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Estimating solar proton flux at LEO from a geomagnetic
cutoff model

R. Selesnick, S. Young, L. Winter

July 14, 2015

1 Introduction

This report describes a method for predicting proton flux in low earth orbit (LEO) during a solar
proton event (SPE). In particular, integral fluxes of > 5 and > 30 MeV protons are required, though
it can be applied equally to other energy ranges. The method depends on a geomagnetic cutoff
model, proton measurements from a geosynchronous (GEO) GOES satellite, and the geomagnetic
Kp index. Its limitations and statistical accuracy are also described. The recommended cutoff
model is empirical. Its results are also compared to the theoretical model of Smart and Shea.

2 Background

Empirical and theoretical models of geomagnetic cutoffs are available. Empirical models are
generally simpler and easier to apply. Therefore, if they are of similar accuracy, they are preferable
for practical application.

3 Method, assumptions, and procedures

For each location in LEO the model proton cutoff energy is determined using Kp. Then the
differential proton flux measured at GOES is integrated over the energy range of interest, but
excluding energies below cutoff, to determine the integral flux at LEO.

Cutoff kinetic energy E. is obtained from proton rigidity R = pc/e where p is momentum,
p?c? = E(E +2mc?), E is kinetic energy, m is the proton rest mass, ¢ is the speed of light, and e is
the elementary charge. The cutoff rigidity in GV is:

Re=17.635cos*(A +0.38K; +0.06K ) — 0.468 )

where K); is the shifted Kp, the value of Kp from 3 hours earlier. The invariant latitude of the
LEO location is related to the magnetic L shell by cos> A = 1/L where L is computed in the IGRF
magnetic field model. If equation (1) gives R. < O then E. = 0, as appropriate to high invariant
latitudes. For low latitudes (A < 50°) all protons of interest are below cutoff.

Equation (1) is a combination of empirical relationships, between R, and A during geomagnet-
ically quiet times [[1]], and between A and K at fixed E.. [2], obtained from LEO observations of
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Figure 1: Cutoff A versus shifted Kp for various protons energies from equation (1).

proton cutoffs. The dependence of cutoff invariant latitude on proton energy and shifted Kp from
equation (1) is shown in Figure 1. An alternate formulation to equation (1) was also provided. It
replaces the constants 17.635 bym5.062 and -0.468 by -0.363 [1]. The validation method described
below shows the first formulation to be marginally preferable for the present application.
However, the alternate formulation is preferred by the original authors (Mewaldt, R.A., private
communication, 2013) and could replace equation (1) with negligible impact.

The GOES data [3] provide measurements of proton flux in a few fixed-width energy channels.
A simple procedure is used to convert them to a continuous differential energy spectrum: For each
channel, the measurement is assumed to provide the differential flux at the geometric mean limits
of the channel. In between these mean energies the differential flux is obtained by power law
interpolation, that is, by assuming a power-law energy spectrum connecting the fluxes at the
channel mean energies. For energies outside the range of the data, power-law extrapolation is used
from the two lowest or highest energy channels.

The method of determining the GOES proton spectrum is illustrated in Figure 2. It shows
data points at the geometric mean energy of each differential channel, connected bm power law
segments. This defines the differential intensity (or flux) at each energy. A more
sophisticated method could be used to determine the GOES spectrum, but this seems
unwarranted given the uncertainties involved.

To predict the integral proton flux above a given energy Ey (e.g., 5 or 30 MeV) at LEO,
the GOES differential spectrum is integrated above the maximum of Ey and E.. Direct
mapping of measured GOES energy spectra to LEO is justified by the assumption that
interplanetary solar protons are isotropic. Liouville’s theorem then states that flux is uniform
along dynamical proton

2
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Figure 2: A sample proton differential energy spectrum from GOES-11.

paths reaching GEO or LEO from interplanetary space. The validity of the assumption is subject
to limitations described below.

4 Results and discussion

4.1 Empirical cutoff model

The method was tested by comparing its results to data taken by the PET and MAST instruments
on the SAMPEX satellite during the October and November 2003 SPEs. Close substitutes for the
> 5 and > 30 MeV energy ranges are available respectively from MAST/M12 data, for 5 to 12
MeV protons, and the PET data for 27.4 to 53.0 MeV protons [4]. The former is available with
96 s resolution and the latter with 6 s resolution. Energy spectra-from GOES-11 were integrated
over each of these energy ranges for direct comparison to the data. The GOES data are available
with 1-min resolution. All of the available data points between the start of Oct 26 (day 299) and
the end of Nov 7 (day 311), 2003, are shown in Figure 3.

For the upper energy range the GOES flux is genergly higher than the SAMPEX flux and the
reverse is true for the lower energy range. It is unclear whether these discrepancies are due to
systematic errors in the data, or to real differences between LEO and GEO, or a combination of
both. (Real differences could result from imperfect access to the of solar protons to the low-altitude
polar cap, effecting mostly the higher energy range, or cutoff effects at GEO, effecting mostly the
lower energy range.) The close correspondence of the flux variations at LEO and GEO for each
energy range shows that equivalent proton energies were being measured.

3
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Figure 3: Proton flux data versus time from SAMPEX (black, or blue in the SAA) and GOES-11
(red) during the Oct/Nov 2003 SPEs.
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Figure 4: Proton flux from SAMPEX and GOES versus time from 2003 day 302. GOES data are
shown with/without the cutoff model applied (red/cyan). Vertical lines show cutoffs identified from
SAMPEX data (dashed black) and from GOES data with the cutoff model (dotted red).

The wide spread in the SAMPEX data for the higher energy range is a result of statistical
fluctuations, with only zero to a few protons per 6-s interval. This is because high fluxes cause

significant instrumental deadtime. Corrections for deadtime are uncertain at the highest fluxes, as
is particularly evident in early day 302. Trapped protons in the South Atlantic Anomaly (SAA) are
encountered periodically by SAMPEX due to Earth’s rotation.

A closer view of data from the second half of day 302 is shown in Figure #77 All SAMPEX
data are included. The GOES data were interpolated linearly in time from 5-min-averages to the
times of the SAMPEX data points. They are shown with and without application of the cutoff
model. Cutoff times determined from the SAMPEX data and the GOES data with model cutoff
are shown in the Figure by vertical dashed and dotted lines respectively. The time of each cutoff
was determined as the first and last points above a background flux level, and not in the SAA,
during each polar pass. A background level of 1 proton/(cm?s sr) was chosen; results are generally
insensitive to this choice. Cutoff determinations were discarded if an adjacent data point was in
the SAA or if the maximum flux during the full polar pass was below a threshold value of 3 or 100
proton/(cm?s sr), for the higher or lower energy range respectively.

The times of each cutoff determined from the data correspond to values of A along the SAMPEX
orbit. These cutoff invariant latitudes from each energy range are shown as a function of shifted Kp
for the entire data interval in Figure @ Those from the GOES data closely follow a smooth curve
established by the cutoff model, witlrsmall deviations resulting only from the 6-s time resolution
of the SAMPEX data, which corresponds to an uncertainty of ~0.2° invariant latitude. Those

5

Approved for public release; distribution is unlimited.



from the SAMPEX data show additional scatter that likely results from geomagnetic variations not
described by the simple Kp index. Scatter in lower energy range SAMPEX results is also increased
by their 96-s time resolution, corresponding to ~3° invariant latitude uncertainty.

Two numbers describe the accuracy of the cutoff model. First, the mean difference between
the observed (SAMPEX) and model (GOES) cutoffs shows the accuracy on average. It is 0.01°
and -0.63° for the higher and lower energy ranges, respectively, showing a good average fit of data
to model. The scatter of the observed cutoffs away from the model is described by the standard
deviation or root-mean-square (RMS) values of 1.51° and 2.16°, obtained by subtracting the mean
difference from each difference value, then squaring, taking the mean of the resulting values, and
finally the square root. To avoid undue influence from outliers, differences greater than 5° have
been excluded from the mean and RMS values. These result mainly from misidentification of SAA
trapped protons, causing low observed cutoffs, some of which are clearly evident in the lower
energy range. Their exclusion is therefore justified. The RMS value in the lower energy range
includes the effect of low time resolution in those data. If higher time resolution were available the
RMS value would likely be comparable to the value of 1.51° obtained for the higher energy range.

4.2 Smart and Shea cutoff model

More sophisticated methods, compared to the simple empirical model of equation (1), have been
developed for obtaining cutoffs. They consist of numerical computations of test-particle motion in
models of the combined geomagnetic and magnetospheric magnetic fields, to determine whether
the particles have access to interplanetary space. However, these methods have not yet achieved
sufficient accuracy to replace an empirical model in practical applications. This is now demon-
strated using the method of Smart and Shea [5]. It uses interpolation in a grid of precomputed
cutoffs from the combined IGRF and T89 field m odels. It therefore has the advantage of being
efficient to run and is easily implemented.

The method provides several cutoff values at each location: effective, lower, and upper cutoff
energies for the vertical, east, and west directions. The SAMPEX detectors point mostly to the
zenith, so the vertical cutoffs are most appropriate (though fields-of-view are relatively wide; 101°

and 58° full angle for MAST and PET respectively). At low altitude, directional (east-west) effects
on cutoffs are small, but they become much more significant at higher altitude.

Results equivalent to Figureld, but using the Smart and Shea method with the effective ver-tical
cutoff, are shown in Figure |6 |(they are again shown versus shifted Kp, but the cutoffs are
determined from unshifted Kpin this case). It is seen that the cutoff locations are offset poleward
of the observed values by, on average, 1.3° and 1.42° for the higher and lower energy ranges
respectively. Even correcting for these offsets, the RMS values show a somewhat worse agreement
with the observed values than do those of the empirical cutoff model. Although the observed and
model values from the Smart and Shea method show a similar degree of scatter, it is evident from
the RMS values this the scatter is uncorrelated from point to point. The scatter from the Smart and
Shea model results mostly from variations in the local time and the hemisphere (north/south) of the
satellite location, but such systematic effects are not apparent in the observed cutoff values.

Exclusion of outliers biases the results of Figur To correct for this the model cutoffs have
been offset by constant factors of 1.8° and 3.0°, for higher and lower energies respectively, that
reduce the mean differences to nearly zero. These offsets were obtained by trial and error to
achieve the near zero mean differences. They represent the true errors of the Smart and Shea
method, rather than the mean differences from Figure[6.| Results are shown in Figure|7| Now the
RMS values have changed somewhat but are still worse than from the empirical model

6
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Figure 5: Identified cutoff A versus shifted Kp from SAMPEX data (black) and from GOES data
with the cutoff model (red). Smaller symbols are outliers not used in computing the mean and
RMS differences.
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Figure 6: Similar to Figure [5] but using the Smart and Shea effective vertical cutoff model.

8

Approved for public release; distribution is unlimited.



The method for determining observed cutoffs was to place them at the lowest invariant latitudes
of observed polar protons. This suggests that the Smart and Shea lower cutoff should perhaps be
used instead of the effective cutoff, and this may account for the poleward offsets described above.
Results using the lower vertical cutoffs instead of the effective vertical cutoffs, with no extra offsets,
are shown in Figure [8| The poleward offsets are in fact reduced relative to the effective cutoffs,
particularly at the higher energy range, but the reductions are insufficient and the empirical model
is still superior.

The lower and upper cutoffs in the Smart and Shea method describe the effects of the penumbra
and simple shadow cones (using nomenclature from Stormer theory of particle motion in a dipole
magnetic field [6]), that result from particles trajectories intersecting the solid Earth. The model
also includes a transparency function to describe the fraction of trajectories that have access to any
location in between the lower and upper cutoffs. This suggests that the simple empirical cutoff
model cannot describe the full variation in proton flux with invariant latitude. In fact, close
inspection of Figure ] shows that the cutoff is usually more gradual than predicted by the model.
This effect is illustrated more accurately in Figure[9] It shows the average polar flux, normalized to
the mean value from A > 65°, as a function of difference in A from the measured cutoff location.
The flux is seen to increase from ~0.25 of its full polar value at cutoff, to its full value at ~3°
above cutoff, on average, nearly independent of energy. (The lower energy range of the MAST
data is not useful here because of its poor time resolution. It has been replaced by 19 to 24 MeV
protons from PET for which the 6-sec resolution is available.) This invariant latitude range of ~3°
over which the cutoff occurs is a measure of the difference between the lower and upper cutoffs,
using the Smart and Shea nomenclature, but is wider than the range predicted by the model.

4.3 Other solar proton events

The results described above were for a sequence of SPEs in 2003 (Figure [3). Similar results
from other SPEs during 1998 to 2005 are shown in Figure from the upper energy range of
the SAMPEX data only. Measured cutoffs for the separate events are distinguished by color. They
show that there are systematic variations between events, with mean differences from the empirical
model cutoffs changing from event to event by ~1°. Averaging over all events, the empirical model
matches the data approximately as it did during the 2003 events. It is not necessary to retest the
Smart and Shea model because it depends only on Kp and would also perform as it did during
2003.

The cause of the systematic variations between events is unclear, but again must be geomagnetic
effects unrelated (or partly unrelated) to Kp. These can be caused by variations in factors such as
the ring current, solar wind dynamic pressure, and interplanetary magnetic field. M odel cutoffs
have been computed from test-particle simulations using complex magnetic field m odels that
include these factors as input parameters [8]. They show a close agreement with observed cutoffs,
except for a similar poleward shift as obtained from the Smart and Shea model (Kress, B.T., private
communication, 2013). It is likely that an empirical model could be constructed to also include
these factors and provide more accurate cutoff predictions than the simple model of equation
(1), but such an empirical model is not available.

Proton intensity versus time from the start of an SPE on 20 January 2005 is shown in Figure[I1]
with the same format as Figure 4 The start of the event near hour 7 occurred earlier in the GOES
data than in the SAMPEX data, showing that LEO proton flux is not always directly related to GEO
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Figure 8: Similar to Figure [6] but with the Smart and Shea lower vertical cutoff model.
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Figure 9: Averaged normalized polar cap proton flux from SAMPEX data, as a function of
difference in A from each identified cutoff (cutoff A is at zero, A above cutoff increases poleward).

12

Approved for public release; distribution is unlimited.



L SAMPEX/PET GOES-10/11 27.4 - 53.0 MeV protons _
70 — 1998/236-238 Mean, RMS difference: 1.02, 1.11 —

2001/308-311 Mean, RMS difference: -0.99, 1.17

65— + + " 2005/ 20- 21 Mean, RMS difference: 1.25, 1.46 —

Cutoff invariant latitude

50— X —

Shifted Kp

Figure 10: Similar to Figure 5 but for SPEs during 1998 to 2005 as indicated by the color
coding and for the upper energ range only.

Empirical model cutoffs (red) were derived from the equation (1) and GOES-10 or GOES-11 data as
available. Mean and RMS differences from the model cutoffs are shown separately for each SPE
(cutoffs below 52 © were also excluded as outliers in this case, due to misidentified SAA protons).
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Figure 11: Similar to Figure 4 but with data from an SPE in January 2005.

fluxes. This was probably a result of proton anisotropy at the start of the event. Note that prior to
hour 7 the SAMPEX and GOES fluxes were in good agreement and nearly a full day after the start
of the SPE was required to approach agreement again. Such discrepancies are frequently observed
when an SPE begins suddenly (these are cases in which Earth is magnetically well connected to
the source region).

5 Conclusions

The main factor in predicting the flux at LEO from measurements at GEO is in modeling the
cutoff. The empirical cutoff model was shown to be accurate on average, but with point-to-
point fluctuations described by a standard deviation of ~1.5°invariant latitude, and with systematic
deviations between SPEs of ~1°. The cause of the fluctuations and systematic effects is unknown,
but likely a combination of geomagnetic and interplanetary factors not included in the model.
However, the empirical model is superior to the Smart and Shea model both in mean accuracy and
standard deviation. It is also simpler to apply, though both are relatively simple.

In addition to the cutoff model, errors can be introduced by flux differences between GEO and
polar LEO. Some of the differences are known to be caused by incomplete proton access to the
polar cap [7] and some by cutoff effects at GEO [9]. The latter can be minimized by choosing a
GOES satellite near midnight and a GOES proton_detector facing west, for which cutoffs are
lowest. If suitable GOES data are unavailable thermrdata from an interplanetary platform such as
ACE could be used instead.

It is also possible that there are systematic instrumental errors that cause differences in measured
flux between LEO and GEO. These are easily confused with true differences caused by geomag-
netic access effects. Usually the differences are within a factor ~2 (Figure 3), though may be much
greater at the start of an event (Figure 11).

The simple cutoff model does notdescribe flux variations near cutofﬂhat may be caused by
penumbra, shadow cone, and east-west effects. It has not been established whether these are
the only causes of such variations because they have not yet been fully modeled theoretically.
However, empirical estimates of the average flux change near cutoff, as in Figure 9, could be used
in combination with the empirical cutoff model. 0
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The empirical model of equation (1) was validated using data from particle detectors pointing
nearly at zenith, and therefore represents vertical cutoff. If instead fluxes are required in some
other direction, or omnidirectional fluxes are required, then the model could be adjusted using
basic Stormer theory [7]. However, in LEO the changes would be small relative to uncertainties
in the model and therefore unnecessary. If the model were applied at higher altitude such changes
could be significant. However, other model errors will certainly also increase with altitude.

The empirical model of equation (1) was established using particle data taken during ~1992-
2003. In principle it should be time dependent due to the geomagnetic secular variation. Changes in
the Earth’s dipole moment could be included by scaling the first term on the right of equation (1),
to which it is proportional. Changes in higher order moments cannot be included without new
cutoff measurements. However, it is expected that any such changes will have a minimal effect
over at least the next decade or two.
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