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The cosmic rays impacting earth do not arrive with equal
intensity from all directions. Rather, the flow of cosmic rays in
earth's vicinity is anisotropic to a degree ranging from the hun-
dredths of percent level in some components of the steady-state
galactic anisotropy to highly anisotropic, beamlike distributions
observed during some solar energetic particle events. With
suitable analysis, the detailed character of measured anisotropies
can serve as a sensitive probe of cosmic-ray transport and scatter-
ing processes in the local interplanetary medium (Bieber, Evenson,
and Pomerantz 1986; Bieber and Chen 1991).

In order to analyze anisotropies detected with ground-based
instrumentation, one must take account of the effect of the geo-
magnetic field and magnetosphere. Generally one is interested in
the "asymptotic direction" of the particle, i.e., its direction of
approach before it encountered earth's magnetosphere. To deter-
mine asymptotic direction, the particle's trajectory is numerically
traced backwards through a model magnetosphere until it crosses
the magnetopause. The results of such computations are avail-
able in the form of tables such as those presented by Gall et al.
(1982), which list asymptotic directions for vertically incident
particles as a function of station location, particle rigidity, and
time of day. The use of tables, however, necessarily involves a
number of compromises. For example, the Gall et al. tables are
computed only for a geodipole "tilt angle" (the instantaneous
angle between earth's magnetic dipole and a plane oriented
normal to the earth-sun direction) of zero, and they take no
account of varying levels of geomagnetic activity. Furthermore,
one must invariably interpolate between table entries when
analyzing actual data. The present paper describes our efforts to
eliminate the need for such tables through implementation of
an accurate trajectory-tracing code in a realistic new model of
earth's magnetosphere.

The Tsyganenko magnetosphere. Our trajectory code employs
the most recent and comprehensive of the global quantitative
magnetosphere models developed by Tsyganenko (1989; private
communication 1992). Independent studies by Fluckiger et al.
(1991) have concluded that the Tsyganenko model significantly
improves the reliability of geomagnetic corrections for ground-
based cosmic ray data. We combine Tsyganenko's representation
of the external field with the International Geomagnetic Refer-
ence Field for epoch 1990 to represent the contribution of earth's
internal field. We employ the correct value of the geodipole tilt
angle as a function of season and time of day. The Tsyganenko
model accommodates varying levels of geomagnetic activity by
providing seven (in the most recent version) independent param-
eter sets corresponding to different ranges of the geomagnetic Kp
index, a readily available, global index of the level of geomagnetic
disturbance.

Figure 1 illustrates the configuration of the Tsyganenko mag-
netosphere at two different times on 22 October 1989. The tilt
angle is near 0 in panel a and near -22' in panel b. In both panels
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Figure 1. Depiction of magnetic field lines in the Tsyganenko model
of earth's magnetosphere on 22 October 1989 (A) at 1800 universal
time when the dipole tilt angle was near zero, and (B) at 0400
universal time when the dipole tilt angle was -22.4 degrees. Both
plots show results for high (Kp 5) geomagnetic activity and display
field lines in the noon-midnight meridional plane of the geocentric
solar magnetospheric (GSM) coordinate system. The sun is to the
right, and the units are earth radii (RE).

the solar wind flow, coming from the right, compresses the
magnetic field on the dayside of earth and stretches the field into
a tail-like configuration on the nightside. As earth rotates, the
cosmic rays incident on a given location must pass through
different regions of this highly asymmetric configuration. Hence,
the asymptotic directions will be a function of the time of day.

Asymptotic directions: dependence on geomagnetic activity and
time of day. Figure 2 displays on a map of earth's surface the
asymptotic longitude and latitude of protons arriving vertically
over South Pole, as computed from the Tsyganenko model.
Results are shown for two different levels of geomagnetic activity
at 3-hour intervals of universal time. The proton rigidity is 10
volts, corresponding to an energy of 433 million electron volts.

The inner trace, which represents low geomagnetic activity
(Kp = 0), is reasonably consistent with the tabulated results of
Gall et al. (1982). As the day progresses, the asymptotic direction
traces a roughly circular pattern in a counter-clockwise direct-
ion. Qualitatively similar behavior occurs for high geomagnetic
activity (Kp = 5), shown by the outer trace, but the universal time
dependence is considerably greater. Between 0300 and 1800
hours universal time, for example, the asymptotic latitude ranges
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Figure2. Time dependence of the asymptotic direction of protons
with rigidity 109 volts arriving vertically over the South Pole on 22
October 1989. Results are shown both for low geomagnetic activity
(Kp = 0, inner trace) and high geomagnetic activity (Kp = 5, outer
trace) using the Tsyganenko model of the magnetosphere. Squares
display results at 3-hour intervals and are labeled in hours universal
time.

Figure 3. Rigidity dependence of the asymptotic direction of protons
arriving vertically over the South Pole (upper trace) and McMurdo
(lower trace) at 1800 hours universal time on 22 October 1989.
Squares display results for different rigidities and are labeled in
units of 109 volts. The computation employed the Tsyganenko model
for the correct (Kp = 5+) level of geomagnetic activity at this time.
"MC" denotes the location of McMurdo Station.

over 25' during low geomagnetic activity and over 51' during
high activity.

Asymptotic directions: dependence on particle rigidity. The varia-
tion of asymptotic direction with particle rigidity is illustrated in
figure 3 for protons vertically incident over South Pole (upper
trace) and McMurdo stations (lower trace). The time displayed is
1800 universal time on 22 October 1989, which is when a huge,
anisotropic "spike" of solar cosmic rays was observed by neutron
monitors at these two stations (Bieber, Evenson, and Pomerantz
1990a,b). The plot employs the Tsyganenko model with Kp = 5+,
which is the level of geomagnetic activity actually measured at
this time.

We see that the asymptotic direction gradually approaches the
station position as the particle rigidity increases. This is as ex-
pected, since the highest energy particles experience the least
amount of deflection in the geomagnetic field. Comparing with
figure 2, we see that the time of day and the geomagnetic activity
level conspired to push the South Pole viewing direction unusu-
ally far south at the time of the 22 October 1989 solar particle
event, an important point to consider in modeling this highly un-
usual event. In summary, we conclude that use of the Tsygan -
enko magnetosphere model in particle trajectory-tracing codes
will significantly advance our capability to make high accuracy
measurements of cosmic ray anisotropies.
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