimization
of a χ2 value (Ruffolo et al., 1998). Both models allowed
for extended injection of solar particles near the Sun, and
both assumed that the radial mean free path,λrr, is con-
stant as a function of heliocentric distance. The radial mean
free path is related to the parallel mean free path,λ‖, by
λrr = λ‖ cos2 ψ, whereψ is the angle between the large-
scale magnetic field and the radial direction.

In presenting model results, we need only display the pre-
dictions of one model, for the results obtained from the two
different approaches were nearly identical. This double-blind
test shows that very different fitting philosophies can yield
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Fig. 4. Circles show density and anisotropy of relativistic solar pro-
tons as derived from a 9-station network of high-latitude neutron
monitors. Lines show modeled density and anisotropy in the stan-
dard Parker magnetic field (dashed line), and in a Parker field sup-
plemented with a magnetic bottleneck 0.27 AU beyond Earth (solid
line).

nearly identical results, thereby boosting confidence in both
approaches.

The dashed line in Figure 4 shows the modeled density and
anisotropy when an unmodified Parker model of the large-
scale field was used. The best-fit value of the parallel mean
free path at 1 AU is 0.16 AU. However, the fit is unsatis-
factory. In particular, the model is unable simultaneously to
explain the high initial anisotropy and its abrupt decline to a
low level.

In considering how to explain this behavior of the aniso-
tropy, we note first that the Bastille Day particle event oc-
curred while a Forbush decrease from a disturbance 24 hours
earlier was still in progress. ACE andWind magnetic field
data show that this disturbance produced a factor∼ 4 en-
hancement of the magnetic field stength relative to the field
strength at onset of the Bastille Day event, by which time
the structure had moved∼ 0.3 AU beyond Earth based on
the measured wind speed. If Earth was still connected to
this structure on Bastille Day, it may have provided an extra
source of scattering in the form of a reflecting boundary or
magnetic bottleneck.

The proposed configuration is depicted schematically in
Figure 5, which shows a magnetic compression beyond Earth

Fig. 5. Schematic configuration of the interplanetary magnetic field
at the time of the solar flare/CME of 2000 July 14. A previous
flare/CME event from the same active region on 2000 July 10, then
at 49◦E longitude, led to the interplanetary shock and magnetic
compression observed near Earth, at the western side of the CME
ejecta. The neutron monitor data provide strong evidence for the re-
flection of relativistic solar protons from this magnetic bottleneck.

resulting from an earlier CME that passed eastward of Earth.
This barrier was implemented in the modeling codes, and the
modeling procedure was repeated. The best-fit (solid lines in
Figure 4) was now obtained for a parallel mean free path of
0.27 AU and for a reflection coefficient of 85% at the barrier.
This reflection coefficient is exactly what would be expected
based upon the observed4× enhancement of the magnetic
field strength.

3.2 Low Energy Electrons

To gain information on the rigidity dependence of the scatter-
ing mean free path, we also modeled observations of 27 keV
and 179 keV electrons observed by the three-dimensional
Plasma and Energetic Particles (3DP) experiment onWind
(Lin et al. 1995). These electrons have rigidities of 0.17 MV
and 0.46 MV respectively, about 4 orders of magnitude lower
than the rigidity of the∼ 2 GV protons discussed above.

Results for the 27 keV electrons are shown in Figure 6.
Fitting the electrons is more complicated than for the pro-
tons, owing to a possible second injection and to the tempo-
rary suppression of anisotropies from∼10:45 to 10:57 UT.
As shown by the curves, we tried to model the evolution of
density and anistropy out to about 11:00 UT. The best-fit par-
allel mean free path wasλ‖ = 0.75 AU for the 27 keV elec-
trons. For the 179 keV electrons (not shown) the best-fit par-
allel mean free path was 0.54 AU. Because of complications
from the second injection, it is difficult to extract from the
electrons useful information on the reflecting barrier beyond
Earth.
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Fig. 6. Fits to the electron intensity-time and anisotropy-time pro-
files of 27 keV electrons observed on Wind after the 2000 July 14,
10:24 UT flare, assuming a constantλr = 0.5 AU.

4 Discussion

Modeling neutron monitor data acquired during the Bastille
Day 2000 solar cosmic ray event reveals that particle trans-
port was strongly influenced by a magnetic bottleneck or bar-
rier that had passed Earth about 1 day earlier and was located
at about 1.3 AU at event onset. Without this barrier, our codes
were unable to reproduce the very rapid decline of aniso-
tropy from an initial large value. Our analysis indicates that
this barrier reflected approximately 85% of cosmic rays en-
countering it, in good agreement with the expected reflection
coefficient for the4× magnetic field enhancement observed
by ACE andWind. With the barrier included, the best-fit
parallel mean free path at 1 AU was 0.27 AU, as compared
with a best-fit value of 0.16 AU in a standard Parker field.
In a sense, then, the barrier contributed roughly half the total
amount of scattering affecting particles on Bastille Day.

Evidence for magnetic mirroring of relativistic solar pro-
tons has been reported previously (Cramp et al., 1997). In-
deed, the magnetic mirror configuration depicted in Figure 5
might not be particularly unusual, as it requires only that a
CME-driven disturbance be emitted a few days earlier from
the same active region that produced the particle event, when
the active region was in a more easterly location.

We also modeledWind electrons and determined that the
parallel mean free path at Earth orbit was 0.75 AU for 0.17
MV electrons and 0.54 AU for 0.46 MV electrons. Low-
energy electrons thus encounter less scattering in the solar
wind than relativistic protons, even though their rigidity is

∼ 10, 000 times lower. This result is in accord with a re-
cent observational survey (Dröge 2000b). The result may be
explained by recent theories that couple effects of a turbu-
lence dissipation range with effects of dynamical turbulence
(Bieber et al., 1994) or wave damping (Schlickeiser, 1994).

An unusual feature of this analysis has been the use of
two independent modeling approaches by different subsets
of the investigation team. One appoach adopted the tradi-
tional “fitting by eye” method, while the other implemented
a new automated fitting procedure based uponχ2 minimiza-
tion. Agreement between the two approaches was excellent,
which tends to validate both of them. Further development of
automated fitting methods may permit near realtime charac-
terization of interplanetary transport parameters, a capability
that may prove useful in space weather forecasting.
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