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Abstract13

Radiation safety in the Earth’s atmosphere is of particular importance to our living14

environment, especially at aviation altitudes. Aviation radiation has been long known to15

originate primarily from the galactic and solar system: galactic cosmic rays and solar en-16

ergetic protons. Recent flight measurements by the Automated Radiation Measurements17

for Aerospace Safety (ARMAS) experiment have uncovered another potential source for18

aviation radiation: Relativistic Electron Precipitation (REP) from the Van Allen radiation19

belts. REP can induce radiation at aviation altitudes through bremsstrahlung X-ray pro-20

duction, which carries radiation down to the stratosphere and even the troposphere. In this21

study, using a suite of physics-based Monte Carlo models, we characterize the effective22

radiation dose produced at altitudes between ground and low-Earth-orbit by relativistic23

precipitation electrons with energies between 100 keV and 10 MeV. We produce a lookup24

table of atmospheric radiation production that calculates the expected radiation dose for25

a given precipitation flux, spectrum, and pitch angle distribution. This lookup table pro-26

vides results that are consistent with X-ray measurements during radiation belt precipita-27

tion by balloon-borne instruments in the stratosphere, and can be directly used to convert28

space-borne measurements of precipitation fluxes into aviation radiation. This work rep-29

resents our first attempt towards better understanding of REP’s role in the atmospheric30

high-altitude radiation environment.31

1 Introduction32

Radiation from a number of sources can affect spacecraft in orbits ranging from33

low-Earth-orbit (LEO, 100–1000 km) to interplanetary space, as well as suborbital mis-34

sions and high-altitude aircraft. The radiation exposure in the Earth’s atmosphere increases35

in general with altitude above the surface, and aviation at higher altitudes is exposed to36

increasing radiation risk and exposure. Of particular importance is the radiation envi-37

ronment at commercial aviation altitudes: typically between 9.5 and 12.2 km (31,000 to38

40,000 feet) above sea level [e.g., Ruskin et al., 2008]. Aviation radiation has been long39

known to originate primarily from the galactic and solar system: Galactic Cosmic Rays40

(GCR) and Solar Energetic Particles (SEP) [e.g., Vainio et al., 2009]. GCRs are believed41

to originate from diffusive shock acceleration in supernova remnants and consist mostly of42

protons and U particles [e.g., Blandford and Eichler, 1987]. SEPs, on the other hand, are43

caused by coronal mass ejections and/or solar flares [e.g., Desai and Giacalone, 2016],44

and consist mostly of protons and sometimes electrons and heavy ions [e.g., Reames,45

1999]. Regardless of the origin and composition, after entering the atmosphere, both SEPs46

and GCRs strongly interact with neutral species and cascade into a cluster of energetic47

secondary particles. Depending on the initial energy, a fraction of secondary particles may48

penetrate into the stratosphere and troposphere, and cause human exposure to high linear49

energy transfer (LET) radiation at aircraft altitudes [Wilson et al., 1995], possibly leading50

to nausea, acute sickness, cancer, and/or other irreversible health damage [Vainio et al.,51

2009].52

The radiation damage brought by GCR and SEP has been extensively studied via53

modeling and observational techniques [e.g., Duggal, 1979; O’Brien et al., 1996; Ferrari54

et al., 2001; Vainio et al., 2009]. GCR intensity in general varies with the 11-year so-55

lar cycle due to modulation of the interplanetary magnetic field (IMF) generated by the56

sun [e.g., Vainio et al., 2009]. A typical value of GCR background radiation at altitude57

of 10–15 km is approximately 1–10×10−6 Sv/hr [e.g., Mertens et al., 2013; Tobiska et al.,58

2018]. Copeland et al. [2008] have investigated a total of 169 SEP events measured by the59

Geostationary Operational Environmental Satellite (GOES) between 1986 and 2008; the60

maximum radiation dose in one hour to an adult produced by GCR and SEP is found to61

be ∼2.6 mSv at 18.3 km altitude. As for modeling studies, Ferrari et al. [2001] have per-62

formed detailed simulation of GCR transport in the atmosphere using the FLUKA code63
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[Ferrari et al., 2005], and tabulated the effective dose rate as a function of geomagnetic64

cut-off and altitude. Using Monte Carlo simulation of cosmic-ray-induced atmospheric65

cascade, Mishev [2014] has also developed a numerical model for the computation of66

radiation dose due to cosmic rays with galactic and solar origin. More recently, another67

physics-based model, Nowcast of Atmospheric Ionizing Radiation for Aviation Safety68

(NAIRAS), has been developed by Mertens et al. [2013] for real-time prediction of dosi-69

metric quantities at aviation altitudes due to GCR and SEP. This model has been well cal-70

ibrated using measurements from the NASA Radiation Dosimetry Experiment (RaD-X)71

stratospheric balloon flight mission [Mertens et al., 2016].72

The influence of SEP on the Earth’s radiation environment exhibits great variation73

depending on the incident energy spectrum, incoming direction, and the cutoff rigidity of74

the Earth’s magnetic field [Freier and Webber, 1963; Duggal, 1979; O’Brien et al., 1996;75

Bütikofer et al., 2008; Mishev, 2014]. The increase of solar particle flux on 20 January76

2005 was one of the most intense SEP events ever observed. Bütikofer et al. [2008] found77

that, because of this SEP event, the effective radiation dose at aircraft altitudes increased78

by several orders of magnitude at high geomagnetic latitudes with the largest exposure79

being 3 mSv/h at the south polar region. Matthiä et al. [2009] also estimated the radiation80

exposure of this event and found the dose rate to be up to ∼2 mSv/hr at aviation altitudes81

in the Antarctic region, and ∼0.1 mSv/hr for the northern hemisphere.82

In addition to SEP and GCR, the Earth’s atmosphere naturally emits high-energy ra-83

diation during thunderstorm activity. This includes bursts of gamma-rays emanated from84

intense lightning discharges, a phenomenon called Terrestrial Gamma-ray Flashes (TGFs)85

[e.g., Fishman et al., 1994; Smith et al., 2011], and Thunderstorm Ground Enhancements86

(TGEs), which are enhancements of relativistic electrons, gamma-rays, and neutron bursts87

[Rutjes et al., 2017] observed during winter thunderstorms along the coast of Japan [Bow-88

ers et al., 2017; Enoto et al., 2017] or at high mountain areas during thunderstorm activ-89

ity [e.g., Chilingarian et al., 2010]. Considering the potential damage, a variety of stud-90

ies have been devoted to assessing the radiation exposure produced during thunderstorm91

activity. The modeling work of Dwyer et al. [2010] has revealed that the radiation dose92

received by crew members could potentially reach as high as ∼0.1 Sv with a duration93

less than 1 ms if an aircraft flies near the source region of TGFs. Xu et al. [2014] have94

quantified the radiation exposure due to X-ray emissions during natural cloud-to-ground95

lightning discharge and found that the maximum radiation dose that could be received at96

ground level is approximately 0.4 mSv.97

Other than the sources listed above, recent flight measurements by the Automated98

Radiation Measurements for Aerospace Safety (ARMAS) experiment have uncovered an-99

other potential source for aviation radiation: Relativistic Electron Precipitation (REP) from100

the Van Allen radiation belts [Tobiska et al., 2018]. The ARMAS campaign flies Teledyne101

radiation dosimeters on aircraft including the NASA Armstrong Flight Research Center’s102

DC-8, ER-2 and G-III, National Oceanic and Atmospheric Administration’s (NOAA) G-103

IV, National Science Foundation/National Center for Atmospheric Research’s G-V, and104

Federal Aviation Agency’s Bombardier Global 5000 [Tobiska et al., 2016]. In over 100105

events measured during ARMAS flights, the radiation doses at L-shells between 1.5 and 5106

were notably higher than the GCR background (on average ∼15% higher), while SEPs and107

thunderstorms have been clearly ruled out as potential sources of radiation [Tobiska et al.,108

2018]. By approximating REP-induced radiation using a polynomial function, the authors109

also found that the observed radiation enhancement can be satisfactorily explained.110

These ARMAS findings are not surprising in view of the well-known bremsstrahlung-119

induced ionization effects: when deflected by atmospheric species, relativistic precipi-120

tation electrons produce energetic X-rays via bremsstrahlung emission, these X-rays can121

propagate further into the atmosphere and ionize air molecules at altitudes considerably122

lower than those of direct impact ionization [e.g., Berger and Seltzer, 1972; Frahm et al.,123

1997; Artamonov et al., 2016; Xu et al., 2018]. Although the parameterization method124
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Figure 1. (a) Illustration of relativistic precipitation electrons and their cascade particles in the Earth’s
atmosphere, including bremsstrahlung photons, and photoelectrons and Compton electrons produced via pho-
ton collisions with neutral species. (b) Altitude profile of ionization production by monoenergetic beams of
100 keV, 1 MeV, and 10 MeV electrons. The source precipitation flux of each beam is 1 erg/cm2/s. The black
dashed line depicts the altitude below which the dominant ionization process transitions from direct impact
ionization to bremsstrahlung-induced ionization for 100-keV precipitation electrons, while the red dashed
line marks typical aviation altitudes (11 km). The horizontal spikes are numerical as caused by the energy
deposition of a random particle in Monte Carlo simulations.
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of Fang et al. [2008, 2010] does not explicitly include the bremsstrahlung effects, it has125

been suggested that the bremsstrahlung ionization could be significantly lower than the126

direct impact ionization. Figure 1a is a schematic view of relativistic precipitation elec-127

trons and their cascade particles in the Earth’s atmosphere, including bremsstrahlung pho-128

tons, and photoelectrons and Compton electrons produced via photon collisions with neu-129

tral species. Figure 1b shows the ionization production versus altitude by monoenergetic130

beams of 100 keV, 1 MeV, and 10 MeV electrons. These ionization profiles usually con-131

sist of two peaks, for example, the 10-MeV profile has a first peak at ∼40 km altitude due132

to direct impact ionization by precipitation electrons, and a second peak at ∼25 km due133

to bremsstrahlung-induced ionization. Of special interest to ARMAS measurements is the134

lowest altitude of bremsstrahlung ionization, which could be as low as 10 km for MeV135

precipitation electrons.136

Thanks to the bremsstrahlung effects, various balloon experiments have been car-137

ried out to monitor REP events from the stratosphere, for example, the Balloon Array for138

Radiation belt Relativistic Electron Losses (BARREL) [Millan et al., 2013] and the bal-139

loon observation by Lebedev Physical Institute [Makhmutov et al., 2016]. Typical value140

of BARREL-measured X-ray fluxes during radiation belt precipitation is on the order of141

several thousand counts per second in the energy range between tens of keV and several142

MeV [Woodger et al., 2015]. As for the balloon measurements at Lebedev Physical Insti-143

tute, Makhmutov et al. [2016] fitted 20 years of balloon data using a precipitation source144

with an exponential energy distribution, and the characteristic (e-folding) energy was occa-145

sionally found to be as high as several tens of MeV indicating an appreciable flux of high-146

MeV electrons. Observations from both platforms converge to indicate that there exists147

intense X-ray flow in the stratosphere during REP, which can potentially reach troposphere148

and give rise to radiation exposure therein.149

Given the importance of this radiation as described above, numerous models have150

been developed to predict aviation radiation due to GCR and SEP for forecasting/nowcasting151

purpose, and “the need for continuing the development of physics-based models of the Earth’s152

particle radiation environment” has been emphasized in particular [Vainio et al., 2009].153

Nevertheless, the radiation production by REP is still hypothesized from tropospheric ob-154

servations and not well understood. The lack of relevant studies motivates us to quantify155

the radiation dose brought by REP. In this study, we present Monte Carlo simulation of156

REP events, including bremsstrahlung effects; we calculate the effective radiation dose157

produced by monoenergetic beams of precipitation electrons; and we explain how these158

monoenergetic simulation results can be directly used for the specification of atmospheric159

radiation production by arbitrary REP spectra. This work represents our first attempt to-160

wards better understanding of REP’s contribution to the atmospheric high-altitude radia-161

tion environment.162

2 Model and Methodology163

In this work, we simulate relativistic electron precipitation using two Monte Carlo164

models: the Energetic Precipitation Monte Carlo (EPMC) model [Lehtinen et al., 1999]165

and the Monte Carlo model for Photons (MCP) [Xu et al., 2012]. The main cascade parti-166

cles of REP that give rise to radiation damage are bremsstrahlung photons, photoelectrons,167

and Compton electrons (photoelectrons and Compton electrons are denoted as secondary168

electrons hereafter). In this study, we mainly focus on the effective radiation dose orig-169

inating from these particles at altitudes from ground level to LEO altitude (assumed to170

be 500 km in present study). Specifically, we perform a two-step simulation, similar to171

how REP was modeled in our previous studies [Xu et al., 2018; Xu and Marshall, 2019].172

The EPMC model is first employed to simulate the interaction of primary precipitation173

electrons with the Earth’s atmosphere, including bremsstrahlung production. Second, we174

simulate the transport of bremsstrahlung photons obtained in the first step, as well as pro-175

duction of secondary electrons, using the MCP model. We have verified that the majority176
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of these secondary electrons cannot move more than one grid cell in altitude (1 km) and177

their transport in the atmosphere is therefore not simulated. In the following discussion,178

we introduce the numerical models and setup of the Monte Carlo simulations.179

The EPMC model was originally developed by Lehtinen et al. [1999] at Stanford180

University for studies of energetic radiation from thunderstorm activity, and has been re-181

cently updated by our group at the University of Colorado Boulder to study REP [e.g.,182

Marshall et al., 2014; Xu et al., 2018; Marshall and Bortnik, 2018]. This model utilizes183

the electron stopping power of atmospheric species and explicitly solves the equation of184

electron motion at the microscopic level. Angular diffusion is modeled using the method185

of small-angle collisions [Lehtinen, 2000, pp. 15–18]; this model can adopt an arbitrary186

background neutral density profile and magnetic field as input. In this work, the back-187

ground magnetic field is assumed to be vertical with a magnitude of 41,528 nT; magnetic188

mirroring due to the magnetic gradient force is also included [Lehtinen, 2000, pp. 108–189

109]. The neutral density profile of the background atmosphere used in present simula-190

tions is obtained from the NRLMSISE-00 model [Picone et al., 2002].191

The MCP model simulates the dynamics and collisions of photons with energies192

from 10 keV to 100 MeV using experimentally-measured cross sections (see [Xu et al.,193

2012] for more details). The main types of photon collisions in this energy range are:194

photoelectric absorption, Compton scattering, and electron-positron pair production. Pair195

production is the dominant collision process for photons with energies above ∼30 MeV,196

and thus not important in the present study. We note that this set of Monte Carlo models197

(EPMC and MCP) has been employed in the past few years for a series of studies related198

to REP and lightning discharge; good agreements with previously published results, in-199

cluding GEANT4 simulations, and/or observation data have been obtained [e.g., Xu et al.,200

2018; Xu and Marshall, 2019; Marshall et al., 2019].201

In this study, we simulate monoenergetic beams of precipitation electrons with suffi-202

cient energy to penetrate into the stratosphere; 20 energy values are used, logarithmically203

spaced between 100 keV and 10 MeV. Each monoenergetic beam is assumed to precipi-204

tate into the upper atmosphere from an initial altitude of 500 km; the source precipitation205

area is assumed to be a disc with 500 km radius [e.g., Whittaker et al., 2013]. The spe-206

cific choice of initial altitude is not critical as long as it is well above the collision area207

(below 100 km altitude) between precipitation electrons and the atmosphere; as will be208

shown later, the radiation dose at altitudes between 100 and 500 km is almost invariant209

(Figure 6). Following previous studies on the ionization production by precipitation elec-210

trons [e.g., Lummerzheim, 1992; Fang et al., 2008, 2010], the angular distribution of these211

electrons is assumed to be isotropic between 0◦ and 90◦ pitch angle at the initial altitude.212

Note that the true pitch angle distribution of precipitation electrons is not well known213

since nearly all existing space-borne instruments can only resolve part of the loss cone an-214

gle [Marshall and Bortnik, 2018], and an isotropic pitch angle distribution is representative215

of auroral precipitation electrons [e.g., Nesse Tyssøy et al., 2016].216

For each monoenergetic beam, the source flux is chosen to be 104 el/cm2/s, similar217

to measurements by the Detection of Electro-Magnetic Emissions Transmitted from Earth-218

quake Regions (DEMETER) satellite [e.g., Whittaker et al., 2013]. The specific choice of219

precipitation flux is not critical since, for a given precipitation energy, the radiation pro-220

duction in the atmosphere scales linearly with source flux. In this study, we use an altitude221

of 11 km to discuss the effects on aviation radiation induced by REP since this altitude is222

close to that of ARMAS flight.223

We perform monoenergetic simulations in order to tabulate the atmospheric response224

in terms of radiation production to different precipitation energies at altitudes between 0225

and 500 km with 1 km resolution. Following the radiation calculation described in Dwyer226

et al. [2010]; Mishev and Usoskin [2015, 2018], the effective radiation dose �0 (I) can be227

–6–



Confidential manuscript submitted to Space Weather

104 105 106 107 108

Electron energy (eV)

10-14

10-13

10-12

10-11

10-10

10-9

C
on

ve
rs

io
n 

fa
ct

or
 (S

v.
cm

2 )

[Katagiri et al., 2000]

Present study

104 105 106 107 108

Photon energy (eV)

10-13

10-12

10-11

10-10

C
on

ve
rs

io
n 

fa
ct

or
 (S

v.
cm

2 )

[Pelliccioni et al., 2000]

Present study

(a) (b)

Figure 2. Fluence to radiation conversion factors for (a) electrons and (b) photons with energies between
10 keV and 100 MeV. Black solid lines with dots show the conversion factors for electrons and photons re-
ported in Katagiri et al. [2000] and Pelliccioni [2000]. These factors are extrapolated, in the logarithmic
energy scale, down to the minimum energy of present Monte Carlo simulations (10 keV) and shown as dashed
lines.
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computed using the particle flux and energy distribution at altitude I and a fluence-to-228

radiation conversion factor, with the following equation:229

�0 (I) =
∑
8

q(8, I)
∫

ℎ(8, Y) 5 (8, Y, I)3Y (1)

where 8 specifies the different particle types: 8 = 1, primary precipitation electrons; 8 = 2,230

bremsstrahlung photons; 8 = 3, secondary electrons. q(8, I) is the mean flux (in units of231

particles/cm2/s) of the 8-th type of particle at altitude I, ℎ(8, Y) is the fluence to radiation232

conversion factor (in units of Sv cm2) for the 8-th type of particle with energy Y (see Fig-233

ure 2), and 5 (8, Y, I) is the corresponding energy distribution. The energy distribution is234

normalized so that the integration over energy yields unity:
∫
5 (8, Y, I)3Y = 1; with this235

normalization, the integral term in equation 1 (
∫
5 (8, Y)ℎ(8, Y)3Y) calculates the average236

value of conversion factors for all the 8-th type of particles at altitude I.237

The particle flux q(8, I) and energy distribution 5 (8, Y, I) can be readily derived243

from EPMC and MCP simulations (see Figures 3–5). As a built-in feature, EPMC out-244

puts, at prespecified physical times, the location, velocity, and energy of all electrons left245

in the simulation domain. As for MCP simulation, horizontal planes at discrete altitudes246

with 1 km step size between 0 and 500 km are assumed to be “virtual” detectors; we keep247

track of all the particles that cross these detectors’ planes, including their velocity and lo-248

cation. After obtaining q(8, I) and 5 (8, Y, I), the resultant radiation dose can be explicitly249

calculated using equation 1 and fluence-to-radiation conversion factor ℎ(8, Y). Note that250

ℎ(8, Y) describes the potential radiation damage to the human body induced by unit parti-251

cle fluence (flux integrated in time), whereas the output of the present Monte Carlo sim-252

ulations is particle flux. Thus, we assume a duration of one hour for each monoenergetic253

simulation and calculate the rate of effective radiation dose in unit of Sv/hr.254

The energy distribution at different altitudes is critical in equation 1 since the flu-255

ence to radiation conversion factor is highly energy dependent for both electrons and pho-256

tons. Figure 2 shows the fluence to radiation conversion factors utilized in this study for257

electrons and photons with energies between 10 keV and 100 MeV. These factors are ob-258

tained from Katagiri et al. [2000] and Pelliccioni [2000] for electrons and photons, respec-259
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Figure 3. Primary precipitation electrons. (a) Flux of primary precipitation electrons versus altitude. The
precipitation source is a monoenergetic beam of 1 MeV electrons with a flux of 104 el/cm2/s; their pitch angle
distribution is isotropic between 0◦ and 90◦ at 500 km altitude. The shaded area depicts the altitude range in
which precipitation flux decreases due to magnetic mirroring force and the horizontal dashed lines mark the
altitudes of 80, 70, and 60 km. Energy distribution of precipitation electrons at (b) 80 km, (c) 70 km, and (d)
60 km altitude. Spatial distribution of precipitation electrons at (e) 80 km, (f) 70 km, and (g) 60 km altitude.
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tively, and correspond to the incident direction of anteroposterior (AP or front-to-back).260

The conversion factors reported in Katagiri et al. [2000] and Pelliccioni [2000] are mostly261

for energies above 100 keV (black solid lines and dots in Figure 2). For consistency, we262

extrapolate these factors in logarithmic energy scale down to the minimum energy of263

our Monte Carlo simulations (10 keV). The extrapolated conversion factors are shown as264

dashed lines in Figure 2.265

In the following discussion, we use the monoenergetic beam of 1-MeV electrons266

as an example to showcase how the effective radiation dose from primary precipitation267

electrons, bremsstrahlung photons, and secondary electrons is obtained from EPMC and268

MCP simulations, in section 3.1. The lookup table of radiation production by precipitation269

electrons with energies from 100 keV to 10 MeV is presented in section 3.2. We explain270

in section 4 how this lookup table can be utilized to calculate the radiation dose produced271

by an arbitrary precipitation spectrum, and validate this lookup table in section 5 using272

BARREL measurements of X-ray spectra during radiation belt precipitation.273
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3 Lookup Table of Atmospheric Radiation Production274

3.1 Monoenergetic Beam of 1-MeV Electrons275

Figure 3 shows EPMC modeling results of 1 MeV precipitation electrons. Figure 3a282

shows the particle flux versus altitude when a monoenergetic beam of 1-MeV electrons283

is injected into the atmosphere from an initial altitude of 500 km. The source precipita-284

tion flux is 104 el/cm2/s and the pitch angle distribution is isotropic between 0◦ and 90◦285

at the initial altitude. The electron flux first decreases from 500 to ∼100 km altitude as286

∼3% of precipitation electrons are mirrored back to the radiation belts due to the magnetic287

mirroring force. At altitudes below 100 km, neutral species become considerably denser,288

ionization collisions become more efficient, and the flux in turn increases. This sharp turn289

at 100 km is exactly the reference altitude typically used in the definition of bounce loss290

cone angle: the altitude below which radiation belt electrons are believed to start colliding291

with atmospheric species [Marshall and Bortnik, 2018].292

The energy distribution of precipitation electrons at 80±5 km, 70±5 km, and 60±5 km293

altitude is shown in Figures 3b, 3c, and 3d, respectively. Figures 3e, 3f, and 3g show the294

corresponding spatial distribution at these altitudes, i.e., how precipitation electrons spread295

in lateral direction. The energy distribution at 80 km altitude (Figure 3b) peaks at the ini-296

tial precipitation energy of 1 MeV and the tail at energies between 2 keV and several hun-297

dred keV corresponds to those electrons that are newly produced via ionization collisions.298

It is clear from the comparison between Figures 3b–3d that, due to atmospheric attenua-299

tion, the energy distribution gradually becomes softer as the precipitation beam propagates300

downward. In the lateral direction, the precipitation beam does not expand noticeably and301

electrons are mostly distributed within the source precipitation area (500 km radius).302

Knowing the evolution of the energy distribution, we can calculate the average value303

of the conversion factors for primary electrons at each altitude step using the integral term304

in equation 1. These values are 4.9×10−12, 2.6×10−12, and 8.3×10−14 Sv cm2 for the alti-305

tude of 80, 70, 60 km, respectively. Note that there might be some uncertainties in these306

conversion factors, which could be improved by using more particles in EPMC simula-307

tions. However, in our modeling, we compute these factors at every 1 km step. The con-308

version factor becomes smaller with decreasing altitude because, as electrons move down-309

ward, the fraction of high-energy electrons decreases, while the fraction of low-energy310

electrons increases (see Figures 3b–3d). The fluence to radiation conversion factor in-311

creases monotonically with electron energy (see Figure 2) and, thus, the average value of312

the conversion factor becomes smaller at lower altitudes.313

Figure 4 shows MCP modeling results of bremsstrahlung photons. Figure 4a shows318

the spatial distribution of bremsstrahlung photons produced by the monoenergetic beam319

of 1 MeV electrons with a source flux of 104 el/cm2/s. The color represents the flux of320

photons that would be measured by an isotropic observer at a given location. The dark321

red area at altitudes around 65 km is where bremsstrahlung photons are originally pro-322

duced by precipitation electrons. A significant fraction of these photons is forward-emitted323

into the lower atmosphere and eventually absorbed at altitudes above 10 km, with a cer-324

tain fraction being backscattered into the space. Figures 4b, 4c, and 4d show the energy325

distribution of bremsstrahlung photons at 70, 50, and 30 km, respectively. The energy326

distribution in Figure 4b represents those X-rays that are originally produced by 1-MeV327

electrons. Downward-propagating photons are heavily scattered and absorbed by the at-328

mosphere, leading to the sharp drop at energies below ∼30 keV, as evident in Figures 4e329

and 4f. Note that the simulated X-ray flux (Figure 4a) and spectrum (Figure 4d) at balloon330

altitudes (30–35 km) are strongly representative of BARREL X-ray observations during331

radiation belt precipitation [e.g., Woodger et al., 2015; Halford et al., 2015].332

Figure 5 shows MCP modeling results of bremsstrahlung-induced secondary elec-338

trons. Figure 5a shows the normalized altitude distribution of photoelectrons and Compton339
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Figure 4. Bremsstrahlung photons. (a) Spatial distribution of bremsstrahlung photons produced by a mo-
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electrons; the integration over altitude yields unity. Photoelectrons are mostly produced340

near ∼57 km altitude, whereas Compton electrons are produced at considerably lower alti-341

tudes (∼29 km altitude). The main reason is that Compton scattering is the main collision342

process at energies from 30 keV to 30 MeV, while photoelectric absorption dominates the343

energy range below 30 keV. Photons with higher energies can propagate further away from344

the source (larger mean free path) and Compton electrons are on average produced deeper345

in the atmosphere. Figures 5c, 5d and 5e show the energy distribution of secondary elec-346

trons at 40, 30, and 20 km altitude, respectively, while Figures 5e–5g show the corre-347

sponding spatial distribution. The energy distribution of secondary electrons is self-similar348

at altitudes between 20 and 40 km, and these electrons are also well distributed inside the349

source precipitation region. As such, the average value of fluence-to-radiation conversion350

factor does not change significantly in this altitude range and the effective radiation dose is351

mainly controlled by the flux of secondary electrons.352

3.2 Altitude Profile of Radiation Production by Monoenergetic Precipitation353

Electrons354

Similar to the 1-MeV case presented above, we have repeated this set of Monte359

Carlo simulations for other precipitation energies between 100 keV and 10 MeV; model-360

ing results are shown in Figure 6. Figure 6a shows the effective radiation dose produced361

by primary precipitation electrons as a 2D (precipitation energy, altitude) color plot and362

Figure 6b shows the same results, but as a semi-logarithmic plot of effective radiation363

dose versus altitude. The curves in Figure 6b are color coded using the corresponding pre-364

cipitation energy. Figures 6c–6d show the effective radiation dose due to bremsstrahlung365

photons, while Figures 6e–6f show those of secondary electrons.366

The radiation dose of primary precipitation electrons is almost invariant at altitudes367

above 100 km since the atmosphere in this altitude range is too thin. Hence, the dose is368

indicative of the flux of primary electrons passing through each altitude step. The radi-369

ation dose at LEO altitude ranges from ∼6.4×10−8 to ∼5.9×10−3 Sv/hr for precipitation370

energies between 100 keV and 10 MeV. It is also interesting to observe that the lowest al-371

titude of radiation production scales roughly linearly with the source precipitation energy372

in logarithmic scale. Precipitation electrons with energies less than 100 keV are absorbed373

or mirrored at altitudes above 83 km. As for 10 MeV electrons, the lowest altitude of radi-374

ation production is ∼41 km with a dose rate of 3.2×10−3 Sv/hr.375

The altitudes of peak radiation production in Figures 6c–6d correspond to where376

bremsstrahlung photons are originally produced by primary precipitation electrons. The377

maximum dose is approximately 5×10−9 Sv/hr at 84 km and 2.6×10−5 Sv/hr at 38 km for378

the precipitation energy of 100 keV and 10 MeV, respectively. The corresponding lowest379

altitude of radiation production is 16 and 5 km. In contrast, the radiation dose from sec-380

ondary electrons (Figures 6e–6f) is overall one order of magnitude lower. In the 10-MeV381

case, the peak radiation dose produced by secondary electrons is ∼1×10−6 Sv/hr at 25 km382

altitude, compared to 26×10−6 Sv/hr at 38 km altitude produced by bremsstrahlung pho-383

tons. Note that the altitude scales used for these three sets of plots are different.384

By summing the contribution from different particles, we have calculated the total389

radiation production, as shown in Figure 7. Figure 7a shows 2D (precipitation energy, al-390

titude) color plot of effective radiation dose produced by monoenergetic electrons with en-391

ergies between 100 keV and 10 MeV at altitudes between 0 and 120 km. Figure 7b shows392

the same results, but as semilogarithmic plots of effective radiation dose versus altitude.393

Figure 7c is a zoom-in view of the altitude range between 4 and 20 km. The horizontal394

dashed lines mark a typical aviation altitude of 11 km.395

The sharp edge in these radiation profiles is similar to the transition of the dominant396

ionization processes in ionization profiles (Figure 1). Radiation production is due mainly397

to primary electrons above this edge, and to bremsstrahlung photons below this edge. Be-398
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cause the fluence-to-radiation conversion factor is highly energy dependent, radiation pro-399

duction in the atmosphere does not scale proportionally as the total precipitation energy.400

For example, the radiation dose rate increases by almost five orders of magnitude as the401

precipitation energy changes from 100 keV to 10 MeV.402

In regards to aviation radiation, the precipitation energy of electrons with energies403

below 1 MeV is completely absorbed at altitudes above 10 km and does not contribute404

to radiation doses below this altitude. The effective radiation dose produced by 2 and405

10 MeV electrons at 11 km altitude is ∼5×10−11 and ∼2.2×10−7 Sv/hr, respectively. For406

reference, a typical value of GCR background radiation at this altitude is approximately 1–407

10×10−6 Sv/hr [e.g., Tobiska et al., 2018]. It is important to emphasize that REP-induced408

radiation not only increases dramatically with precipitation energy, but altitude as well,409

as evidenced in Figure 7c. Using the 10-MeV profile as an example, the radiation dose at410

11 km altitude is 2.2×10−7 Sv/hr and becomes 1.7×10−6 Sv/hr at 15 km altitude. With411

4 km difference in altitude, the radiation dose rises by almost an order of magnitude and412

becomes comparable to GCR background radiation dose. This feature is particularly im-413

portant for future high-altitude missions and aircraft flights.414

4 Atmospheric Radiation Produced by Arbitrary Precipitation Spectra415

The lookup table shown in Figure 7 is applicable to REP events with arbitrary en-416

ergy spectra. Similar to how atmospheric ionization profiles are calculated using monoen-417

ergetic results [e.g., Berger and Seltzer, 1972; Fang et al., 2010; Xu et al., 2020], the alti-418

tude profile of effective radiation dose � (I) can be computed by summing the contribu-419

tion from each energy component using the following formula:420

� (I) =
Ymax∑
Ymin

�0 (Yp, I)� (Yp)ΔYp (2)

where �0 (Yp, I) is the effective radiation dose (in units of Sv/hr) at altitude I produced by421

the precipitation energy of Yp, Ymin and Ymax are the lowest and highest energy of precip-422

itation spectrum, � (Yp) is the differential flux of precipitation electrons at different ener-423

gies, and ΔYp is the width of energy bins. In theory, REP-induced radiation production424

is not solely controlled by the precipitation energy spectrum, but also by the background425

magnetic field, the precipitation pitch angle distribution, and the atmospheric condition426

(i.e., mass density) as well [Xu et al., 2020]. Due to the complexity of this problem, we427

only consider the energy dependence in our first-step study. A more complete characteri-428

zation, taking the dependence on pitch angle, magnetic field, and atmospheric conditions429

into account, is left for our next-step study. Of note, the lookup table presented in this430

study is obtained using a source precipitation flux of 104 el/cm2/s. Future calculations us-431

ing real REP measurements need to be rescaled using the true precipitation flux.432

5 Validation: Comparison with BARREL Measurements433

To validate this lookup table, we compare with X-ray spectra measured by BARREL440

in the stratosphere, at typical altitudes of 30–40 km, approximately ∼20 km above aviation441

aircraft. The comparison with three BARREL-measured precipitation events, published in442

Halford et al. [2015]; Clilverd et al. [2017]; Li et al. [2014] respectively, is shown in Fig-443

ure 8. For the sake of comparison, the precipitation source used in our simulation is cho-444

sen to be the same as those in Halford et al. [2015]; Clilverd et al. [2017]; Li et al. [2014].445

Specifically, the precipitation source is exponentially distributed in energy with a charac-446

teristic energy of 106 keV for Figure 8a, and 365 keV for Figure 8b. As for Figure 8c, we447

explicitly use the precipitation fluxes and spectrum calculated by Li et al. [2014, Figure 4].448

Figure 8d shows the effective radiation dose produced by these three sources if the precip-449

itation flux is 104 el/cm2/s. These results are obtained by directly convolving the source450
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energy distribution with the lookup table presented in Figure 7, without performing Monte451

Carlo simulations. The stair-wise appearance of the red and blue curves at altitudes be-452

tween ∼45 and ∼60 km is due to the discretization of energy steps we used for the lookup453

table.454

The present results of X-ray spectra are in general consistent with previous model-455

ing results [Halford et al., 2015; Clilverd et al., 2017; Li et al., 2014], as well as BARREL456

measurements (not shown in Figure 8; close to the black curves). Our results show good457

agreement with Halford et al. [2015] at energies between 30 and 400 keV; our results also458

lie well within the X-ray spectra calculated by Li et al. [2014] for different altitudes. As459

for the comparison with Clilverd et al. [2017], the discrepancy at energies above 350 keV460

may be caused by: 1) the maximum energy of the precipitation source in our simulation461

(10 MeV) is lower than that used in Clilverd et al. [2017]; 2) the detector response is not462

included in present simulation; and 3) the background atmosphere of our Monte Carlo463

simulations may be different from that of Clilverd et al. [2017]. Note that the main pur-464

pose of Figure 8 is to compare the X-ray spectral shape/hardness since the source precipi-465

tation flux utilized by Halford et al. [2015]; Clilverd et al. [2017]; Li et al. [2014] to obtain466

consistent results with BARREL measurements was not explicitly given. Nevertheless, as467

shown in Figure 4, our modeling results of X-ray fluxes at balloon altitudes agree, at least468

within an order of magnitude, with BARREL measurements.469

6 Discussion and Future Research470

In this study, using two rigorous Monte Carlo models, we have simulated precipi-471

tation of relativistic electrons from the radiation belts, their interaction with atmospheric472

neutral species, and the resultant radiation production. A lookup table that fully describes473

the atmospheric radiation production at altitudes from the ground level up to LEO alti-474

tude has been calculated for precipitation electrons with energies between 100 keV and475

10 MeV. Moreover, we explain how this lookup table can be employed for rapid specifica-476

tion of radiation production by an arbitrary precipitation spectrum.477

This lookup table provides consistent results with X-ray measurements by BARREL478

during radiation belt precipitation events. As shown in Figure 8, for three precipitation479

events measured by BARREL, present results of X-ray spectra show good agreement with480

the modeling work reported in Halford et al. [2015]; Clilverd et al. [2017]; Li et al. [2014],481

as well as BARREL measurements. As such, this lookup table has been verified for the482

altitude range between balloon-borne platforms and LEO altitude. For better calibration,483

we plan on comparing directly with flight measurements at aviation altitudes, for example,484

ARMAS. However, such comparison requires high-resolution measurements of precipita-485

tion fluxes in the space and radiation dose at aviation altitudes with close correlation in486

space, time, and energy. This represents the goal of our next-step study.487

An ARMAS flight on 03 October 2015 at 15–16 UT and 11.5 km altitude recorded488

enhanced radiation fluxes with the measured variable dose rate being a factor of up to two489

above normal GCR background levels; the GCR-subtracted dose rate is approximately 1–490

10 `Sv/h. The ARMAS team (Tobiska, private communication) estimated that a 1-MeV491

photon fluence of 4.5×106 ph/cm2 (with a duration of half an hour) was expected at this492

time based on Van-Allen-Probes-derived inputs of electron fluxes of 6×105 el/cm2/s at 1493

MeV and 2×102 el/cm2/s at 5 MeV, and 7% of the electron flux being converted to 1 MeV494

bremsstrahlung photons. Our results indicate that a beam of 10 MeV electrons with a flux495

of 104 el/cm2/s could result in a bremsstrahlung-generated dose rate of ∼2.2×10−7 Sv/hr496

at 11 km, and 4×10−7 Sv/hr at 12 km altitude.497

To explain the ARMAS observation of 1–10×10−6 Sv/hr at 11.5 km altitude on 03498

October 2015, a precipitation flux of up to an order of magnitude above the model value499

is required. This is an extraordinarily high flux of 10 MeV electrons. SAMPEX, for ex-500
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ample, regularly measured fluxes of 105 electrons/cm2/str/s of energies greater than 1 MeV501

[e.g., Baker et al., 1994]. If fitted using an exponential function, the e-folding energy of502

SAMPEX measurements is found to be between ∼70 keV and ∼1.4 MeV [Comess et al.,503

2013]. A flux of 105 el/cm2/str/s at 1 MeV corresponds to a flux of ∼161 el/cm2/str/s at504

10 MeV if we assume an e-folding energy of 1.4 MeV for the precipitation fluxes. On the505

other hand, balloon measurements reported in Makhmutov et al. [2016] show that the e-506

folding energy could be sometimes as high as several tens of MeV and, in this extreme507

case, the precipitation flux at 10 MeV becomes closer to what is needed to explain AR-508

MAS measurements. However, this only represents an order of magnitude comparison509

with ARMAS data and more detailed comparison needs to be performed in order to deter-510

mine if the radiation enhancement measured by ARMAS could indeed be caused by REP.511

According to the National Council on Radiation Protection and Measurements, air-512

crew have the highest average annual effective dose of 3.07 mSv among all radiation-513

exposed workers in the United States [Schauer, 2009]. The International Commission514

on Radiological Protection (ICRP) recommends effective dose limits of 20 mSv/year for515

radiation workers and 1 mSv/year for the public [Wrixon, 2008]. The dose limits recom-516

mended by the European Union is 6 mSv/year for aircrew and 2 mSv/year for the pub-517

lic [Thierfeldt et al., 2009]. Present results show that the REP-induced radiation dose at518

aircraft altitude inside the precipitation area could be as high as 4×10−7 Sv/hr, as pro-519

duced by 10 MeV precipitation electrons with a flux of 104 el/cm2/s. In reality, precipita-520

tion flux could be amplified by orders of magnitude and the precipitation spectrum varies521

rapidly due to repetitive wave-particle interactions. More importantly, as shown in Fig-522

ure 7, REP-produced radiation dose increases sharply with altitude. Changing the source523

pitch angle distribution or background atmospheric density profiles could shift the radia-524

tion curves (Figure 7) up or down by 1–2 km, which can dramatically change the radia-525

tion dose at aviation altitudes due to the sharpness of these radiation curves. Therefore, to526

forecast/nowcast the potential radiation damage, one needs to rapidly convert real-time pre-527

cipitation measurements and calculate the altitude profile of effective radiation dose. The528

lookup table reported here is developed to fulfill this need.529

Radiation from REP will add to other well-known sources of radiation at aviation530

altitudes, i.e., SEP and GCR. GCRs impact the Earth’s atmosphere everywhere around the531

globe, with a small variation with solar cycle due to the interplanetary magnetic field, and532

a significant variation with latitude, due to shielding by the Earth’s magnetic field. SEPs533

impact the atmosphere mostly in the polar regions, entering the magnetosphere on open534

field lines. The minimum latitude that SEPs can reach depends on magnetospheric activ-535

ity, leading to a cutoff latitude based on magnetic rigidity [e.g., Smart and Shea, 2005].536

During solar proton events when SEPs are emitted from the sun in the direction of the537

Earth, operational models are used to divert air traffic to lower latitudes, avoiding the radi-538

ation exposure of SEPs. However, radiation belt precipitation occurs at latitudes just below539

where SEPs are incident, so traffic is essentially being rerouted directly into this radia-540

tion source. It is from this consideration that we suggest future studies take the spatial and541

temporal variation into account, and aim at assessing REP-induced radiation dose versus542

altitude, latitude, and longitude under different solar wind driving conditions using mea-543

surements from observation platforms in the stratosphere and/or space.544
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