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7 [1 We present initial results from the Nowcast of Atmospheric Ionizing Radiation for Aviation Safety
8 (NAIRAS) model during the Halloween 2003 superstorm. The objective of NAIRAS isto produce global,
9 real-time, data-driven predictions of ionizing radiation for archiving and assessing the biologically
10 harmful radiation exposure levels at commercial airline altitudes. We have conducted a case study of
11 radiation exposure during a high-energy solar energetic particle (SEP) event’in October 2003. The
12 purpose of the case study is to quantify the important influences of the\storm time and quiet time
13 magnetospheric magnetic field on high-latitude SEP atmosphericradiation exposure. The Halloween
14 2003 superstorm is an ideal event to study magnetospheric influences on atmospheric radiation
15 exposure since this event was accompanied by a major magnetic storm which was one of the largest of
16 solar cycle 23. We find that neglecting geomagnetic storm effects during SEP events can underestimate
17 the high-latitude radiation exposure from nearly 15% to overia factor of 2, depending on the flight
18 path relative to the magnetosphere open-closed boundary.
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1. Introduction

[2] An important atmospheric state \variable,” driven by
space weather phenomena, is the jonizing radiation field.
The two sources of atmospheric ionizing radiation are
(1) the ever present, background galactic cosmic rays
(GCR), with origins outside the solar system, and (2) the
transient solar energetic particle (SEP) events, which are
associated with eruptionsien the Sun’s surface lasting for
several hours to days” with widely varying intensity.
Quantifying the levels of atmospheric ionizing radiation
is of particular interest/to the aviation industry since it is
the primary source of human exposure to high linear
energy transfer (LET) radiation. This radiation is effective
at directly breaking DNA strands in biological tissue, or
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producing chemically active radicals in tissue that alter
the cell function, both of which can lead to cancer or other
adverse health effects. Consequently, there is increased
concern about potential health outcomes among passen-
gers and crew in the commercial and private aviation sector
[Wilson et al., 2005b, 2003]. As a result, there is growing
need for a capability to predict the real-time radiation
levels at airline altitudes in order to (1) provide a contin-
uous assessment of ionizing radiation exposure for track-
ing aircrew exposure levels, (2) provide time-critical data
during SEP events for aviation radiation risk evaluation
and mitigation, and (3) provide an archived database of
radiation exposure for assessing the impact of ionizing
radiation on the global air transportation system as a whole,
especially in view of the current and future exponential
growth in the number of polar routes. The polar region
receives the largest quantity of radiation because the
shielding provided by Earth’s magnetic field rapidly
approaches zero near the magnetic pole.

[3] Currently under development is the Nowcast of
Atmospheric Ionizing Radiation for Aviation Safety
(NAIRAS) model [Mertens et al., 2008]. The goal of NAIRAS
is to provide a data-driven, global, real-time prediction of
ionizing radiation exposure from the surface to approxi-
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60 mately 100 km. NAIRAS has adopted, as far as possible,
61 the meteorological weather forecasting paradigm of com-
62 bining physics-based forecast models with data assimi-
63 lation techniques. The physics-based model we use to
64 transport the ionizing radiation through the atmosphere
65 and calculate the dosimetric quantities is the High charge
66 (Z) and Energy Transport (HZETRN) code [Wilson et al.,
67 1991]. While the quantity of observations relevant to radi-
68 ation exposure predictions is currently too sparse to apply
69 data assimilation techniques per se, nevertheless, we utilize
70 as much real-time measurement data as possible to char-
71 acterize the sources of ionizing radiation incident at the top
72 of the atmosphere and the material properties of the at-
73 mosphere necessary to understand the transport and
74 transmutations of the sources of ionizing radiation through
75 the atmosphere.
76 [4] There are a number of models currently in use for
77 calculating GCR radiation exposure at aircraft altitudes.
78 The CARI-6 model utilizes a database of transport calcu-
79 lations generated by the deterministic LUIN code for a
80 wide variety of geographic locations, altitudes, and solar
81 activity levels [O’Brien et al, 2003, 1998]. The EPCARD
82 model is based on a similar approach, but uses the Monte
83 Carlo FLUKA code for the transport calculations [Schraube
84 et al., 1999]. PC-AIRE is a semiempirical model based on
85 fits to measurement data [Lewis et al., 2002]. Other aircraft
86 radiation exposure models are described in the recent
87 European Radiation Dosimetry Group report [Lindborg
88 et al., 2004]. Currently, the above models calculate SEP
89 atmospheric radiation exposure poststorm on a case-by-
90 case basis, although PC-AIRE incorporated low-Earth orbit
91 measurements to develop a simple extrapolationyto SEP
92 events [Lewis et al., 2002]. Recently, Copeland et.al. [2008]
93 calculated adult and conceptus aircraft exposurefrates
94 for 170 SEP events for years 1986—2008.using the Monte
95 Carlo MCNPX transport code.
96 [5] The main differences that distinguish/the NAIRAS
97 model from the models discussed above are the following.
98 The physics-based deterministiet HZETRN transport cal-
99 culations used in NAIRAS ate continuously updated using
100 real-time measurements of the space radiation environ-
101 ment and of atmospherie,density versus altitude. Further-
102 more, both GCR and'SEP atmospheric radiation exposure
103 predictions are included in real time. And finally, dynam-
104 ical geomagnetic effects’ are routinely included in the
105 NAIRAS radiation exposure calculations.
106 [6] In this paper we conduct a case study and focus solely
107 on SEP aircraft radiation exposure during the Halloween
108 2003 superstorm. The specific time interval analyzed is
109 from 29 October (2100 UT) through 31 October (2400 UT).
110 The primary objective of this case study is to diagnose the
111 influence of geomagnetic storm effects on SEP atmospheric
112 radiation exposure. The interest in understanding aviation
113 ionizing radiation, and SEP exposure in particular, is
114 because the International Commission on Radiological
115 Protection (ICRP), the Environmental Protection Agency
116 (EPA), and the Federal Aviation Administration (FAA)
117 consider crews of commercial aircraft as radiation workers
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[McMeekin, 1990; ICRP, 1991]. However, aircrew are currently
not monitored for radiation exposure, nor are passengers
aware of any potential radiation risks. Reproductive dis-
order, including prenatal injury, are a particular concern
[Lauria et al., 2006; Waters et al., 2000; Aspholm et al., 1999].

[71 The importance of our case study is that we find
geomagnetic storm effects to have a profound effect on
SEP atmospheric radiation exposure. The Halloween
2003 superstorm is an ideal event to study geomagnetic
effects since this event contained a major magnetic storm
which was one of the largest of solar cycle 23. The geo-
magnetic storm effects are the consequence of solar wind-
magnetosphere interactions that» weaken the effective
shielding of incident low-energy SEP ions by the Earth’s
magnetic field [Kress et al., 2009]. The effect of a weakened
magnetic field, in responsé to a geomagnetic storm, is a
significant increase in SEP atmospheric ionizing radiation.
This result underscores the need for continued space
environment measurements and accurate models of solar
wind-magnetosphere interactions.

[s] The‘outline ofithe rest of the paper is as follows. In
section’ 2 we describe the measurement data and space
environment, models used to characterize the incident
SEP particle flux at the top of the atmosphere, and the
meteorological data and models used to characterize
atmospheric density. Section 3 describes the transport of
the incident SEP ion flux through the atmosphere and the
calculation of radiation exposure. The high-energy SEP
event during the Halloween 2003 superstorm is analyzed in
section 4. A summary and conclusions are presented in
section 5.

2. Data Input and Space Environment Models

[¢] NAIRAS model predictions of atmospheric SEP
radiation exposure are driven by measurements from the
atmosphere and from space. Real-time satellite ion flux
measurements are used to derive the SEP proton and alpha
spectral fluence rates incident at the top of the atmosphere.
The geomagnetic field (internal field plus magnetospheric
contributions) filters the incident SEP spectral fluence rates
by deflecting the lower-energy particles back out to space.
This spectral filtering effect is quantified by a canonical
variable called the geomagnetic cutoff rigidity. Satellite
measurements of solar wind dynamical pressure and the
interplanetary magnetic field (IMF) are used to characterize
the magnetospheric contributions to the cutoff rigidity.
Global meteorological measurements combined with data
assimilation and forecast models are used to predict atmo-
spheric depth as a function of altitude. In sections 2.1-2.3,
we describe the data input and space environment models
used to derive (1) the incident SEP spectral fluence rates,
(2) the geomagnetic cutoff rigidity, and (3) atmospheric
depth as a function of altitude.

2.1. SEP Spectral Fluence Rates

[10] The current understanding of SEP processes is that
the energy spectrum is a result of injected particle seed
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173 populations that are stochastically accelerated in a tur-
174 bulent magnetic field associated with a CME-driven
175 interplanetary shock [Tylka and Lee, 2006]. An analytical
176 expression that represents the differential energy spec-
177 trum for this shock acceleration mechanism was given
178 by Ellison and Ramaty [1985], where the spectrum has
179 the form

d*J
dEdQ

= C,E " exp (—E/Ey). (1)

180 The differential energy szpectrum on the left-hand side
181 of (1) has units of cm™2 srt h™' (MeV/n)™, and the
182 energy (E) has units of MeV n! (ie, MeV per nucleon).
183 The constant C, is related to the injected seed population
184 far upstream of the shock. The power law energy depen-
185 dence of the spectrum is due to shock acceleration of the
186 seed population by random first-order Fermi acceleration
187 (scattering) events in a turbulent magnetic field, with the
188 power index (v,) related to the shock compression ratio.
189 The exponential turnover in (1) represents high-energy
190 limits to the acceleration mechanism, such as escape from
191 the shock region. Using the above analytical form, the
192 three parameters (C, v, and E;) can be determined by
193 fitting (1) to ion flux measurements.

194 [11] Recently, Mewaldt et al. [2005] found that the Ellison-
195 Ramaty spectral form failed to fit NOAA/GOES ion flux
196 measurements at the highest-energy channels during the
197 Halloween 2003 SEP events. To circumvent this deficiency,
198 Mewaldt et al. proposed using a double power law spec-
199 trum. The low-energy spectrum is assumed to follow
200 the Ellison-Ramaty form. The high-energy spectrum is
201 assumed to have a power law energy dependence with
202 a different power index, such that

2T -
TEdO CyET. (2)
203 The power law expressions in (1)and (2) can be merged into
204 one continuous spectrum by requiring that the differential
205 energy spectra in (1) and (2) and their first derivatives are
206 continuous at the merge energy. The result is given by the
207 expression below:

dxj

R — ~Ya > < _
dEdQ CE E:Xp( E/E()),E < ('7}) ’Ya)EO (3)

_ CE””{[(’yb _ %)EO](Wrm)exp (v — ’Ya)}>
E> (’}/b — ’Va)Eo. (4)

208 Physically, the double power law spectrum in (3) and (4)
209 represents SEP sources from two different injected seed
210 populations. For example, the low-energy spectrum, with
211 ~y, power index and the e-folding energy E,, is likely asso-
212 ciated with solar corona (solar wind) seed populations
213 while the high-energy spectrum, with -, power index, is
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likely associated with flare suprathermal seed populations
[Tylka et al., 2005].

[12] The NAIRAS model initially assumes the double
power law form in (3) and (4) for the SEP fluence spectrum
and derives the fit parameters (C, v, <, and Ey) by a
nonlinear least squares fit to differential-directional ion
flux measurements. The spectral fitting algorithm uses a
Marquardt-Levenberg iteration technique [Brandt, 1999]. If
the double power law spectrum fails to converge to the
measurement data, the fitting procedure is restarted and
the Ellison-Ramaty spectral form is assumed.

[13] NAIRAS utilizes availablé real-time measurements
of proton and alpha differential-directional particle flux
(cm™2 srt st MeVin)™) for the SEP spectral fitting
described above. SEP spectral fluence rates (cm™> h™
(MeV/n)™") incident on Earth’s atmosphere are obtained by
time averaging the particle flux measurements in 1 h time
bins and projecting /the incident flux onto the vertical
direction assuming, an isotropic angular distribution for
the solar ions. Low-energy proton data are obtained from
the Electron, Proton, and Alpha Monitor (EPAM) instru-
ment onboard'the NASA Advanced Composition Explorer
(ACE) satellite [Gold et al., 1998]. EPAM is composed of five
telescopes and we use the LEMS120 (Low-Energy Mag-
netic Spectrometer) detector, which measures ions at
120 degrees from the spacecraft axis. LEMS120 is the
EPAM low-energy ion data available in real time, for
reasons described by Haggerty et al. [2006]. The other proton
channels used in the SEP spectral fitting algorithm are
obtained from NOAA'’s Geostationary Operational Envi-
ronmental Satellite (GOES) Space Environment Monitor
(SEM) measurements. The Energetic Particle Sensor (EPS)
and the High Energy Proton and Alpha Detector (HEPAD)
sensors on GOES/SEM measure differential-directional
proton flux [Onsager et al., 1996]. We also generate addi-
tional differential-directional proton flux measurement
channels by taking differences between the EPS integral
proton flux channels. The channels used to derive SEP
alpha spectral fluence rates are also obtained from EPS
measurements. We use 5 min averaged ACE and GOES
data to derive the incident SEP spectral fluence rates.

[14] Figure 1 shows the time variation of a representative
set of proton flux measurements used to derive incident
SEP spectral fluence rates for the Halloween 2003 storm
period. The two plots show the GOES 11 EPS and HEPAD
proton flux spectra and the integral proton flux mea-
surements. By definition, a SEP event occurs when the
>10 MeV integral proton flux exceeds 10 proton flux units
(pfu = cm™ sr™* s7!) in three consecutive 5 min periods
[NOAA, 2009]. The SEP event threshold is denoted by the
horizontal line in the integral proton flux plot (Figure 1,
bottom). There are a total of five SEP events during the
Halloween 2003 storm period, which are denoted by the
vertical lines in both plots in Figure 1. These events were
associated with many simultaneous, complex phenomena
such as solar flares, coronal mass ejections (CME), inter-
planetary shocks, and solar cosmic ray ground level events
(GLE) [see Gopalswamy et al., 2005]. Different line styles
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Figure 1. GOES 11 proton flux,measurements: (top) the EPS/THEPAD differential-directional flux
and (bottom) the EPS integral-directional flux. The color lines represent different GOES 11 proton
channels, and the energy/ranges of the channels are specified in the legend. The different vertical
line styles bound the\five SEP events, which are also numbered in both plots. See text for details.

272 are used to bound each of the five events, and the event
273 number is shown between the vertical lines. Note that
274 the onset of event 3 does not follow the conventional SEP
275 threshold definition. It is clear from the integral proton
276 flux that two events overlap: event 3 arrives before event
277 2 decreases below the SEP threshold level. However, there
278 is an important distinguishing feature between the two
279 events. That is, the beginning of our definition of event 3
280 is accompanied by a sudden increase in high-energy
281 protons associated with the arriving SEP event, as noted
282 by the sudden increase in the 510-700 MeV differential-
283 directional proton flux measurements in Figure 1. Parti-
284 tioning the simultaneous SEP events 2 and 3 into separate
285 events is useful for our study, since the high-energy por-
286 tion of the differential-directional proton flux distribution
287 penetrates deeper in the atmosphere.

288 [15] We will analyze atmospheric ionizing radiation
289 exposure during SEP event 3 (29 October (2100 UT) to

31 October (2400 UT)) since the associated interaction
between the arriving CME-driven interplanetary shock
and Earth’s magnetosphere caused the largest geomag-
netic effects during the Halloween 2003 storm period,
which is the focus of our case study. In order to isolate the
geomagnetic effects, we derived the event-averaged SEP
spectral fluence rates shown in Figure 2. The horizontal lines
in Figure 2 are the event-averaged differential-directional
ion flux measurements. The width of the horizontal lines
correspond to the energy width of the measurement
channels. The black lines are the proton and alpha spectral
fluence rates derived using the double power law spectrum
and fitting technique describe above. The shaded regions
show the range of 1 h averaged ion flux measurements in
the time interval of event 3. The peach colored region
corresponds to the range of proton flux measurements
and the blue colored region corresponds to the alpha flux
measurements The event-averaged fit parameters derived
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10/31 (2400 UT)
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Figure 2. Event-averaged SEP spectral fluence)rates for event 3 (29 October 2003 (2100 UT) to
31 October 2003 (2400 UT)). The shaded regions show the range of 1 h averaged ion flux mea-
surements in the time interval of event 3. The peach shaded region corresponds to proton flux
measurements. The blue shaded region corresponds to the alpha flux measurements.

308 for SEP event 3 are given in Table 1. Thus, equations (3)
309 and (4) and the parameters in Table,1 characterize the
310 incident SEP spectral fluence rates used inl the analysis
311 of atmospheric exposure in this paper.'One can readily
312 reproduce our incident SEP spectral, fluence rate and
313 compare with our computed(exposure/rates presented in
314 section 4.

315 2.2. Geomagnetic CutoffiRigidities

316 [16] The geomagnetic field provides a form of momen-
317 tum shielding by deflecting lower-energy charged particles
318 back out to space. The minimum momentum per unit
319 charge that a vertically incident particle can have and still
320 reach a given altitude above the Earth is called the vertical
321 geomagnetic cutoff rigidity. The cutoff rigidity is a canon-
322 ical variable for specifying the minimum access energy of
323 incident charged particles (SEP particles in this study) for
324 transport through the atmosphere. Once the cutoff rigidity
325 is known, the minimum access energy is determined for
326 each incident particle of charge Z and mass number A
327 through the relativistic energy equation, such that

E= {\/RZ(Z/A-amu- AP +1—1]-amu- &, (3)

where E is kinetic energy per nucleon (MeV nY), R is
vertical geomagnetic cutoff rigidity (MV), ¢ is the speed
of light in vacuum, and amu = 931.5 MeV ¢? (atomic mass
unit).

[17] The cutoff rigidity is determined by numerical solu-
tion of charged particle trajectories in the geomagnetic field
[Smart and Shea, 2005, 1994]. The NAIRAS cutoff rigidities
are calculated from code developed by the Center for
Integrated Space Weather Modeling (CISM) at Dartmouth
College. The CISM, Dartmouth geomagnetic cutoff model
can be run using several different empirical and physics-
based models [Kress et al., 2004]. In particular, the specifi-
cation of the geomagnetic field due to Earth’s internal field
source is provided by the International Geomagnetic Ref-
erence Field (IGRF) model [Langlais and Mandea, 2000]. The

Table 1. Event-Averaged Fit Parameters®

Particle C Ya Vb Eo
Proton 8.565 x 10° 1.191 3.493 30.78
Alpha 3.782 x 10° 1.682 4.992 105.3

Event is from 29 October 2003 (2100 UT) to 31 October 2003
(2400 UT).

5 of 16

328
329
330
331
332
333
334
335
336
337
338
339
340
341
342

t1.2

t1.3
tl.4

tl.5
tl.6



XXXXXX

MERTENS ET AL.: ATMOSPHERIC SEP RADIATION EXPOSURE XXXXXX

Vertical Geomagnetic Cutoff Rigidity
IGRF Field

TO5 Quiet Field
Oct 28, 2003 UT=2

TO5 Storm Field
Oct 29, 2003 UT=21

GV
000502040608 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18

Figure 3. Simulated vertical geomagnetic cutoff rigidity shown-over the Northern Hemisphere in
October 2003. The cutoff rigidities were calculated using (left) the IGRF model, (middle) the T05
model during a geomagnetically quiet period, and (right) the T05 model during the largest geo-
magnetically disturbed period of SEP event 3. Also shown are the magnetic latitude circles and
the meridians at 0000, 0600, 1200, and 1800 magneticilocal time.

343 IGRF 2000 epoch is used in this study. The magnetospheric
344 current systems are also important contributors to Earth’s
345 total geomagnetic field. The real-time dynamical response
346 of the magnetospheric magnetic field to solar wind condi-
347 tions and IMF can be provided by the semiempirical T05
348 model [Tsyganenko and Sitnov, 2005], or by the Lyon-Feder-
349 Mobarry (LFM) global MHD simulation code [Lyon et al.,
350 2004]. Currently, the T05 model provides more accurate
351 cutoff rigidities than the LFM MHD model, as deter-
352 mined by comparisons with satellite observations during
353 a Halloween 2003 geomagnetic storm /[Kress et al., 2009].
354 Thus, for the present work, the simulated real-time geo-
355 magnetic cutoff rigidities are calculated using the T05
356 model, and using the IGREmodel for comparison.

357 [18] Figure 3 shows|the vertical cutoff rigidity over the
358 Northern Hemisphere for three different models of the
359 geomagnetic field. Figure 3 (left) is cutoff rigidity computed
360 using the IGRF field. Since total flight path exposures at
361 aviation altitudes do not change significantly (<~1%) for
362 cutoffs less than 0.05 GV, we set the cutoffs to zero at geo-
363 graphic locations poleward of the 0.05 GV contour (see the
364 bold white 0.05 GV color contour in Figure 3). Figure 3
365 (middle) shows the cutoff rigidities computed using
366 the T05 field under geomagnetically quiet conditions,
367 28 October (0200 UT), prior to the onset of the Halloween
368 2003 SEP event 3. One can see that even during magnet-
369 ically quiet conditions, the cutoff rigidities predicted from
370 the TO05 field are lower than predicted from the IGRF
371 field, and the polar cap region (i.e., inside the bold white

0.05 GV contour in Figure 3) is expanded to lower latitudes.
A weaker field predicted by the T05 model, compared to
IGRE, is due in part to the diamagnetic effect of the mag-
netospheric ring current included in the T05 model. Lower
cutoff rigidities correspond to less momentum shielding
and higher radiation exposure levels. Figure 3 (right) shows
the cutoff rigidities during peak geomagnetic storm con-
ditions, 29 October (2100 UT), during SEP event 3. The
cutoffs are lower at all latitudes compared to the two pre-
vious simulations, and the polar cap region has expanded
to much lower latitudes than during the magnetically quiet
period. These geomagnetic effects are discussed in more
detail in section 4.

2.3. Atmospheric Depth Altitude

[19] The atmosphere itself provides shielding from
incident charged particles. The shielding of the atmosphere
at a given altitude depends on the overhead mass. Subdaily
global atmospheric depth is determined from pressure
versus geopotential height and pressure versus temperature
data derived from the National Center for Environmental
Prediction (NCEP)/National Center for Atmospheric
Research (NCAR) Reanalysis 1 project [Kalnay et al., 1996].
The NCAR/NCEP Reanalysis 1 project uses a state-of-
the-art analysis/forecast system to perform data assimi-
lation using past data from 1948 to the present. The data
products are available 4X daily at 0000, 0600, 1200, and
1800 UT. The spatial coverage is 17 pressure levels in the
vertical from approximately the surface (1000 hPa) to the

6 of 16

372
373
374
375
376
377
378
379
380
381
382
383
384

385

386
387
388
389
390
391
392
393
394
395
396
397
398
399



XXXXXX

MERTENS ET AL.: ATMOSPHERIC SEP RADIATION EXPOSURE

XXXXXX

NCAR/NCEP Reanalysis 1: Pressure at 11 km

October 29 2003 (21 UT)

Pressure (hPa)

275.0
270.0
265.0
260.0
255.0
250.0
245.0
240.0
235.0
230.0
225.0
220.0
215.0
210.0
205.0
200.0
195.0
190.0
185.0

Figure 4. NCAR/NCEP Reanalysis 1 pressure levels at 11 km corresponding to the date/time of the
largest geomagnetically disturbed period of SEP event 3 (29 October 2003, 2100 UT). Also shown are
the magnetic latitude circles and the meridians at 0000, 0600, 1200, and 1800 magnetic local time.

400 middle stratosphere (10 hPa), while the horizontal grid is
401 2.5 x 2.5 degrees covering the entire globe.

402 [20] NCAR/NCEP pressure yersus)geopotential height
403 data is extended in altitude above 10 hPa using the Naval
404 Research Laboratory Mass Spectrometer and Incoherent
405 Scatter (NRLMSIS) model atmosphere [Picone et al., 2002].
406 NCAR/NCEP and NREMSIS temperatures are smoothly
407 merged at 10 hPa at each horizontal grid point. NRLMSIS
408 temperatures are produiced at 2 km vertical spacing from
409 the altitude of the NCER/NCAR 10 hPa pressure surface to
410 approximately 100 km: The pressure at these extended
411 altitudes can be determined from the barometric law using
412 the NRLMSIS temperature profile and the known NCAR/
413 NCEP 10 hPa pressure level, which assumes the atmo-
414 sphere is in hydrostatic equilibrium and obeys the ideal gas
415 law. Finally, the altitudes and temperatures are linearly
416 interpolated in log pressure to a fixed pressure grid from
417 1000 hPa to 0.001 hPa, with six pressure levels per decade.
418 The result from this step is pressure versus altitude at
419 each horizontal grid point from the surface to approxi-
420 mately 100 km.

421  [21] Atmospheric depth (g cm™) at each altitude level
422 and horizontal grid point is computed by vertically inte-

grating the mass density from a given altitude to the top of
the atmosphere. The mass density is determined by the
ideal gas law using the pressure and temperature at each
altitude level. The result from this step produces a 3-D
gridded field of atmospheric depth. Atmospheric depth at
any specified aircraft altitude is determined by linear
interpolation along the vertical grid axis in log atmo-
spheric depth. Figure 4 shows the atmospheric pressure
over the Northern Hemisphere at 11 km on 29 October
2003 (2100 UT). This is the atmospheric data used in the
exposure rate calculations in section 4.

3. SEP Transport and Dosimetry

[22] In section 2, we described the incident SEP spectral
fluence rates, cutoff rigidity, and atmospheric depth as a
function of altitude. In this section, we describe the
transport of the incident SEP ions through the atmosphere
and the subsequent absorbed dose in tissue from the
ionizing radiation field.

[23] SEP atmospheric transport is described by a coupled
system of linear Boltzmann transport equations, which are
derived on the basis of conservation principles [Wilson et
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444 al., 1991]. The transport equation for the spectral fluence
445 rate ¢;(x, Q, E) for particle type j is given by

Qe Vv, (x, 2E) =Y / ajk<n, QE, E’)«I)(x, n’,E’>dQ’dE’
k
- O}(E)Q(X,Q,E), (6)

446 where o{(E) and 03 (§2, ¥, E, E') are the target medium
447 macroscopic cross sections. The 0;1(£2, ', E, E’) are double-
448 differential particle production cross sections that repre-
449 sent all processes by which type k particles moving in
450 direction 2’ with energy E’ produce a particle of type j
451 moving in direction ©Q with energy E, including radio-
452 active decay processes. The total cross section o;(E) of the
453 target medium for each incident particle type j is

() = 0ja(E) + 0ju(E) + 0;,(E), (7)

454 where the first term refers to collisions with atomic
455 electrons, the second term refers to elastic ion-nucleus
456 scattering, or elastic neutron-neutron scattering, and the
457 third term contains all relevant nuclear reactions. The
458 corresponding differential cross sections are similarly
459 ordered.

460 [24] The coupled SEP transport equations in (6) are
461 solved in the NAIRAS model using NASA Langley
462 Research Center’s deterministic HZETRN code. HZETRN
463 is used in a wide variety of radiation transport applications,
464 e.g., the calculation of dosimetric quantities for assessing
465 astronaut risk to space radiations on the International
466 Space Station (ISS) and the Space Transportation System
467 (STS) Shuttle, and for design and validation of.the Crew
468 Exploration Vehicle (CEV) under the Constellationpro-
469 gram, including realistic spacecraft and human geometry
470 [Slaba et al., 2009; Badavi et al., 2007a, 2005; Wilson et al.,
471 2006]. Extensive summaries of FHIZETRN laboratory and
472 space flight verification and validation ‘are found in recent
473 reports by Badavi et al. [2007a], Nealy etal. [2007], and Wilson
474 et al. [2005a, 2005¢].

475  [25] For SEP proton and alpha particles incident at the
476 top of the atmosphere, solutions to six coupled transport
477 equations are obtained:one for neutrons and five for light
478 ions (protons, deuterons, tritons, helium-3, and helium-4).
479 A recent update to HZETRN includes a directionally
480 coupled forward-backward low-energy neutron transport
481 algorithm, which is important for atmospheric radiation
482 transport (T. C. Slaba et al., Coupled neutron transport for
483 HZETRN, submitted to Advances in Space Research, 2008).
484 [26] The energy deposited in a target medium by the
485 radiation field of particle j is the dose, which is given by

Di(x) =K /ﬂ /0 " S(E)B,(x, 2, E)dSE. (8)

486 In the above equation, S{(E) is the target stopping power for
487 particle j (Mev g™ cm™) and K is a unit conversion factor
488 (1.602 x 1071%) to convert dose to units of Gray(1Gy=] kg‘1).
489 Radiation health risk and the probability of biological
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damage depend not only on the absorbed dose, but also
on the particle type and energy of the radiation causing
the dose. This is taken into account by weighting the
absorbed dose by a factor related to the quality of the
radiation. The weighted absorbed dose has been given
the name dose equivalent by ICRP [1991]. The unit of
dose equivalent is the Sievert (Sv). Dose equivalent in
tissue T from particle j (H;(x)) is defined in terms of the
tissue LET-dependent quality factor Q, such that

Hyr(x) = / O(L)Dy(x, L)L, 9)

where L is LET, which can be approximated by the
stopping power in units of keV um‘l; Dj(x, L) is the
spectral dose distribution from particle j in terms of LET,
and Q(L) is the tissue LET-dependent quality factor.

[27] The relationship“betweensthe probability of biolog-
ical damage and dose equivalent is found to also depend
on the organ or, tissue, irradiated. A further dosimetric
quantity, called theeffective dose, is defined to include the
relative“contributionsyof each organ or tissue to the total
biological ‘detriment caused by radiation exposure. The
effective dose (E(x)) is the sum of weighted dose equiva-
lents in all the organs and tissues in the human body, such

that
E(x) =Y Z wrH; 7(x).

The organ/tissue weighting factors are given in the ICRP
60 report [ICRP, 1991]. A computationally efficient approach
is to calculate the effective dose rates directly from the par-
ticle spectral fluence rates using precomputed fluence-to-
effective dose conversion coefficients. In this paper we use
neutron and proton conversion coefficients tabulated by
Ferrari et al. [1997a, 1997b]. The effective dose contributions
from the other ions are obtained by scaling the proton
fluence-to-effective dose conversion coefficients by Z]z/Aj,
according to stopping power dependence on charge and
mass. All recommended ICRP radiation exposure limits
are defined in terms of effective dose.

[28] The assumptions and simplifications to our transport
calculations and dosimetric predictions presented in
section 4 are briefly described here. We assume that the
incident SEP ion are isotropically distributed in angle, and
we project the ions along the vertical direction to obtain
the incident SEP spectral fluence rates in the calculation
of effective dose in (8)-(10). Moreover, we assume the
minimum access energies for the incident ions are deter-
mined by the vertical cutoff rigidities described in
section 2.2. Finally, we ignore the influence of the air-
craft structure on the radiation field. None of the existing
atmospheric radiation models include aircraft structure
effects operationally; however, some cases studies have
been done. The aircraft may reduce the free atmosphere
radiation exposure by perhaps ~10% for GCR exposure
[Battistoni et al., 2005; Copeland et al., 2008] and less than
1% for SEP events [Copeland et al., 2008]. Future updates to

(10)
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540 NAIRAS will include transport through the aircraft fuse-
541 lage, utilizing the methodologies developed for astronaut
542 radiation risk assessment [Badavi et al., 2007b; Slaba et al.,
543 2009], and quantify the directional effects on the cutoff
544 rigidities and their subsequent influence on the radiation
545 exposure.

546 4. Analysis of Halloween 2003 Event

547 [29] In this section we present our predictions of SEP
548 effective dose rates and accumulated effective dose along
549 representative high-latitude commercial routes during
550 the Halloween 2003 SEP event 3 (29 October (2100 UT) to
551 31 October (2400 UT)). The incident SEP spectral fluence
552 rates and meteorological data are fixed in time in our cal-
553 culations, which are given by the event-averaged spectral
554 fluence rates and atmospheric depth-altitude data shown
555 in Figures 2 and 4, respectively. On the other hand, we
556 allow the cutoff rigidity to vary in time along the flight
557 trajectories, according to the magnetospheric magnetic
558 field response to the real-time solar wind and IMF condi-
559 tions [Kress et al., 2009]. The physics-based HZETRN code
560 is used to transport the incident SEP ions through the
561 atmosphere and calculate the dosimetric quantities. A
562 unique feature of NAIRAS is the computational efficiency
563 of the deterministic HZETRN code and the ability to predict
564 global atmospheric radiation exposure from a physics-based
565 transport code. Moreover, the geomagnetic effects have
566 not been quantified sufficiently in the past, and we find
567 they have a profound effect on SEP atmospheric radiation
568 exposure. In a future report, we will allow the SEP spectral
569 fluence rates, cutoff rigidity, and atmospheric depth alti-
570 tude to all vary according to the real-time data input.

571 4.1. Global SEP Dose Distribution

572 [30] Global SEP atmospheric ionizing radiation exposure
573 are obtained from a precomputed database.. The effective
574 dose rates are calculated on a fixed 2-D.grid in atmospheric
575 depth and cutoff rigidity. The ‘atmospheric depth grid
576 extends from zero to 1300 g 'cm™> ‘and the cutoff rigidity
577 grid extends from zero to 19 GV. Both grids have non-
578 uniform spacing with the highest number of grid points
579 weighted toward low cutoff rigidities and tropospheric
580 atmospheric depths. The real-time cutoff rigidities are
581 computed on the same.2.5 x 2.5 horizontal grid as the
582 NCEP/NCAR meteorological data. The precomputed effec-
583 tive dose rates are interpolated to the real-time cutoff
584 rigidity and atmospheric depth specified at each hori-
585 zontal grid point.

586 [31] Figure 5 shows global snapshots of atmospheric
587 effective dose rates over the Northern Hemisphere polar
588 region for the Halloween 2003 SEP event 3. The effective
589 dose rates are shown at three altitudes and for three dif-
590 ferent magnetic field models used in the cutoff rigidity
591 simulations. Figure 5 (left) shows exposure rates using the
592 IGREF field. Figure 5 (middle) shows exposure rates com-
593 puted for a geomagnetically quiet time prior to the onset
594 of SEP event 3 using the TO05 field (28 October 2003,
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0002 UT). Figure 5 (right) shows the exposure rates
using the TO05 field at the peak of the geomagnetic
storm (29 October 2003, 2100 UT) during SEP event 3. A
typical cruising altitude for a commercial high-latitude
flight is 11 km. Overlaid on the 11 km effective dose rate
altitude surface are great circle routes for three represen-
tative high-latitude commercial flights: London, England
(LHR) to New York, New York (JFK) (5.75 h flight time);
Chicago, Illinois (ORD) to Stockholm, Sweden (ARN)
(8.42 h flight time), and a combination of two great circle
routes from Chicago, Illinois (ORD) to Beijing, China (PEK)
(13.5 h flight time).

[32] There are a number of striking features to be noted
from Figure 5. First, the representation of the geomagnetic
field has a significant influence on SEP atmospheric ion-
izing radiation exposure. Comparing Figure 5 (left) and
Figure 5 (middle) shows that.even during geomagnetically
quiet periods, the magnetospheric magnetic field weakens
the overall geomagnetic field with a concomitant increase
in radiation_levels. Thisnis’ seen as a broadening of the
open-closed magnetospheric boundary in the T05 quiet
field compared to the IGRF field. The cutoffs are zero in
the region of open geomagnetic field lines. Thus, effective
dose rates based on the IGRF field are underestimated
even for magnetically quiet times. During strong geo-
magnetic storms, as shown in Figure 5 (right), the area of
open field lines are broadened further, bringing large
exposure rates to much lower latitudes. Effective dose
rates predicted using the IGRF model during a large
geomagnetic storm can be significantly underestimated.
The expansion of the polar region high exposure rates to
lower latitudes, due to geomagnetic effects, is quantified
by calculating hemispheric average effective dose rates
from 40N to the pole. This is denoted by “avg” in Figure 5.
At 11 km, there is roughly an 8% increase in the global
average effective dose rate using T05 quiet field compared
to IGRF. During the geomagnetic storm, there is an ~30%
increase in the global average effective dose rate using T05
storm field compared to IGRF.

[33] A second important feature to note in Figure 5 is the
strong altitude dependence due to atmospheric shielding.
The exposure rates are very low at 5 km, independent of
geomagnetic field model used. At 15 km, the exposure
rates are significantly higher than at 11 km. Figure 5 shows
that the SEP effective dose rates increase (decrease) expo-
nentially with increasing (decreasing) altitude. The SEP
exposure rate altitude dependence is a fortunate feature for
the aviation community, since radiation exposure can be
significantly reduced by descending to lower altitudes.
Private business jets will receive more radiation exposure
than commercial aircraft if mitigation procedures are not
taken, since business jet cruising altitudes are roughly 12—
13 km. The altitude dependence of the SEP exposure rates
is quantified in Figure 5 by showing the maximum effec-
tive dose rate at each altitude, which is the exposure rate
at zero cutoff rigidity (i.e., in the polar region of open
geomagnetic field lines). The maximum is denoted “max”
in Figure 5. The exposure rate increases on average by
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Effective Dose for Halloween 2003 SEP (10/29 (2100 UT) - 10/31 (2400UT))
IGRF T05Quiet T05Storm

uSv/hr
max: 35.4 max: 35.4 max: 35.4 42
-~ avg: 18.9 avg: 20.5 vg: 25.7 32
15km 36
34
32
30
28
26
24
22
: 20

11km max: 11.6 \ max: 11.6 13F

avg: 6.9 avg: 84 16
14
12
10
8
6
5km 4
l avg: 0.9 2

““*London, UK - New York, NY
Chicago, IL - Stockholm, SW

Chicago, IL - Beijing, China

- Munich, GE

Chicago, IL

Figure 5. Effective dose rates computed during Halloween 2003 SEP event 3. (left, middle, and
right) The plots correspond to exposure rates'calculated using the geomagnetic cutoff rigidities
and magnetic field models shown in Figure 3. (top, middle, and bottom) Exposure rates calculated
at different altitudes. In each image, the hemispheric average dose equivalent rate (uSv h™) is
indicated by the value next to “avg.” The maximum exposure rate is indicated by the value next
to “max.” See text for definition of avg.and max. Also shown are the magnetic latitude circles and
the meridians at 0000, 0600, 1200, and 1800 magnetic local time.

653 160% km™" between 5 km and 11 km. Between 11 km and
654 15 km, the exposure rate increases’on average by approxi-
655 mately 75% km ™.

656 [34] It is instructive to compare Jour results to the
657 20 January 2005 SEP exposure xates computed by Copeland
658 et al. [2008] using the Monte CarloMCNPX transport code.
659 Copeland et al. report maximum SEP effective doses of
660 0.045 mSv and 0.160 mSv at 30 kft (~9.1 km) and 40 kft
661 (~12.2 km), respectively, for 1 h continuous exposure at
662 zero cutoff rigidity. By interpolating these exposure rates
663 linearly in log dose, we derive a maximum effective dose
664 rate of 47 uSv h™" at 11 km from the Copeland et al. results.
665 This is a factor of 4 greater than our computed maximum
666 effective dose rate shown in Figure 5 at 11 km for Halloween
667 2003 SEP event 3. According to the Copeland et al. study,
668 the January 2005 SEP events produced the largest dose
669 rates at aviation altitudes during solar cycle 23. On the
670 other hand, Halloween 2003 SEP event 3 was associated
671 with one of the five largest geomagnetic storms of solar
672 cycle 23 [Gopalswamy et al., 2005]. For our purpose of
673 quantifying the geomagnetic storm effects on SEP exposure
674 rates, the Halloween 2003 SEP event 3 provides an ideal

storm period for our case study. This is discussed in more
detail in section 4.2.

4.2. Dose on High-Latitude Flights

[35] Before calculating radiation exposure along speci-
fied flight paths, it is constructive to examine a sample of
effective dose rate profiles at different cutoff rigidities
from our precomputed database previously described for
SEP event 3. Figure 6 shows SEP effective dose rates as a
function of atmospheric depth for cutoff rigidities from
zero to 2.5 GV. Figure 6 clearly shows the exponential
dependence of SEP exposure on both cutoff rigidity and
atmospheric depth. The vertical lines indicate constant
exposure rates necessary to receive a total exposure of 1, 5,
10, and 20 mSv on an 8 h flight. A typical international,
high-latitude flight is 8 h. The rationale for choosing the
total exposure identified with the vertical lines is as fol-
lows [Wilson et al., 2003]: 20 mSv is the ICRP annual oc-
cupational radiation worker limit, 10 mSv is the National
Committee on Radiological Protection (NCRP) annual
occupational exposure limit, 5 mSv is the NCRP occasional
public exposure limit, and 1 mSv is the ICRP annual
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Effective Dose Rate for Haolloween 2003 SEP Event [10/29 (2100 UT) — 10/31 (2400 UT)]
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Figure 6. Event-averaged effective dose rates for Halloween SEP event 3 (29 October 2003
(2100 UT) to 31 October 2003 (2400 UT)) as a function of atmospheric depth for various geomagnetic
cutoff rigidities. Different vertical lines indicate constant exposure rates required to reach the
corresponding total exposure levels indicated in the legend for an 8 h flight.

696 public and prenatal exposure limit. The cutoff rigidities at
697 high latitudes are less than 1 GV. The typical commercial
698 airline cruising altitudes correspond togan atmospheric
699 depth between ~200 and 300 gem2./Consequently, one
700 can see from Figure 6 that it is not possible for passengers
701 on high-latitude commercial flights during the Halloween
702 2003 SEP events to approach or exceeded the ICRP public
703 and/or prenatal radiation exposure limit.

704 [36] Figure 7 shows the cutoff rigidities and effective
705 dose rates for the threerepresentative high-latitude flights
706 mentioned in section 41, which were calculated along
707 great circle routes. Figure 7 (left) shows the cutoff rigidities
708 along the flight paths, and Figure 7 (right) shows the
709 corresponding effective dose rates along the flight paths.
710 The cutoff rigidities include both latitude and time-
711 dependent variations along the flight paths. The variations
712 of the exposure rates along the flight paths include latitu-
713 dinal variations in both atmospheric depth and cutoff
714 rigidity. The temporal variations in cutoff rigidity also map
715 into the variations of the exposure rates along the flight
716 path. Figure 7 (top) shows results for the LHR-JFK flight,
717 while Figure 7 (middle and bottom) shows results for the
718 ORD-ARN and ORD-PEK flights. Each plot in Figure 7
719 shows cutoff rigidities and corresponding effective dose
720 rates using the IGRF field (green lines) and the T05 storm

field (red lines) in the cutoff calculations. The largest dif-
ferences in flight path cutoff rigidities between IGRF and
T05 storm field models are for the LHR-JFK flight. The
entire LHR-JFK flight path is near the magnetosphere
open-closed boundary and is most sensitive to perturba-
tions in cutoff rigidity due to geomagnetic effects. Conse-
quently, the exposure rates along the LHR-JFK flight are
most sensitive to geomagnetic effects. The ORD-PEK polar
route is the least sensitive to geomagnetic suppression of
the cutoff rigidity, since most of the flight path is across the
polar cap region with open geomagnetic field lines. The
influence of geomagnetic storm effects on the ORD-ARN
flight is intermediate between a typical polar route and a
flight along the north Atlantic corridor between the US and
Europe.

[37] The effective dose rates for the representative high-
latitude flights in Figure 7 are within the range of exposure
rates measured during other storm periods for similar
flight paths. The measurement data were analyzed and
reported in terms of ambient dose equivalent, which is a
reasonable measurement proxy for effective dose. For
example, Clucas et al [2005] reported peak SEP dose rates
in the 3.5-4.0 ;Sv h™" range for a LHR-JFK flight on 14 July
2000, a SEP event without a concomitant geomagnetic
storm. From Figure 7, the peak dose rate for the LHR-JFK
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Figure 7. (left) Geomagnetic cutoff rigidities and (right) effective dose rates calculated during
Halloween 2003 SEP event 3“along three representative flight paths for a cruising altitude of
11 km. The green line represents )cutoff rigidities and exposure rates calculated using the IGRF
model. The red lines represent,cutoffs and exposure rates computed using the T05 model during
the period of largest geomagnetic activity of event 3. The total flight times are the following: 5.75 h for
JFK-LHR, 8.42 h for ORD-ARN, and 13.5 h for ORD-PEK.

746 flight computed using the IGRF field is ~4 uSv h™". Clucas ~ [2007] found that the differences in peak dose rates 763
747 et al. also showed peak.meastired SEP dose rates on the  between great circle and actual flight paths for LHR-JFK 764
748 order of 10-12 uSv hT' for'a LHR-JFK flight during an  Concorde flights were a factor of 5 during the September 765
749 April 2001 SEP event, which was accompanied by a geo- 1989 SEP event and a factor of 2.5 during the October 1989 766
750 magnetic storm. The ‘average LHR-JFK effective dose  event, which was geomagnetically quiet. Furthermore, the 767
751 rate in Figure 7 computed using the T05 storm field is  difference in peak SEP dose rates between great circle and 768
752 9.4 uSv h™'. Dyer et al. [2005] reported measured peak  actual flight paths for the commercial flight from Prague 769
753 SEP dose rates on the order of 9.5 uSv h™" for a flight  to New York during the April 2001 event was a factor of 2. 770
754 from Prague to New York during the April 2001 SEP [39] The actual flight paths for the Chicago to Munich 771
755 event. Thus, our computed effective dose rates are in  flights reported by Beck et al. [2005] may have been equa- 772
756 qualitative agreement with measured dose rates for  torward of a great circle route, which could explain their 773
757 similar flight paths during other storm periods. low dose rates compared to our calculated LHR-JFK great 774
758 [38] The high sensitivity of SEP atmospheric dose rates  circle route dose rates during the Halloween 2003 super- 775
759 to geomagnetic conditions near the open-closed magne-  storm. During the Halloween 2003 SEP event 3, the Chicago 776
760 tospheric boundary is also responsible for the high sen-  to Munich flight measured a mean SEP dose rate of 777
761 sitivity of SEP dose rates to the exact flight path in the 3.6 uSv h™" and an accumulated dose of 0.032 mSv for 778
762 north Atlantic corridor region. For example, Dyer et al. the 8.75 h flight. These results are comparable to our 779
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2.1 Table 2. Flight Path Effective Dose Using Different Geomagnetic Cutoff Models

Effective Dose Effective Dose Effective Dose Effective Dose Effective Dose Effective Dose
t2.2  Flight Path T055% (mSv) T05Qb (mSv) IGRF® (mSv) Ratio T05S/IGRF Ratio T05S/T05Q Ratio TO5Q/IGRF
2.3 JFK-LHR 0.054 0.030 0.024 2.25 1.18 1.25
t2.4 ORD-ARN 0.088 0.084 0.078 1.13 1.05 1.08
t2.5 ORD-PEK 0.122 0.116 0.102 1.20 1.05 1.14

2.6 *Cutoff rigidities computed from Tsyganenko (T05) storm fields.

2.7 PCutoff rigidities computed from Tsyganenko (T05) quiet time fields.

2.8 ‘Cutoff rigidities computed from IGRF fields.

780 5.75 h JFK-LHR for geomagnetically quiet conditions
781 presented in Figure 7 and Table 2. In other words, the
782 Chicago to Munich flight did not seem to experience the
783 dose rate enhancement due to the large geomagnetic storm.
784 By comparing the LHR-JFK dose rates in Figure 7 computed
785 using the IGRF field and the T05 storm field with the dose
786 rates computed for the ORD-ARN and ORD-PEK flights,
787 it is clear that geomagnetic effects enable flights along
788 the North Atlantic corridor, or near the magnetosphere
789 open-closed boundary, to experience the same dose rates
790 that are confined to the polar region under geomagnetically
791 quiet conditions.

792  [40] Another possible explanation for the relative dif-
793 ference in the Chicago to Munich measured dose rates
794 reported by Beck et al. [2005] and our computed dose rates
795 for the LHR-JFK flight is our use of the event-averaged
796 incident SEP spectral fluence rate, which we employed for
797 the purpose of isolating geomagnetic effects in our case
798 study. It is clear from the shaded regions in Figure 2 that
799 our event-averaged SEP spectra fluence rate is.weighted
800 more toward the peak ion flux measurements observed
801 during SEP event 3. The measurements in Figuxe 1 show
802 that the SEP ion flux rapidly decreased in time from the
803 peak values present at the beginning of event 3. Thus, our
804 use of an event-averaged incident SEP spectral fluence
805 rate will tend to overestimate the accumulated effective
806 dose over the flight paths in Figure 7. However, employing
807 this constraint on the incident SEP:spectral fluence rate is
808 necessary to unambiguously isolate the geomagnetic effects.
809 Despite these caveatsjthe results’discussed in this paper
810 are within the current factorof2 uncertainty in SEP atmo-
811 spheric dose rates [Clucas et al., 2005].

812 [41] The total effective dose along the three representa-
813 tive high-latitude flight paths are given in Table 2. The
814 second, third, and fourth columns show total effective dose
815 computed from the three models of the geomagnetic field
816 used in this study: IGRF, T05 quiet field, and T05 storm
817 field. The last three columns show various ratios between
818 the total effective dose computed from the different geo-
819 magnetic field models. There are three major points to be
820 noted from these results. One, the total effective dose pre-
821 dicted for the ORD-PEK polar route for SEP event 3 during
822 the Halloween 2003 storm is ~12% of the ICRP public/
823 prenatal effective dose limit of 1 mSv. Passengers and
824 crew on high-latitude flights during the Halloween 2003 SEP
825 event3 did not come close to approaching the recommended

ICRP exposure limits. Two, using the IGRF field to compute
the cutoff rigidity can underestimate the total effective dose
from ~15% for polar routes to over a factor of 2 for flights
along the north Atlantic ¢orridor. Third, even for SEP
events without an accompanying geomagnetic storm, using
the IGRF field in cutoff¥igidity:simulations can underesti-
mate the total effective dose by roughly 20%-30% for US
flights into Europe.

[42] It is“also instructive to compare the total effective
dose for the ORD-PEK flight in Table 2 with result from
Copeland et al. [2008] during the 20 January 2005 SEP event.
Copeland et al. report maximum SEP effective doses of
0.088 mSv and/0.320 mSv at 30 kft and 40 kft, respectively,
for 10 h of continuous exposure at zero cutoff rigidity. This
corresponds to a total effective dose of 0.123 mSv at 11 km,
which is nearly equal to the total effective dose for the
13.5h ORD-PEK flight in Table 2. The average dose rates
for the ORD-PEK flight in Table 2 are 9.0 uSv h™ and
7.5 pSv h™ for the T05 storm field and the IGRF field,
respectively. Using these average dose rates to adjust the
ORD-PEK total effective dose in Table 2 for a 10 h flight,
we find the accumulated effective dose to be between
0.076 mSv and 0.091 mSv, which brings our result to within
25%-50% of the Copeland et al. result. Evidently, our use
of the event-averaged incident SEP spectral fluence rate
for the duration of a 10 h polar flight nearly compensates
for the factor of 4 difference between the peak dose rate for
the 20 January 2005 SEP event and event-averaged dose
rate for the Halloween 2003 SEP event 3, as discussed in
section 4.1.

[43] Another competing phenomena during the Hal-
loween 2003 superstorm was the occurrence of several
Forbush decreases [Gopalswamy et al., 2005]. A Forbush
decrease is a suppression of the GCR exposure due to the
interaction of the solar wind with the incident GCR
particles. At latitudes with cutoff rigidities greater than
1.0-1.2 GV, the SEP dose rates are comparable to or less
than the GCR dose rates. Thus, at these latitudes, the
total GCR+SEP dose rate can be less than the quiet time
dose rates prior to the SEP event during a Forbush decrease.
Getley et al. [2005a, 2005b] observed the apparent influence
of a Forbush decrease on dosimetry measurements taken
on Qantas Flight 107 from Los Angeles, California to New
York, New York on 29 October 2003. These measurements
are well suited for testing the ability of NAIRAS to model
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871 the reduction in the GCR exposure due to Forbush
872 decreases, which we plan to do in the future.

873 5. Summary and Conclusions

874 [44] The NAIRAS model is a physics-based, global, data-
875 driven nowcast of atmospheric ionizing radiation, with
876 radiation exposure rates calculated from the surface to
877 approximately 100 km. At project completion, which is
878 anticipated in mid-2011, NAIRAS will provide real-time
879 predictions of radiation exposure for both background
880 GCR and SEP events. In this paper we have conducted an
881 analysis of atmospheric ionizing radiation exposure asso-
882 ciated with a high-energy SEP event during the Halloween
883 2003 storm period. The main objective of this paper is to
884 diagnose the influence of geomagnetic storm effects on SEP
885 atmospheric radiation exposure. High-latitude flight paths
886 are the routes most susceptible to significant SEP radiation
887 exposure, since the cutoff rigidity rapidly approaches zero
888 near the magnetosphere open-closed boundary.

889 [45] To achieve our objective of diagnosing the geo-
890 magnetic storm effects on SEP radiation exposure, we
891 calculated the atmospheric effective dose rates using event-
892 averaged incident SEP proton and alpha spectral fluence
893 rates and a static atmospheric depth-altitude relation,
894 while the cutoff rigidity was calculated both statically and
895 dynamically. The static cutoff rigidities were simulated
896 using the IGRF field. The dynamic cutoff rigidities were
897 simulated using the TO05 field, which was allowed to
898 respond to the real-time solar wind and IMF conditions.
899 The dynamic cutoff rigidities were computed.during a
900 geomagnetically quiet period prior tosthe high-energy
901 SEP event and during the peak of the geomagnetic storm
902 associated with the high-energy SEP event. The key results
903 of this study are the following. One, ighoring solar wind-
904 magnetosphere interactions during a strong geomagnetic
905 storm, in the calculation of cutoff rigidities, can under-
906 estimate the total exposure by approximately 15% to over
907 a factor of 2. Two, even during geomagnetically quiet
908 conditions, ignoring solar ‘wind—-magnetosphere interac-
909 tions can underestimate the total exposure for flights
910 along the north Atlantic corridor by roughly 20%-30%.
911 To achieve more accurate assessments of aircraft radiation
912 dose, the magnetospheric influence on the cutoff rigidi-
913 ties must be included routinely in atmospheric radiation
914 exposure predictions.

915 [46] We also showed that the SEP exposure rates increase
916 (decrease) exponentially with increasing (decreasing) alti-
917 tude. Thus, SEP aircraft radiation exposure can be signifi-
918 cantly reduced by descending to lower altitudes. Business
919 jet cruising altitudes are higher than commercial aircraft.
920 Consequently, private jets flying similar high-latitude
921 routes as the commercial airlines will receive substantially
922 more radiation if mitigation procedures are not enacted.
923 NAIRAS real-time radiation exposure rate predictions
924 during SEP events will enable the aviation community to
925 make informed decisions concerning radiation risk evalu-
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ation and reduction. The Halloween 2003 SEP events did
not pose a radiation health risk, however.

[47] In the future, we will assess the reliability and fea-
sibility of predicting the real-time geomagnetic cutoff
rigidities using the physics-based LFM MHD magnetic
fields. The LFM MHD code may be run as a stand alone
model or coupled with other geospace models currently
under development within CISM. For example, the LFM
magnetospheric magnetic fields may be coupled with the
Thermosphere-Ionosphere Nested Grid (TING) model
[Wang et al., 2004] and/or with the Rice Convection Model
(RCM) [Toffoletto et al., 2004], which models the ring current.
The semiempirical T05 model, provides more accurate
cutoff rigidities than the stand alone LFM MHD model, as
determined by comparisons.with satellite observations
during a Halloween 2003 geomagnetic storm [Kress et al.,
2009]. This is mainly due to the lack of a full kinetic
description of the ring curtent in the MHD model, which
typically causes the,LEM fields to be too high. We anticipate
that the fully cotipled LEM-RCM-TING model currently
under developmentwill significantly improve the simula-
tions of cutoff rigidities compared to the stand along LFM
MHD model. Furthermore, the physics-based LFM-RCM-
TING model will be able to incorporate short time scale
dynamics not included in empirical magnetospheric mag-
netic field models. When the code development within
CISM reaches sufficient maturity, we will assess the influ-
ence of short time scale magnetospheric dynamics on the
atmospheric ionizing radiation field using the fully coupled
LFM-RCM-TING model.

[48] Additionally, our future efforts will build upon this
work in six other ways. One, we will study directional
effects on the cutoff rigidities and subsequent radiation
exposure rates. Two, we will model the aircraft fuselage in
calculating radiation exposure. Three, we will allow the
SEP spectral fluence rate and atmospheric pressure to
vary with time according to the real-time input data. Four,
we will analyze additional storm periods to further quantify
the relative contributions of SEP spectral fluence rate,
geomagnetic activity, and meteorological variability on
atmospheric radiation exposure. Five, we will utilize real-
time neutron monitor count rates to supplement the
satellite ion flux measurements to better constrain the
high-energy portion of the incident SEP spectral fluence
rates beyond ~500 MeV n™'. And six, we will compare
our predictions with previous and future onboard aircraft
dosimetric measurements.
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