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[1] At low latitudes to midlatitudes the Earth’s magnetic field usually shields the upper atmosphere
and spacecraft in low Earth orbit from solar energetic particles (SEPs). During severe geomagnetic
storms, distortion of the Earth’s field suppresses geomagnetic shielding, allowing SEPs access to the
midlatitudes. A case study of the 26–31 October 2003 solar‐geomagnetic event is used to examine how a
severe geomagnetic storm affects SEP access to the Earth. Geomagnetic cutoffs are numerically
determined in model geomagnetic fields using code developed by the Center for Integrated Space
Weather Modeling (CISM) at Dartmouth College. The CISM‐Dartmouth geomagnetic cutoff model is
being used in conjunction with the High Energy and Charge Transport code (HZETRN) at the NASA
Langley Research Center to develop a real‐time data‐driven prediction of radiation exposure at
commercial airline altitudes. In this work, cutoff rigidities are computed on global grids and along
several high‐latitude flight routes before and during the geomagnetic storm. It is found that significant
variations in SEP access to the midlatitudes and high latitudes can occur on time scales of an hour or less
in response to changes in the solar wind dynamic pressure and interplanetary magnetic field. The
maximum suppression of the cutoff is ∼1 GV occurring in the midlatitudes during the main phase of the
storm. The cutoff is also significantly suppressed by the arrival of an interplanetary shock. The
maximum suppression of the cutoff due to the shock is approximately one half of the maximum
suppression during the main phase of the storm.
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1. Introduction
[2] Solar Energetic Particles (SEPs) are ions in the 10 to

>500 MeV range produced by the Sun during solar active
periods, usually in association with a solar flare or coronal
mass ejection (CME). A solar particle event is a period of
heightened SEP flux usually arriving at Earth tens of
minutes after the associated solar event and lasting 1 to
several days.
[3] SEPs are a space weather hazard posing risks to

manned and robotic space flight missions. A solar particle
event can expose astronauts, airline crews and passengers
to increased levels of radiation [Dyer et al., 2003]. Solar
particle events are also damaging to electronic equipment
in space and at high altitudes, causing degradation to
micro electronics and single event upsets in micro elec-
tronics operations [Tylka et al., 1996]. Large solar particle
events have a global impact on the Earth’s atmosphere.

During a solar particle event >10 MeV protons penetrate
below ∼100 km altitude producing ionization that disrupts
HF communication and navigation in the polar regions.
The more energetic ions penetrate deep into the Earth’s
middle atmosphere to ∼12–80 km causing changes in
atmospheric constituents and dynamics [Jackman et al.,
2005; Clilverd et al., 2005].
[4] Thermal solar wind ions with energies from one to

several KeV have direct access to low Earth orbit and
Earth’s upper atmosphere only along interplanetary field
lines, which have their foot points in the polar cap regions.
More energetic ions however, with large gyroradii, can
penetrate below the open/closed field line boundary to
lower latitudes. The lowest latitude to which an energetic
solar ion can penetrate is known as its cutoff latitude and is
a function of the ion’s momentum per unit charge, which
is referred to as its rigidity. Equivalently, one may con-
sider a cutoff rigidity corresponding to a given location
within the geomagnetic field. The cutoff rigidity is the
minimum rigidity particle with access to that location.
Surfaces of constant cutoff rigidity in the magnetosphere
approximately follow surfaces of constant L shell.
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[5] During quiet geomagnetic periods the cutoff lati-
tudes for most SEPs fall over a small range of latitudes
near ∼60° International Geomagnetic Reference Field
(IGRF) invariant latitude, which corresponds to L ∼ 4.
During a geomagnetic storm the Earth’s field is distorted
modifying SEP access to the inner magnetosphere. During
the main phase of the storm, the cutoff latitude can be
suppressed up to ∼15° equatorward, exposing normally
shielded midlatitudes to radiation and increasing the
polar cap area to which SEPs have access by a factor of 2–3
[Labrador et al., 2003]. Using energetic particle measure-
ments Leske et al. [2001] showed that geomagnetic cutoff
variations during storms are correlated with the depres-
sion and recovery of the disturbance storm time (Dst)
index, thus are primarily attributed to a reduction in field
strength in the inner magnetosphere due to ring current
buildup. Typically the cutoff (Rigidity and/or Latitude) is
most suppressed during the main phase of the storm
when the Dst reaches a minimum. Leske et al. [2001,
p. 30,021] also note that “the correlation with Dst is worse
at certain times, often during critical periods such as the
onset of a geomagnetic storm when a large cutoff sup-
pression can occur hours before the corresponding change
in Dst.” This finding is born out by results presented by
Kress et al. [2004], who showed using observations and
model results that an increase in the solar wind dynamic
pressure (Pdyn) significantly suppresses the cutoff during
the 24 November 2001 storm sudden commencement
(SSC), hours before the main phase of the storm.
[6] The response of geomagnetic shielding to changes in

solar wind conditions is not well understood. The increase
in magnetic field strength in the inner magnetosphere
associated with an SSC suggests that an enhancement in
geomagnetic shielding would occur with an increase in
Pdyn; for example, Belov et al. [2005] state that the cutoff
rigidity increases at the beginning of a magnetic storm
relative to its quiet time level due to the magnetopause
current systems, but this is not always the case. Lee and
Kress [2008] found that an increase in Pdyn may cause an
increase or decrease in the cutoff, with an increase more
likely near noon local time and a decrease more likely
near midnight local time.
[7] To aid in understanding cutoff variations during

storms, geomagnetic cutoffs can be numerically modeled
by computing test particle trajectories in a geomagnetic
field model. The standard approach to modeling geo-
magnetic cutoffs has been developed primarily by Smart
and Shea [e.g., Shea et al., 1965; Smart et al., 2000; Smart and
Shea, 1994, 2005]. Modeled geomagnetic cutoffs can also be
used for space weather applications. Global grids of geo-
magnetic cutoff rigidities can be used to predict SEP and
cosmic ray flux in the magnetosphere from an observed
interplanetary spectrum [Golightly and Weyland, 1997;
Smart and Shea, 2003; Smart et al., 2006]. Smart and Shea
[2003] and Smart et al. [2006] have computed world grids
of vertical cutoff rigidities in the Tsyganenko [1989, here-
after T89] geomagnetic field model. The T89 model is
parametrized by a single indicator of geomagnetic activity,

the Kp index. By computing vertical cutoff rigidities in the
T89 model at different values for the Kp index, Smart and
Shea [2003] and Smart et al. [2006] have produced a look
up table that can be used in conjunction with a near‐Earth
interplanetary solar proton flux spectrum to make a real
time prediction of SEP flux in the Earth’s magnetosphere.
[8] Several studies have been done to verify the accu-

racy of numerically modeled cutoffs. Smart and Shea [2001]
compare cutoff latitudes computed in T89 with observa-
tions from the Solar Anomalous and Magnetospheric
Particle Explorer (SAMPEX) spacecraft between 31
October and 7 November 1992. Kahler and Ling [2002]
extended this work by comparing modeled and observed
cutoff latitudes numerically determined in IGRF and T89
field models during nine SEP events. More recently,
Weygand and Raeder [2005] computed cutoffs in the IGRF,
T89, Tsyganenko [1996] and MHD magnetospheric field
models during the 23–24 April 1998 geomagnetic storm.
The numerically modeled cutoff latitudes determined in
these studies typically agree with observations to within a
few degrees; for example, Kahler and Ling [2002] find that on
average the modeled cutoff latitudes differ from observed
byDl = 2°.Kahler and Ling [2002] also find that the observed
cutoff latitudes are systematically equatorward of the
modeled cutoff latitudes.
[9] In the work presented here, a case study of the 26–31

October 2003 solar‐geomagnetic event is used to examine
how a severe geomagnetic storm globally affects SEP
access to the Earth. Cutoff rigidities are computed using
the CISM‐Dartmouth geomagnetic cutoff code, which may
be run using several different empirical and physics based
geomagnetic field models. For this work, cutoff rigidities
are computed in empirical model fields of Tsyganenko and
Sitnov [2005, hereafter TS05], and also in fields from the
Lyon‐Feder‐Mobarry (LFM) global MHD magnetospheric
simulation code [Lyon et al., 2004]. The CISM‐Dartmouth
cutoff code is being used in conjunction with the High
Energy and Charge Transport code (HZETRN) at NASA
Langley Research Center to aid in the development of the
Nowcast of Atmospheric Ionizing Radiation for Aviation
Safety (NAIRAS) model. The goal of the NAIRAS project
is to develop a prototype real‐time data‐driven prediction
of atmospheric radiation. The cutoff rigidity code provides
a dynamic outer boundary condition for the HZETRN
atmospheric transport code. Cutoff rigidities computed
along several polar flight routes during the 26–31 October
2003 solar‐geomagnetic event are presented in section 3.4
of this paper. The corresponding dose rates and accu-
mulated dose obtained from the HZETRN transport code
are presented in a companion paper [Mertens et al., 2010].
It is found that the difference in total SEP dose at com-
mercial aircraft altitudes determined using cutoff rigidi-
ties computed in the Earth’s internal field only (i.e., the
static IGRF field model), versus using cutoffs computed in
dynamic TS05 model fields, underestimates the total SEP
dose at commercial aircraft altitudes by approximately
40% to over a factor of 3. The total difference in dose when
the effect of both the SEPs and galactic cosmic rays are
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included will be somewhat less however, since the galactic
cosmic ray intensity is reduced during solar active periods.
[10] An outline of the paper is as follows. In section 2 a

review of how geomagnetic shielding is quantified in
terms of cutoff rigidity is given. A number of important
definitions are in section 2 including definitions of the
cutoff latitude, cutoff rigidity, vertical cutoff rigidity, and
upper and lower vertical cutoff rigidities. Section 3 gives a
brief description of the numerical techniques used to
compute cutoffs for this work. This is followed by com-
parisons between numerically determined cutoffs and
observations, including a detailed description of how the
cutoff rigidities are extracted from SAMPEX data. The
comparison between the modeled and observed cutoff
latitudes show that the model follows storm time varia-
tions in the cutoff reasonably well. Global maps of cutoff
rigidities at selected times during 26–31 October 2003 and
cutoff rigidities computed along three polar flight routes
are also included in section 3. The corresponding dose
rates and accumulated dose for the flights are presented in
the companion paper by Mertens et al. [2010]. A summary
and discussion of results is presented in section 4.

2. Theory/Background
2.1. Cutoff Rigidity and Cutoff Latitude
[11] The lowest latitude to which an energetic solar ion

of given rigidity can penetrate is known as its cutoff latitude

and is a function of the strength of the dipole moment and
the ion’s rigidity. Alternatively one may consider a cutoff
rigidity corresponding to a given location in space in the
vicinity of a dipole field. Particles with rigidities below the
cutoff rigidity do not have access to that location. Störmer
[1955] first obtained an analytical expression for the cut-
off latitude/rigidity of a charged particle incident on a
pure dipole magnetic field. In this section Störmer’s result
is presented along with a brief discussion of how it applies
to geomagnetic shielding. The vertical cutoff rigidity is also
defined together with a description of how shadowing of
energetic particle trajectories by the solid body of the
Earth leads to the definition of upper and lower vertical
cutoff rigidities.
[12] Consider a charged particle incident on a pure

dipole magnetic field with the dipole moment oriented
along the z axis. Using conservation of the particle’s
kinetic energy and the azimuthal component of its gener-
alized momentum, Störmer [1955] showed that the particle
is classically forbidden, by a magnetic potential barrier,
from entering a toroidal region surrounding the dipole.
The boundary of this region is defined by the equation

r ¼
ffiffiffiffiffi
M

R

r
cos2 �

1þ ffiffiðp
1þ kcos3 �Þ ; ð1Þ

where r is the radial distance from the center of the dipole,
l is the latitude, M is the dipole moment, R is the rigidity,
and k is the sine of the angle a between the particle
velocity and the meridional plane that intersects the par-
ticle position (see Figure 1). When k = +1 the particle is
traveling in the magnetic east direction and when k = −1
the particle is traveling toward magnetic west. Note that
the smallest obtainable value of r occurs when k = +1; that
is, the point of closest approach to the center of the dipole
occurs when the particle is traveling directly toward
magnetic east.
[13] The surface of rotation of the curve defined by

equation (1) about the z axis is the boundary enclosing
Störmer’s [1955] forbidden region. Particles incident from
outside the influence of the dipole magnetic field do not
have access inside of this boundary. As an example,
Figure 2 shows the cross section of the forbidden region
for a 200 MeV proton (R = 0.64 GV) incident on a magnetic
dipole with M = 8.05 × 1025 gauss‐cm3, which is an
appropriate value for a dipole used as a simple model of
the Earth’s magnetic field. The intersection of Störmer’s
boundary with the Earth’s surface at approximately 60°
latitude corresponds to the location of the cutoff latitude.
At higher rigidities the size of the forbidden region
becomes smaller and the cutoff latitude moves toward the
equator.
[14] Alternatively, if equation (1) is solved for the rigidity,

RC ¼ CSt
cos4 �

r2
1

1þ ffiffiðp
1þ kcos3 �Þ� �2 ; ð2Þ

Figure 1. Particle trajectory in a dipole magnetic field.
Here a is the angle between the particle velocity and
the meridional plane intersecting the particle position.
When a = 90° the particle is traveling in the magnetic
east direction, and when a = −90° the particle is travel-
ing toward magnetic west.
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we obtain the cutoff rigidity RC as a function of location. The
constant CSt ≈ 60 contains the dipole moment and the con-
version factors needed to express the rigidity in units of GV
when r is in units of Earth radii. The cutoff rigidity RC is the
lowest rigidity particle, incident from outside the influence
of the magnetic field, that has access to a given location in
space. Surfaces of constant RC in a dipole model of the
Earth’s magnetic field are a set of surfaces like the one
shown in Figure 2 parametrized by rigidity and direction of
arrival. Their intersections with a spherical surface at 1 RE
are rings of constant latitude, with cutoff rigidities begin-
ning at zero at the magnetic pole and increasing up to
approximately 60 GV at the magnetic equator (corre-
sponding to a 59 GeV proton arriving from magnetic
east). At rigidities ^60 GV the cutoff surfaces lie com-
pletely inside of the Earth, thus there is no magnetic
shielding by the Earth of particles with rigidities greater
than ∼60 GV.

2.2. Vertical Cutoff Rigidity
[15] An estimate of the SEP flux at a location in the

magnetosphere can be obtained from the cutoff rigidity as
follows. If one assumes an isotropic particle flux in inter-
planetary space, Liouville’s theorem requires that at
rigidities above the cutoff rigidity the directional flux of
particles in the magnetosphere is equivalent to that out-
side the influence of the geomagnetic field [Lemaitre and
Vallarta, 1933; Swann, 1933]; that is, the flux of particles
with rigidities above the cutoff rigidity is the same as in
interplanetary space, and the flux of particles with rigidi-

ties below the cutoff rigidity is zero. Thus, the energetic
particle flux at a given location in the magnetosphere is
obtained by integrating over the interplanetary particle
spectrum at rigidities exceeding the cutoff rigidity at that
location.
[16] The approach described above is complicated by

the addition of the solid body of the Earth which intercepts
a portion of the SEP trajectories. In the Earth’s upper
atmosphere and in low Earth orbit ∼2p steradians are
blocked by the Earth, and the flux is reduced by approx-
imately one half. In space, since the cutoff rigidity is lowest
for particles arriving from the west, the maximum SEP
flux is from the west. As we descend into the Earth’s upper
atmosphere, however, the direction of arrival of the
maximum SEP flux approaches the zenith. This is because
SEPs arriving from the vertical direction traverse the least
atmospheric mass and are thus least attenuated by colli-
sions with atmospheric constituents. In early studies
involving atmospheric measurements this led to the use of
the vertical cutoff rigidity RCV [Smart and Shea, 1994]. If
only particles from the zenith direction are considered, we
set k = 0 in equation (2) to obtain

RCV ¼ CSt

4L2
; ð3Þ

where L = r/cos2l is the dipole L shell. Use of RCV has the
advantage of removing l from the denominator of
equation (2) and allowing us to combine r and the
remaining l so that the cutoff is expressed in terms of L
alone. The vertical cutoff rigidity is the lowest rigidity par-
ticle arriving from the zenith direction that has access to a
given location within the field.
[17] Additional complication is introduced by the in-

clusion of the solid body of the Earth. Since particle tra-
jectories are bent due to the influence of the magnetic
field, some particle trajectories arriving from directions
above the Earth’s horizon are also blocked by the Earth,
including some trajectories arriving from the zenith di-
rection. The result is a shadow or penumbral region con-
taining bands of forbidden and allowed trajectories at
rigidities above the magnetic cutoff rigidity. In order to
characterize the penumbral region, one may define a lower
vertical cutoff rigidity RL below which all particle trajecto-
ries are shielded, either by the solid body of the Earth or
due to magnetic shielding; and an upper vertical cutoff
rigidity RU above which no particle trajectories are shiel-
ded. In practice, to account for the penumbral region, an
effective cutoff rigidity between RL and RU may be used
for space weather applications [Shea et al., 1965].

3. Numerical Results
3.1. Overview of Numerical Techniques for
Computing Cutoffs
[18] In a pure dipole, the cutoff rigidity is an analytically

expressible function of the dipole strength and the loca-
tion in the field. In an arbitrary geomagnetic field model

Figure 2. Boundary of Störmer’s [1955] forbidden region
for a 200 MeV proton incident on a magnetic dipole
model of the Earth’s field. Distances are given in units of
Earth radii (RE).
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however, it is necessary to determine cutoffs numerically.
The standard technique is to launch time reversed Lorentz
particle trajectories from a point in space to determine
particle access to that location [Smart et al., 2000]. Particles
of different rigidity are launched and each trajectory is
followed backward in time. If a particle escapes the
magnetosphere then a viable inward trajectory has been
found indicating that the particle’s rigidity is above the
cutoff rigidity. The CISM‐Dartmouth geomagnetic cutoff
code uses a numerical search algorithm following Orloff
[1999]. The penumbral region is first located using a
bisection method [e.g., Press et al., 1992]. Then the lower
vertical cutoff rigidity RL is located by taking small steps
upward in rigidity from below the penumbra until a single
particle escapes. The rigidity step size for the sequential
search is ∼1% of the total rigidity. All computed cutoffs
presented in this paper are lower vertical cutoff rigidities
RL. For the remainder of the paper, “cutoff rigidity” or
simply “cutoff” is used to refer to RL.
[19] Lorentz trajectories are computed using a fourth‐

order Runge‐Kutta integrator. The time step is continu-
ously adapted to be approximately one one hundredth of
the particle gyroperiod. Fast integration is achieved by
linearly interpolating magnetic fields from a Cartesian
grid to the particle position. Trajectories are computed in
static magnetic field model snapshots ignoring the electric
field and interaction with magnetospheric oscillations.
This is appropriate for SEPs that typically interact with the
magnetosphere on time scales short compared to mag-
netospheric dynamics. A rare exception is during an SSC
when globally coherent magnetospheric electric fields
∼0.1 V/m can be produced by the impact of a high‐speed
interplanetary shock on the magnetosphere. Occasionally
during these events SEPs are transported inward in L and
energized by the SSC pulse forming new belts of energetic
ions at low L. Flux enhancements caused by these new
belts are not included in a model of SEP flux based solely
on geomagnetic cutoffs. These enhancements however are
typically 1 to several orders of magnitude less than the
SEP flux in regions above the SEP cutoff. For example, see
Figure 1 of Kress et al. [2004] which shows that the newly
trapped >25 MeV proton belt appearing at L ∼ 3 following
the 23–24 November 2001 SEP event is 1–2 orders of
magnitude less intense than the >25 MeV flux level at L ^
3 during the SEP event.
[20] A difficulty arises when calculating the cutoff ri-

gidity near the open/closed field line boundary. Since all
particles have access to the polar cap region, as the open/
closed boundary is approached from the equatorward
direction the cutoff rigidity approaches zero. Since the
integration time step is proportional to the gyroperiod, as
the cutoff rigidity approaches zero the integration step
size also approaches zero. Thus, as the open/closed
boundary is approached, very long times are needed to
integrate a particle trajectory with the minimum rigidity
needed to escape the magnetosphere. This difficulty is
avoided by setting a minimum rigidity Rmin in the code. At

locations poleward of the Rmin cutoff rigidity contour the
cutoff rigidity is obtained by interpolating between Rmin at
the position of the Rmin contour and zero at the open/
closed boundary, located using a field line tracing algo-
rithm. In the work presented here Rmin = 0.05 GV
corresponding to an ≈1 MeV proton.
[21] The CISM‐Dartmouth geomagnetic cutoff code can

be run using several different empirical and physics‐
based geomagnetic field models. In this work, cutoff
rigidities are computed in empirical model fields of
Tsyganenko and Sitnov [2005], and also in fields from the
Lyon‐Feder‐Mobarry (LFM) global MHD magnetospheric
simulation code [Lyon et al., 2004]. Solar wind input para-
meters for the TS05 and LFMmodels during 26–31 October
2003 were obtained from the ACE and Geotail spacecraft.
Information about acquisition and processing of the
26–31 October 2003 solar wind data is available in the work
by Lopez et al. [2007]. The LFM MHD code may be run as a
stand alone model or coupled with other geospace models
currently in use within CISM, e.g., the Rice Convection
Model (RCM) [Toffoletto et al., 2004], which models the
ring current using an adiabatic drift formalism, and/or the
Thermosphere‐Ionosphere Nested Grid (TING) model
[Wang et al., 2004]. We have found that the TS05 empirical
model provides more accurate cutoff rigidities than the
stand alone LFM MHD model. Geomagnetic cutoffs deter-
mined in LFM fields during storms are usually too high.
This is mainly due to the lack of a full kinetic description of
the ring current in the MHD model. However, the fully
coupled LFM‐TING‐RCM model currently under devel-
opmentwithinCISM is expected to provide a physics based
geomagnetic field model that will include short time scale
dynamics not included in empirical models.

3.2. Comparison With SAMPEX Observations
[22] The Solar Anomalous and Magnetospheric Particle

Explorer (SAMPEX) spacecraft is in a low Earth polar orbit
at approximately 600 km altitude and has a 90 min orbital
period [Baker et al., 1993]. Its 8° inclination with respect to
the geographic pole brings it above approximately 66° (or
below −66°) IGRF invariant magnetic latitude with each
pass over the north (or south) polar region. The energetic
particle data used for comparison with the model results is
30 s averaged proton flux measured by the proton electron
telescope (PET) instrument on board SAMPEX. The
SAMPEX/PET data is provided by Glenn Mason (JHU/
APL) via the Coordinated Data Analysis Web site.
[23] Figure 3 (top) shows PET 19–27 MeV proton flux

during 28–31 October 2003. The SEP event begins on the
latter half of 26 October 2003 at ∼1800 UT [Mewaldt et al.,
2005]. The significantly elevated SEP flux shown in
Figure 3 begins on 28 October 2003 continues until 31
October 2003. The discontinuous appearance of the flux in
Figure 3 is due to SAMPEX’s 90 min orbital period. Each
spike corresponds to a pass over the north or south polar
cap. When the spacecraft is equatorward of the cutoff
latitude the observed proton flux falls to near zero.
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[24] A numerical algorithm has been developed to ex-
tract cutoff latitudes from the SAMPEX data using a tech-
nique similar to one used by Leske et al. [2001]. Figure 3
(bottom) illustrates where cutoff latitudes are deter-
mined in the data. The algorithm first reads through the
SAMPEX/PET flux data file, identifies polar cap passes
and calculates the average polar cap flux for each pass.
The average polar cap flux is taken to be the mean flux
above 65° IGRF invariant magnetic latitude. The routine
then searches for transitions from below to above or above
to below one half the polar cap average. The cutoff lati-
tude is taken to be the latitude where the flux exceeds or
falls below one half of its average polar cap value. The
two most equatorward such transitions are selected as
the entering and exiting cutoff latitudes. Care is taken to
ignore flux variations in the South Atlantic Anomaly re-
gion where particles trapped in the energetic ion belts
have access to SAMPEX altitude. Four cutoff latitudes are
obtained from each SAMPEX orbit as the spacecraft enters
and exits the north and south polar cap regions. Four
different symbols (cross, circle, star and plus) have been
used in Figure 3 to denote the time and flux level where
the spacecraft passes the cutoff in each case. The IGRF
invariant magnetic latitude at the location of the cutoff is
obtained from the SAMPEX data file using a linear inter-
polation between the 30 s data records (i.e., to the point

where the linearly interpolated flux level exceeds or falls
below half of its mean polar cap value.) The cutoff lati-
tudes obtained from the 26–31 October 2003 event are
plotted as a function of time in the first panel of Figure 4.
During quiet magnetospheric conditions the SEP cutoff is
at L ∼ 4 corresponding to ∼60° magnetic latitude. Deviation
of the cutoff from ∼60° is due to the inadequacy of the
IGRF field model during the geomagnetic storm, which
has been used for mapping the spacecraft position to a
magnetic latitude. Pdyn, IMF BZ and Dst index are also
shown in Figure 4 for comparison. A large interplanetary
shock shown by the dramatic increase in Pdyn arrives at the
Earth’s magnetosphere at ∼0600 UT on 29 October 2003.
The initial suppression of the cutoff is coincident with the
arrival of the shock. Additional suppression of the cutoff is
subsequently caused by weakening of the magnetic field
in the inner magnetosphere due to ring current buildup,
indicated by the decreasing Dst index. Suppression of the
cutoff during the main phase of the storm, on the later half
of 29 October 2003, is also caused by a strong southward
IMF BZ.
[25] Occasionally the numerical algorithm for extracting

cutoff latitudes from the SAMPEX data returns no cutoff
latitude or a bad value for the cutoff latitude. During 26–31
October 2003, the two main reasons for a missing or poor
cutoff latitude are as follows. First, if either PET flux value

Figure 3. SAMPEX/PET 19–27 MeV proton flux during the October–November 2003 solar‐
geomagnetic event. (top) The period from 28 to 31 October. (bottom) Several hours on 29 October
during which SAMPEX made four passes over the north and south polar cap regions. The cross,
circle, star, and plus symbols indicate the times when SAMPEX passes the north enter, north exit,
south enter, and south exit cutoffs, respectively.
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bounding one half the polar cap average is missing or
flagged bad then no cutoff latitude is returned by the
routine. Second, the cutoff latitude is sometimes poorly
defined due to rapid time variations in the interplanetary
SEP flux and/or structure in the polar cap region. In this
case the cutoff latitude returned by the algorithm is shifted
poleward. An example of this is illustrated in Figure 5,
which shows the SAMPEX/PET 19–27 MeV proton flux
during a single polar cap pass. Note that the cutoff de-
termination is poleward of where the flux rises signifi-
cantly above zero, due to large temporal and/or spatial
variations in the polar region not associated with the
cutoff.
[26] The modeled cutoff latitudes for comparison with

SAMPEX observations are obtained as follows. Cutoff
rigidities are determined (as described earlier in this sec-
tion) by computing energetic particle trajectories in TS05
model geomagnetic fields. The cutoff rigidities are deter-
mined at a series of points along SAMPEX’s trajectory,
each point separated by ∼2° latitude corresponding to the
30 s intervals between the records in the SAMPEX data
file. A linear interpolation between these rigidities is used
to find the location where the rigidity is equivalent to the
midpoint of the 19–27 MeV proton PET detector energy
channel; that is, 23 MeV which is equivalent to 0.21 GV for
protons. The IGRF invariant magnetic latitude at this
location, also obtained by a linear interpolation from the
SAMPEX data file, is taken as the modeled cutoff latitude.
[27] The comparison between modeled and observed

cutoff latitudes is shown in Figure 6. The four cases, north

enter, north exit, south enter, and south exit are shown
separately. The modeled cutoff latitudes are connected by
a solid line in Figure 6, while the observed cutoff latitudes
are shown as a series of markers. There are a total of

Figure 4. Observed cutoff latitudes versus time during the 26–31 October 2003 event (first panel).
Also shown are the solar wind dynamic pressure and IMF BZ from Geotail and ACE and the Dst
index from the Kyoto Dst index service.

Figure 5. An example of SAMPEX/PET 19–27 MeV
proton flux during a single pass over the north polar
cap region that shows how significant flux variations
in the polar cap region result in a cutoff latitude deter-
mination that is shifted poleward. The corresponding
cutoff latitude is shown by an arrow in Figure 6 (top left).
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298 modeled cutoff latitudes included in the four panels.
During the same time interval 218 observed cutoffs were
obtained from the SAMPEX/PET flux measurements,
somewhat less than the number of modeled cutoffs pri-
marily due to bad data flags (i.e., if the position of the
spacecraft is known but the PET flux data is flagged bad
then a modeled cutoff can be obtained while an observed
cutoff cannot). To estimate the uncertainty associated with
the cutoff latitude determination, the observed cutoff lati-
tudes are compared with their corresponding modeled
cutoff latitudes. Using the 218 cases where both modeled
and observed values are available, the root mean square
deviation of the difference between the modeled and
observed cutoff latitudes is DlC = 1.8° magnetic latitude.
The mean difference between the absolute values of the
modeled and observed cutoff latitudes (modeled minus
observed) is 0.60° indicating that on average the modeled
cutoff latitudes are systematically 0.60° poleward of the
observed cutoff latitudes.
[28] In a number of cases, the observed cutoff is not

well defined due to large spatial or temporal variations of
the SEP flux in the polar cap region as shown in Figure 5.
The cutoff latitude indicated by the arrow in Figure 6
(top left) corresponds to the cutoff determination indi-
cated by the arrow in Figure 5. There are several observed
cutoff latitudes appearing in Figure 6 that are too high due
to the lack of a distinct transition from zero to the polar
cap average flux. If modeled and observed cutoff latitudes
separated by more than 2 standard deviations are not
included in the error calculation (the 5 most separated

modeled and observed cutoff latitudes in Figure 6), then
the root mean square deviation obtained is DlC = 1.5°.

3.3. Globally Mapped Cutoffs in TS05 Model Fields
[29] Global maps of cutoff rigidities computed on a 5° ×

5° latitude‐longitude grid at ∼600 km altitude in TS05
fields are shown in Figure 7. Figure 7 (top) is a contour
plot of the prestorm cutoffs at 0200 UT on 28 October 2003
when Dst = −24 nT. Figure 7 (bottom) shows cutoffs during
the main phase of the storm at 2100 UT on 29 October 2003
when Dst = −253 nT. Three great circle flight routes shown
by the thick dashed lines are discussed in section 3.4.
Before the start of the geomagnetic storm the northern
portion of the continental US lies between the 1 GV and
2 GV contours, while during the main phase of the storm
the same region is between the 0.1 GV and 1 GV contours.
The proton energies corresponding to rigidities 0.1, 1 and
2 GV are ∼5, 430 and 1300 MeV, respectively.
[30] The difference between cutoff rigidities before and

during the storm are shown in Figure 8. The difference
between the prestorm and shock arrival cutoff rigidities is
shown in Figure 8 (top), and the difference between the
prestorm and main phase cutoff rigidities is shown in
Figure 8 (bottom). In each case storm time minus prestorm
cutoffs are shown. The maximum suppression of ∼1.1 GV
occurs during the main phase of the storm at ∼2100 UT on
29 October 2003 in the midlatitudes on the duskside of the
Earth (Figure 8, bottom). The cutoff is also significantly
lowered by the arrival of the interplanetary shock at 0611
UT on 29 October 2003 (Figure 8, top). The shock has the
largest effect in the midlatitudes on the nightside. The

Figure 6. Comparisons between cutoff latitudes determined in the TS05 geomagnetic field model
and cutoff latitudes extracted from SAMPEX PET energetic particle data during the 26–31 October
2003 solar‐geomagnetic event.
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maximum suppression of the cutoff produced with the
arrival of the interplanetary shock is ∼0.5 GV, about one
half of the maximum suppression during the main phase
of the storm.
[31] Cutoff rigidity maps like the ones shown in Figure 7

were computed at 1 h intervals over the period 28–31
October 2003. The maximum suppression of the cutoff of
∼1.1 GV was found to occur during the main phase of the
storm at ∼2100 UT on 29 October 2003 when Dst = −253 nT.
Following this, the Dst continues to lower until it reaches a
minimum of −353 nT at 0100 UT on 30 October 2003. Since
ring current buildup is expected to be the primary cause of
cutoff suppression, it is surprising that additional sup-
pression of the cutoff does not occur as the Dst approaches
a minimum. The largest cutoff suppression in the 0100 UT

30 October 2003 global map, when the Dst is at a mini-
mum, is ∼0.9 GV (not shown), also occurring in the mid-
latitudes on the duskside. Comparison of the TS05 input
parameters at the time of the maximum cutoff suppression
with those at minimum Dst reveals that the greater cutoff
suppression at 2100 UT on 29 October is due to a signifi-
cantly enhanced partial ring current. During the maxi-
mum cutoff suppression the TS05 input parameter
controlling the partial ring current is larger than it is at
0100 UT on 30 October, while at 0100 UT on 30 October the
TS05 input parameter controlling the symmetric ring
current is larger and the parameter controlling the partial
ring current is smaller. The more enhanced partial ring
current at ∼2100 UT on 29 October is due to a strongly
southward IMF BZ ∼ −20 nT. Careful inspection of

Figure 7. Cutoff rigidity maps computed on a 5° × 5° latitude‐longitude grid at ∼600 km altitude in
TS05 model geomagnetic fields. (top) Prestorm cutoff rigidities at 0200 UT on 28 October 2003 and
(bottom) when the maximum suppression of the cutoff occurs at 2100 UT on 29 October 2003. The
thick dashed lines are three great circle flight routes from London to New York, Chicago to
Stockholm, and Chicago to Beijing.
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Figures 4 and 6 confirm that the recovery of the cutoff
after 2100 UT on 29 October 2003 occurs in conjunction
with a decreasing Dst and increasing IMF BZ.
[32] The maximum suppression of the cutoff at ∼2100 UT

on 29 October 2003 can also be seen in the observed and
modeled cutoff latitudes shown in the north exit and south
enter panels of Figure 6. SAMPEX’s precessionwith respect
to a local time coordinate system has an ∼80 day period.
Since geomagnetic storms typically persist for 2–3 days
SAMPEX remains approximately in the same local time
meridional plane over the course of a storm. During 26–31
October 2003 SAMPEX’s polar orbit was near the dawn‐
dusk meridional plane, with the northward portion of its

orbit near 6 h local time and the southward portion of its
orbit near 18 h local time. The maximum suppression of
the cutoff at ∼2100 UT on 29 October 2003 appearing in the
north exit and south enter panels of Figure 6 corresponds to
the southward portion of SAMPEX’s orbit on the duskside
where the maximum suppression also appears in Figure 8.

3.4. Cutoffs Along Aircraft Flight Routes
[33] In 1912 Austrian physicist Victor Francis Hess dis-

covered an increase in the flux of cosmic radiation as he
ascended in a balloon to ∼16,000 ft. It is now known that
the dose rate from cosmic radiation at typical commercial
aircraft altitudes of ∼35,000–40,000 feet is 2–3 orders of
magnitude higher than at sea level. As a result, airline
flight crews are typically exposed to more harmful radia-
tion than nuclear plant workers. This led the European
Union’s Joint Aviation Authority in 2001 to enact a regu-
lation that requires European airlines to monitor in‐flight
radiation exposure by airline crews. The European airlines
must reduce the flying time of highly exposed crew
members and reassign pregnant women to nonflying
duties [Bartlett, 2004].
[34] To address the need for understanding and moni-

toring radiation dose along high‐altitude flights, the
CISM‐Dartmouth cutoff code is being used in conjunction
with the High Energy and Charge Transport code
(HZETRN) at NASA Langley Research Center to develop a
prototype real‐time data‐driven prediction of atmospheric
radiation. The cutoff rigidity code provides a dynamic
outer boundary condition for the HZETRN atmospheric
transport code. As a test case, cutoff rigidities were com-
puted along several polar flight routes using model fields
from the 26–31 October 2003 solar‐geomagnetic event.
Three of the polar flight routes used for the study are
shown by the thick dashed lines in Figure 7: from London
to New York, Chicago to Stockholm and Chicago to
Beijing. Cutoff rigidities computed along these flight
routes in the IGRF, TS05 and LFM MHD field models are
shown in Figure 9. The TS05 (blue and red curves) and
LFM MHD (cyan and magenta curves) cutoffs were com-
puted during a prestorm quiet period and during the main
phase of the storm. The prestorm flights were all initiated
at 0200 UT on 28 October 2003 and the storm time flights
were initiated at 2100 UT on 29 October 2003. The cutoffs
in each case are computed at 300–600 locations at 100 km
altitude directly above the flight path, which is the outer
boundary of the HZETRN transport code.
[35] The maximum suppression of the geomagnetic

cutoff during the storm is ∼1 GV occurring in the midlat-
itudes. Since most SEPs are <500 MeV the change in cutoff
has the greatest effect on SEP exposure poleward of the
1 GV contours shown in Figure 7 (A 500 MeV proton has a
rigidity of ∼1.1 GV.). The result is that the greatest differ-
ence between prestorm and storm time exposure to SEPs
occurs when a significant portion of the flight remains
near but below the open/closed field line boundary. The
London to New York and Chicago to Stockholm flights are
cases where virtually all SEPs are shielded from the

Figure 8. (top) Difference between prestorm cutoff
rigidities and cutoffs at 0612UT 29October 2003, approx-
imately 1min after the arrival of the shock at themagne-
tosphere. Red shows the regions of greatest suppression
of the cutoff. Noon local time at 0612UT, 29October 2003
is at approximately 90°E, indicating that the maximum
suppression of the cutoff with the shock arrival is on
the nightside. (bottom) Difference between prestorm
cutoff rigidities and cutoffs when the maximum sup-
pression of the cutoff occurs during the main phase of
the storm at 2100 UT, 29 October 2003. Noon local time
at 2100 UT, 29 October 2003 is at approximately 130°W,
showing that the maximum suppression occurs in the
dusk sector.
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atmosphere above the flight route in the prestorm fields
and nearly all SEPs are allowed access during the storm.
This is seen by comparing the TS05 prestorm (blue curve)
and storm time (red curve) cutoff rigidities shown in
Figure 9. Since the interplanetary SEP flux is undiminished
by magnetic shielding above the open/closed boundary,
the Chicago to Beijing flight has zero cutoff rigidity over
most of its flight route regardless of geomagnetic condi-
tions and does not experience as great a difference between
prestorm and storm time SEP exposure.
[36] There is little difference between the prestorm and

storm time cutoff rigidities computed in the LFM MHD
fields indicated by the cyan and magenta curves, except
during the early portion of the flights between ∼0 and 500
nautical miles when there is a strongly southward IMF BZ
of ∼−20 nT at ∼2100–2200 UT on 29 October 2003 (shown in
Figure 4). The LFM MHD prestorm and storm time cutoffs
do not differ significantly over the later portion of the
flights since the ring current, which is the primary source
of the cutoff suppression during this period, is not well
modeled by an MHD description of the magnetosphere.
The coupled LFM‐RCM model, which is not yet fully
operational, is expected to improve the accuracy of CISM’s
physics‐based geomagnetic field model in the inner
magnetosphere.
[37] The operational NAIRAS model will utilize cutoff

rigidities interpolated from a global latitude‐longitude
grid. In the work presented here however, to determine
the difference between prestorm and storm time dose and
provide a baseline for future studies, cutoff rigidities are
computed approximately every 10 nautical miles along the

flight routes. No attempt has been made to optimize the
cutoff rigidity calculation along the flight trajectory by
computing cutoffs at a minimum number of latitude‐
longitude points. For example, cutoff rigidities along the
London to New York flight are computed at ∼300 locations,
where clearly this resolution is not needed to obtain cutoff
rigidities accurate to a few percent of RC. The small varia-
tions in RC along the flight paths seen in Figure 9 are due to
numerical error and can be taken as an estimate of the
numerical inaccuracy associated with the cutoff rigidity
search algorithm. The resolution of the global latitude‐
longitude grid and flight trajectory grid points required in
an operational space weather prediction model are yet to
be determined.

4. Summary and Discussion
[38] During the 26–31 October 2003 solar‐geomagnetic

event the maximum suppression of the cutoff is ∼1 GV,
occurring during the main phase of the storm at ∼2100 UT
on 29 October 2003 in the midlatitudes on the duskside of
the Earth. The maximum cutoff suppression is due mainly
to an enhanced partial ring current which also causes a
strong local time dependence in the cutoff suppression.
The cutoff is also significantly lowered before the main
phase of the storm by the arrival of an interplanetary
shock at 0611 UT on 29 October 2003. The maximum
suppression of the cutoff due to the shock is ∼0.5 GV,
about one half of the maximum suppression during the
main phase of the storm, and occurs in the midlatitudes
on the nightside. Surprisingly, the maximum suppression

Figure 9. Cutoff rigidities along three flight routes computed in three different field models: IGRF,
TS05, and MHD. The TS05 and MHD cutoffs were computed with flights starting during a pre-
storm quiet period at 0200 UT on 28 October 2003 (blue and cyan curves) and starting during the
main phase of the storm at 2100 UT on 29 October 2003 (red and magenta curves).
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of the cutoff occurs well before the Dst reaches a mini-
mum, partly due to the influence of a strongly southward
IMF BZ. The maximum suppression of the cutoff during
the storm occurs when the Dst is ∼100 nT above its mini-
mum value.
[39] It is also noteworthy that prior to the arrival of the

shock the northern portion of the continental United
States is between cutoff rigidity contours of 1 GV and
2 GV, while during the main phase of the storm most of
the northern United States is between 0.1 GV and 1.0 GV
contours. The rigidities 0.1, 1.0 and 2.0 are equivalent to
proton energies of 5.3, 430, and 1300 MeV, respectively.
[40] At the midlatitudes to high latitudes, the uncer-

tainty associated with the cutoff latitude determination is
Dl = 1.8°. In addition to inaccuracies in the numerical
model, the difference between modeled and observed
values is also due to uncertainties in the cutoff observa-
tion. In some cases, the observed cutoff is not well defined
due to spatial and temporal variations of the SEP flux in
the polar cap region, e.g., as shown in Figure 5, also, as
described by Morfill and Quenby [1971]. The uncertainty in
the modeled cutoff latitudes is similar to that reported in
previous studies; for example, Kahler and Ling [2002]
compare cutoff latitudes modeled using the TS89 field
model during nine geomagnetic storms and find on
average that the modeled cutoff latitudes differ from
observed by Dl = 2.5°. In agreement with the earlier study
by Kahler and Ling, the modeled cutoff latitudes are found
to be systematically poleward of the observed cutoff lati-
tudes on average. We find that the mean difference
between the absolute values of the modeled and observed
cutoff latitudes (modeled minus observed) is 0.60°.
[41] In previous work, SEP and cosmic ray flux in the

magnetosphere has been modeled using a look up table of
vertical cutoff rigidities computed in T89 model geomag-
netic fields, parametrized by location and the 3 h averaged
Kp index [Smart and Shea, 2003; Smart et al., 2006]. The two
advancements in recent years that have made a real‐time
geomagnetic cutoff rigidity calculation a possibility are the
development of accurate dynamic geomagnetic field
models, that respond to changes in Dst, solar wind dy-
namic pressure and IMF, and an increase in computer
power. The work presented here is not intended to ad-
dress the computational requirements of a real‐time cutoff
computation using Lorentz trajectories. The CPU time
used to compute the global maps shown in Figure 7 is
∼12 h on a single 2.5 GHz processor; however, there are
several planned modifications to the search algorithm that
are expected to reduce this considerably. Also, the prob-
lem is trivially parallelized to as many processors as one
would like, since no communication between the processors
is necessary; that is, each processor can compute the rigidity
at a subset of the required locations. A more detailed
description of the cutoff rigidity search algorithm and
complete assessment of the computational effort needed
to obtain cutoff rigidities on a global grid or along a space-
craft trajectory will be included in future work.
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