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Fig. 1.8 Intensities of 120-230 MeV protons in 8-h averages from the Goddard IMP-8 telescope

are shown over 27 years in the upper panel. Spikes from individual SEP events reach a factor of

10° above a counter-cyclical baseline of galactic cosmic rays which the instrument also measures
well. The monthly international sunspot number is shown in the lower panel for comparison
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Fig. 1.5 Particle intensities are shown for a series of (a) impulsive and (b) gradual or long-
duration SEP events at similar time and intensity scales. Flags labeled with the source longitude
indicate the onset times of the events; also shown are the times of shock passage. Proton
(or electron) energies are listed. It is difficult to obtain comparable proton energies because
impulsive events are much less energetic (Reames 1999)
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Fig. 1.4 Impulsive (left) and gradual (right) classes of SEP events are distinguished by the
probable sources of particle acceleration in each case (Reames 1999). Impulsive SEP events are
accelerated in magnetic-reconnection events on open field lines (i.e. jets) in the corona. Gradual
SEP events are accelerated at shock waves (solid black) driven out from the Sun by CMEs (gray).
Particles are shown as spirals along B (dashed)
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Kubo et al. (2015) | Backward stochastic method is used to solve the equations.

-Focused transport equations

® 1-D (spatial) focused transport equation (FTE) with adiabatic deceleration

Streaming Momentum change Pitch angle scattering
! ! !

of dpof dudf 0 of SRRy Tk
o7 T Hvbidif +Vidif +— 6p+dtTau ” DWaM 0 A 1R :

Convection Pitch angle change
® Momentum change

d 1-3u? 1—p?
AP p [Tli bib;o;V; — Tﬂ 5%] —Adiabatic deceleration by solar wind divergence

dt

® Pitch ang|e Change Solar wind divergence
!

du 1—pu?

U
dt > [—Ubiaiql’l B) + ,u(alVl - 3blb]6lV])]

Adiabatic focusing

® Pitch angle scattering coefficient: Modified quasi-linear theory (Beeck&Wibberenz 1986, Bieber+1994)
Dy, = DovRI™2{|u|771 + h}(l — ,uz) q: Index of wave number spectrum of solar wind turbulence

® Mean free path Modification to avoid no scatteringat u = 0
1 = 3v 1 (1—-p?)?
= g J-1

du  Ajcos?g = A, = const. (approx.)
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Solutions of Focused Transport
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Fig. 2. Hlustration of the cosmic ray trajectory-tracing process. The
highest rigidity (most resistant to geomagnetic bending) 1s labeled 1
and the lowest rigidity is labeled 15.
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Fig. 3. Illustration of the geomagnetic cutoff transition from allowed to forbidden access as determined by cosmic ray trajectory calculations in a
high order simulation of the earth’s magnetic field. In this illustration black indicates forbidden rigidities and white indicates allowed rigidities. Note
that the cutoff is not sharp and that as the rigidity is decreased, the transmission of cosmic rays changes from fully allowed at rigidities above the
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Fig. 1. Median and interquartile range of the proton flux for Nov/Dec 2006 and
2004-2007: For simplicity the median and upper and lower quartiles of each
channel have been fitted by multiple power-law spectra. Note the vertical lines that
indicate the upper energy range of the TED instrument and the lower threshold of
the GOES SEM instrument. The amount of 2 h periods entering the different activity
levels is indicated by the “#"-symbol.

To whom it might confuse that POES MEPED and GOES SEM
show such a good match even without any flux mapping, given
that altitude, orbit, view points and opening angles differ and just
nominal geometric factors are known: Actually there is an intrinsic
flux “mapping”. According to Bornebusch et al. (2010) the particle
flux increase by a narrowing magnetic flux tube (e.g. from a
geostationary orbit down to 800 km altitude of POES) is fully
canceled out by the particles that are mirrored back due to the
increased magnetic flux. This is of course theoretically and based
on an isotropic pitch angle distribution (which is not measured),
but it means that GOES data in first assumption is already “flux
mapped”, which is also the justification for a number of other
ionization models which use GOES data as is.

Of course this does not mean that the flux of the instruments
itself are correct or the transitions are always matching (local
variations may apply as well), nor that the isotropic pitch angle
distribution is a proper assumption. However, the intention of this
paper is to show the impact of the fit function parameters used in
(existing) ionization models. Since TED, MEPED, GOES SEM are
commonly used and there is no ionization model known by the
authors that does not use isotropic pitch angle distribution these
assumptions look reasonable for this paper.

Consequently, due to the smooth transition between the in-
struments, we (a) see no problem in combining the different in-
struments into one large energy range and (b) we do not see a
benefit by separating the instruments as the desired input for
chemistry models is a full altitude covering ionization rate. Also a
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Total flux at bottom of a flux tube (see Fig. 9) is the flux
entering the flux tube minus the mirrored portion.

erAb - frAr ) (1 - "‘rrrr'r') (2)

Appmximftling B 1 A the definition of a flux tube is simply
,;f. 22 With this and the formula (e.g. Baumjohann and
Treumann 1997) for the critical pitch angle
EL = sin”~ (.Ium) put into Eq. (2), we get a flux per area at
the bottom of the tube:

1
fb:fr?'(l_rmﬁ')- (3)

sm- ( ‘xf_cr'fr )

Fmir €quals the portion of a hemisphere’s area, with angles

o > o+ Taking care of the angle between incident parti-

cless and detector surface with a cosa we get

Fonir = f[] [;: , cos(a) sin(o) dxdy = cos” o, The mea-

sured flux at the bottom of the flux tube therefore becomes:
1

Iy=I——— (1- 008” (0 crit)) = 1. (4)
sin (‘xf_cr'ff)

So the flux reaching POES orbit and then proceeding fur-
ther into the polar atmosphere can be expected to be of
the same order of magnitude as the interplanetary flux

Fig. 9. Schematic of a flux tube.
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Models for SEP dose evaluation
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Figure 22, (top panel) Energetic particles in Mars orbit as measured by Mars
Atmosphere and Volatile Evolution Mission. (bottom panel) Radiation dose
rate at Mars surface as measured by the MSL-RAD E detector.

MSL-RAD = Mars Science Laboratory-Radiation Assessment Detector.
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Figure 1. Measured count rates
(circles) at the neutron monitors
at Thule (76.5° N, 68.7° W),
Oulu (65.05° N, 25.47° E),
Inuvik (68.36° N, 133.72° W),
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GLE 72, compared against our
calculated data (red lines).
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Figure 6. The solar wind structures on the ecliptic plane as reproduced by
the SUSANOO-CME model (Shiota and Kataoka, 2016). The colors indicate
the solar wind speed, and the arrows indicate the directions of the
interplanetary magnetic field. Neutral lines are also represented by white
dashed curves. During the GLE 72 event, the Earth was predominantly
connected to the deformed flank side of the extremely fast CME via a
radially aligned interplanetary magnetic field.
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Figure 4. Global map of the calculated effective dose rates due
to SEPs at a 12 km altitude at 18:00 UT on 10 September 2017.
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Fig. 9. Simulation of the invariant latitude of the proton cutoff energy variations as a function of the Kp index. The solid dark line at 67.5° indicates
the cutoff latitude predicted by the internal IGRF magnetic field model (Smart and Shea, 1997). The gray solid squares indicate the predicted cutoff
invariant latitude for the center energy of the 29-64 MeV detector on the SAMPEX spacecraft. The solid diamonds are the cutoff latitudes published
by Leske et al. (1997). The cutoff latitude for each Kp value is indicated on the left of the figure and the integer Kp values are on the right.
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Figure 2. An illustration of the RBSP spacecraft and the Sun-Earth system with the RBSP and MetOp-A satellites. The vehicle
is located at radial position r’, and the RPS FOV axis is s . A particle entering the RPS sensor with momentum p’ (opposite to
s') at spin phase ¢ has pitch angle « and gyrophase f relative to the magnetic field B.The inset table relates the gyrophase
angle to a positively charged particle’s direction of motion, the RPS FOV axis, and the gyrocenter offset from the vehicle.
Red and bold lines relate to coloring used in later plots. RBSP = Radiation Belt Storm Probes; RPS = Relativistic Proton
Spectrometer; FOV = field of view.
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Figure 12. Panel (a) shows Ly profiles inferred from the spin-resolved RPS
flux data in the 58.1 MeV channel. Panel (b) shows L. profiles observed
from the 50-MeV flux channel from MetOp on multiple passes into and out of
the polar cap. In both panels, color indicates time, as indicated by the color
bar at right. RPS = Relativistic Proton Spectrometer.
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Figure 4. Panel (a) illustrates how the finite gyroradius effect leads to different particle fluxes when viewing different direc-
tions with the RPS sensor. Ly is the Mcllwain L value of the particle’s gyrocenter, whereas Lsc is the Mcllwain L value for a

locally mirroring particle with its gyration centered on the spacecraft. Panel (b) shows how Ly organizes the RPS fluxes much
better than does L during one apogee interval. RPS = Relativistic Proton Spectrometer; RBSP = Radiation Belt Storm Probes.
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dependence. Multiple studies have shown empirical correlation between cutoffs and geomagnetic activity
(e.g., Adriani et al, 2016; Leske et al, 2001; Mazur et al.,, 1999; Ogliore et al,, 2001). Throughout the paper,
we will rely on a hybrid cutoff model owing to Ogliore et al. (2001) and Leske et al. (2001):

R. = 15.062 cos* (A, + Dst/19.11) — 0.363

where A, is the cutoff invariant latitude in degrees and Dst is in nanotesla. Ogliore et al. developed the
model without a Dst dependence, and Leske et al. added the Dst correction. These kinds of empirical cut-
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Figure 1. Panel (a) shows the gyroradius for protons mirroring at the magnetic equator in a dipole, for several values of the
dipole field line label L. Panel (b) shows how geomagnetic cutoffs vary with L for several values of Dst, using the Leske et al.
(2001) dependence. SAMPEX = Solar, Anomalous, and Magnetospheric Particle Explorer.



O'Brien+2018SW

S

B i —

P e e

P L :
e

R e il i e e i T

#/cm2/s/sr/Me

1 1
EPEAD: 63.1 165 HEPAD: 375 465 605 MeV ~ — — — EPEAD East Domes

>
O —
=
S -0 |
Contuurs Gymphase angle =90, /=270 (white) Guiding Center L - 3
> 270 § ' ,"T')‘ * - \) ,
E 130
O QU >
b ¢=0 —~5 g llﬂ!' |-| -5 —— %
_IE 6
o
o 4
0
e 2

9/10/2017 18:00 21:00 9/11/2017 03:00 06:00 09:00 12:00 15:00

Figure 5. A zoomed in view of the 10 September 2017 solar particle event. The panels are the same as in Figure 3 with the
following exceptions: White contours have been added to panels (b)-(f) to show the guiding center Mcllwain L (Lyc), and
horizontal bars in panel (g) indicate time intervals plotted in other figures as labeled. GOES = Geostationary Operational
Environmental Satellite; EPEAD = energetic proton, electron, and alpha detector; HEPAD = high-energy proton and alpha
detector; RBSP = Radiation Belt Storm Probes.
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Figure 13. Panel (a) shows cutoff L estimated several different ways. The thick blue line with circles indicates whole RPS
passes, whereas the small blue dots indicate cutoffs inferred from 10-min spin-resolved Lqy. accumulations. Black, red,
and green dots indicate cutoffs from individual MetOp passes in each energy channel. Thin black, red, and green traces
indicate four-point trailing averages of the cutoffs (i.e., orbit averages). The thin magenta line indicates the Leske et al.
model cutoff evaluated at 58 MeV. Panel (b) provides the Dst (left axis, black) and Kp (right axis, green) geomagnetic indices.

RPS = Relativistic Proton Spectrometer.
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SEPMOD

e Test particles
 |[sotropic protons injected at shock, guiding center approximation
 Mirrored and focused along shock-connected 1D field line

e [nitial energy spectrum of KE-Y KO E% R 2

« Kevelocity jump ratio (Lario+1998)
e v=0.5(d+2)/(d-1), d = compression ratio (DSA theory)

« Additional ESP flux enhancement
e if moving shock >300 km/s
« xb0 peak flux, softer spectrum y -2.b, fall-off half-width 0.1 AU



Linker+2019 JPCS

- VAVANGS
- Lagrangian

£>10MeV

(b),

1o E>10MeV 8=1.5

T rcosdlaul

Figure 5. 2D visualization of the simulated particle flux in the first GOES energy bin
(Fine > 10MeV) in the heliographic (r—¢) plane. (a) Time = 1.8 hours in the simulation,
about 14 minutes after the start of the eruption. (b) Time = 2.15 hours, about 1/2 hour after
eruption. (c) ~3 hours after eruption.
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mean free path and seed population
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JO = chosen to reflect the activity level of the time period being modeled.
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(Reames and Ng 1998) different proton energy bins. Only intensities near the rarer shock peaks are seen above the
streaming limit (Reames 2013)
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Appendix A. Computation of energetic particle pressure Pgp
The expression used to compute the pressure exerted by the energetic protons is
2 ph 2 -
Pop=(47/3)(2m) " [ dTT'j(T). (1)
where m is the proton mass, j(7) is the differential proton flux at the reference energy 7', and 7; and 7,
are the boundaries over which we evaluate the pressure Pgp [11]. Strictly speaking, this expression
should be evaluated in the plasma frame [15], but since our lower limit for the proton energies is ~83

keV (corresponding to a proton velocity of v~4000 km s), the expression in the spacecraft frame
approximates the correct partial pressure of energetic particles to the order of O(U/v)<0.10.
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Figure 5. Radiation Assessment Detector dose rate as a function of time
from 7 August 2012 to 15 February 2018. The dose rate has increased
>50% since summer 2015 due to decreased solar activity as the Sun
approaches solar minimum. Radiation Assessment Detector had observed
only relatively small events until this most recent event on 10 September
2017. However, it must be noted that a solar energetic particle event must be

relatively hard (=150 MeV) to make it to the surface; otherwise the only
observed effect may be a Forbush decrease.
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