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Abstract Determination of the fluxes and spectra of energetic particle precipitation into the Earth's
atmosphere is of critical importance for radiation belt dynamics, magnetosphere-ionosphere coupling, as
well as atmospheric chemistry. To improve the assessments of precipitating electrons using X-ray
measurements requires deeper understanding of bremsstrahlung production, transport, and redistribution
throughout the atmosphere. Here we use first-principles Monte Carlo models to explore relativistic
electron precipitation events from the perspective of bremsstrahlung X-rays. The spatial distribution of
X-rays is quantified from the ground level up to satellite altitudes. We then simulate X-ray images that
would be captured using an ideal camera and calculate the energy spectra of X-rays originating from
monoenergetic beams of precipitating electrons. Moreover, we show how these impulse responses to
monoenergetic beams can be used to reconstruct the precipitating source using an inversion technique.
Modeling results show that space-borne measurements of backscattered X-rays provide a promising
method to estimate precipitation spatial size, fluxes, and spectra.

1. Introduction
Determination of the fluxes and spectra of energetic particle precipitation (EPP) incident on the Earth's
atmosphere is of critical importance for radiation belt dynamics (e.g., Lyons & Thorne, 1973), understanding
of magnetosphere-ionosphere coupling (e.g., Baker et al., 1987), and atmospheric chemistry (e.g., Sinnhuber
et al., 2012). The loss mechanism of energetic particles controls the balance between the replenishment and
acceleration (e.g., O'Brien et al., 2004), therefore, defining the structure of the radiation belts (e.g., Lyons &
Thorne, 1973). On the atmospheric side, EPP has been long known to play a vital role in driving the chem-
istry, radiative balance, and the circulation of the upper and middle atmosphere (e.g., Rozanov et al., 2012;
Randall et al., 2007; Sinnhuber et al., 2012; Seppälä et al., 2015; Thorne, 1980). Through a chain of dynam-
ical and chemical processes, the energy deposited by EPP can heat the atmosphere and induce large-scale
ionization, eventually transformed into the production of reactive odd nitrogen (e.g., Rusch et al., 1981) and
odd hydrogen (e.g., Solomon et al., 1981). Both odd nitrogen and hydrogen can further participate in the
ozone catalytic cycles, which have significant implications for the surface climate and temperature regime
of the atmosphere (Rozanov et al., 2012).

Various instruments have been designed for the measurement of precipitating particles, including in situ
space-based particle measurements, ground-based radio measurements, and balloon/satellite-based X-ray
measurements. Despite these observational efforts, it is still challenging to accurately estimate the particle
fluxes incident on the upper atmosphere. Space-based measurements from both low-Earth-orbit (LEO) and
higher-altitude orbits cannot precisely map the precipitating fluxes as the loss cone is difficult to resolve
(e.g., Li et al., 2013; Nesse Tyssøy et al., 2016; Peck et al., 2015; Rodger et al., 2013; Whittaker et al., 2014).
Ground-based Very-Low-Frequency (VLF) measurements are limited by the uncertainties in determining
the impacted propagation path and modeling of VLF subionospheric signals (e.g., Clilverd et al., 2017;
Rodger et al., 2012). Measurements of precipitation-induced X-rays are not hindered by the complexity of the
loss cone in that they record the by-product directly from the interaction of precipitating particles with the
atmosphere (e.g., Millan et al., 2013; Parks et al., 1993). However, balloon-based measurements are restricted
in spatial extent to the precipitation region (e.g., Halford et al., 2015; Woodger et al., 2015). Moreover, X-ray
camera has been utilized to image auroral X-ray emissions either in the stratosphere (e.g., Mauk et al., 1981)
or from the space (e.g., Imhof et al., 1995; Østgaard et al., 2000). Measurements of X-ray images usually
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provide insightful information about the spatial and spectral characteristics of precipitating electrons (e.g.,
Imhof et al., 1998; Mauk et al., 1981).

The technique to estimate parent precipitating electrons using X-ray fluxes has been long established for
balloon-based (e.g., Berger & Seltzer, 1972; Millan et al., 2013; Robinson et al., 1989; Smith et al., 1995) and
satellite-based measurements (e.g., Mizera et al., 1978; Seltzer & Berger, 1974; Walt et al., 1979). Berger and
Seltzer (1972) have outlined a technique to invert balloon measurements of bremsstrahlung fluxes and to
estimate the number and distribution of auroral electrons precipitated into the atmosphere. Johns and Lin
(1992) have formulated a complete method for optically thin bremsstrahlung processes to infer the spectrum
of parent electrons using the matrix of bremsstrahlung response. This method has been later employed by
Smith et al. (1995) to analyze high-resolution balloon measurements of hard X-rays over the auroral zone,
and by Foat et al. (1998) to estimate the source electron fluxes during a megaelectron volt (MeV) precipitation
event. More recently, for the campaign of Balloon Array for RBSP Relativistic Electron Losses (BARREL),
Millan et al. (2013) have calculated the matrix of atmospheric and bremsstrahlung response to precipitating
electrons using the GEANT code, and elucidated the forward-folding technique (e.g., Smith et al., 1995) to
analyze BARREL measurements (e.g., Halford et al., 2015; Woodger et al., 2015).

To improve the assessments of precipitation fluxes using X-ray measurements requires deeper understand-
ing of bremsstrahlung photons during precipitation events. Extensive modeling studies have been carried
out for the inversion of precipitation-induced X-ray measurements (e.g., Berger & Seltzer, 1972; Foat et al.,
1998; Johns & Lin, 1992; Smith et al., 1995), but most studies focus on balloon-measured bremsstrahlung
fluxes during auroral precipitation events. This motivates the present study to explore, from the perspective
of bremsstrahlung X-rays, precipitation of relativistic electrons from the radiation belts. This work focuses
not solely on the inversion of bremsstrahlung fluxes but more generally on their production, transport, and
redistribution throughout the atmosphere. Using physics-based Monte Carlo simulations, this paper also
aims toward better interpretation of the X-ray fluxes backscattered into space, with a view toward improved
estimates of precipitating electron fluxes using space-based measurements.

2. Model Formulation
Forward and inverse modeling techniques are employed in conjunction with a suite of Monte Carlo models.
The goal of our forward modeling is to characterize the input-output relationship between precipitating
electrons and resulting bremsstrahlung photons. We mainly focus on the impulse response functions, in
terms of X-ray spectra, to monoenergetic beams of precipitating electrons. In the inversion procedure, these
impulse responses are utilized in a constrained curve-fitting algorithm in order to invert the energy spectra of
X-ray measurements. Figure 1a schematically depicts the atmospheric X-ray emissions and backscattering
during energetic electron precipitation (EEP), as well as the instrumentation designed for measuring these
bremsstrahlung X-rays, including balloon- and space-based X-ray detectors.

As the foundation of the inverse simulation, two rigorous Monte Carlo models are employed as forward
models: the Energetic Precipitation Monte Carlo model (EPMC; Lehtinen et al., 1999) and the Monte Carlo
model for Photons (MCP; Xu et al., 2012), both of which are collision-based and allow for an accurate
description of this nonlinear system. The EPMC model is first used to simulate the energy deposition, ioniza-
tion production, and bremsstrahlung radiation during the propagation of precipitating electrons. Then, the
transport of bremsstrahlung X-rays is simulated using the MCP model. Specifically, monoenergetic beams of
energetic electrons are assumed to precipitate into the upper atmosphere from an altitude of 300 km; these
electrons are uniformly distributed within a disk with a radius of 5 km; the angular distribution of these
electrons is isotropic within the loss cone, which is defined in this study as the critical pitch angle within
which electrons can reach altitudes below 100 km and interact with the Earth's atmosphere. Note that the
word “beam” is used because source electrons are assumed to precipitate from a small region into the atmo-
sphere, but not related to their pitch angles. We focus on electron energies between 100 keV and 10 MeV,
that is, precipitating electrons with sufficient energy to penetrate deep into the mesosphere; the energy flux
of precipitating electrons is assumed to be 0.01 erg/cm2/s, as typical of flux measurements by the satellite
of Detection of Electro-Magnetic Emissions Transmitted from Earthquake Regions (e.g., Whittaker et al.,
2013). In the following, we introduce the numerical models and the inversion method.

The EPMC model is adapted from the Monte Carlo model developed by Lehtinen et al. (1999), which specif-
ically simulates the propagation of electrons in the Earth's atmosphere by solving the equation of electron
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Figure 1. (a) Schematic of atmospheric X-ray emissions and backscattering during EEP, as well as the instrumentation
designed for measuring these X-rays, including both balloon- and space-based detectors. (b) Cross-sectional view of the
spatial distribution for bremsstrahlung X-rays produced by continuous precipitation of 1 MeV electrons from the
ground level to satellite altitudes. The precipitation rate is assumed to be 0.01 erg/cm2/s and the radius of the
precipitation region is 5 km. The dashed lines represent the altitudes of (I) bremsstrahlung production, (II)
balloon-based measurements, and (III) space-based measurements. (c) Altitude distribution of bremsstrahlung
production by monoenergetic beams of electrons with energies from 100 keV to 10 MeV. The incident energy used in
each monoenergetic simulation is 0.01 erg/cm2/s. The dashed line shows the altitudes of peak bremsstrahlung
production.

motion within discrete time steps. The energy loss due to collisions with air molecules is calculated using
the stopping power of atmospheric molecules, and the ionization process is modeled using the Möller cross
section. The method of small-angle collisions is implemented as random changes to the momentum of elec-
trons due to elastic scattering by air molecules. The background profile of neutral atmosphere used in the
set of Monte Carlo simulations is obtained from the NRLMSISE-00 model (Picone et al., 2002).

The propagation of electrons is simulated using a vertical geomagnetic field with a magnitude of 41.5 𝜇T
at 500-km altitude. The magnetic mirror effect is taken into account using the gradient of the vertical
magnetic field component: (dBz∕dz)∕(2B0) = −2.4 × 10−4 km−1, as typical of Poker Flat (Lehtinen, 2000,
pp. 108–109). The process of bremsstrahlung radiation is modeled by factorizing the angular and energy
parts of the outgoing photon (Lehtinen, 2000, pp. 45–49). The differential cross sections are calculated using
the Born approximation without considering the screening effect (Heitler, 1954, p. 245). More details about
this model can be found in Lehtinen et al. (1999).

The MCP model (Xu et al., 2012) can simulate the dynamics and collisions of photons in the energy range
between 10 keV and 100 MeV. Three different types of photon collisions are considered: photoelectric absorp-
tion (the main process for energies up to ∼30 keV), Compton scattering (the main process from ∼30 keV
to ∼30 MeV), and electron-positron pair production (the main process above 30 MeV). These two Monte
Carlo models have been extensively utilized in the studies of energetic radiation from lightning discharges
(e.g., Lehtinen et al., 1999; Xu et al., 2014, 2017), which is the inverse process to EEP, but occurs in the same
media. Both models have been validated through detailed comparisons with other numerical models (see the
review and discussion in Dwyer et al., 2012). For the studies of EEP events, we have calculated the altitude
profile of ionization production for precipitation electrons with different energies (Xu et al., 2018). Where
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Figure 2. (a) Trajectories of X-rays originating from the monoenergetic beam of 1 MeV electrons that are recorded at position (20, 20, 35 km), representing
balloon-based measurements. The black dots show where bremsstrahlung photons are Compton scattered by air molecules and the blue square denotes the
location of the simulated detector. X-ray image in (b) logarithmic and (c) linear scale that would be captured using an ideal camera at position (20, 20, 35 km).
The simulated X-ray camera has an angular resolution of 4◦ × 4◦ with an exposure time of 1 s, and the precipitation rate used is 0.01 erg/cm2/s. The middle
panels show similar results for the X-ray camera located at position (20, 20, 40 km), and the bottom panels show those for space-based imager at position (100,
100, 500 km).

precipitating electrons ionize air molecules is controlled not simply by the ionization cross section but more
strongly by the completeness and correctness of electron dynamics included in the model. EPMC-calculated
ionization profiles show good agreements with those documented in Fang et al. (2010). On the other hand,
to verify the MCP model, we have calculated the ionization production by bremsstrahlung X-rays using
the same precipitation source as Frahm et al. (1997); modeling reuslts of both direct impact ionization and
bremsstrahlung-induced ionization are consistent with Frahm et al. (1997).

In this work, the Monte Carlo models have been adapted to calculate three measurable characteristics of
precipitation-induced X-rays: the spatial distribution, X-ray images, and the energy spectra. Specifically,
the spatial distribution is derived by first keeping track of bremsstrahlung X-rays in the atmosphere. The
space below 500-km altitude is discretized using a numerical Cartesian grid of 160 × 160 × 51 grid points,
corresponding to a spatial extent of ±795, ±795, and 500 km in x, y, and z directions, respectively. Each
numerical cell defined in this calculation is then a cube with a side length of 10 km. Using the X-ray trajec-
tories, we determine the numerical cells that X-rays cross between the two planes defined by y = ±5 km
and calculate the photon flux through each cell using the corresponding cross section (area of the grid cell).
Finally, the spatial distribution is obtained by rescaling this photon flux using the source precipitation rate
(0.01 erg/cm2/s). This distribution provides an estimate of the X-ray flux that would be observed by an
instrument at any location in this space.

We model X-ray images that would be captured using an ideal camera with an aperture of 10 cm2 and an
exposure time of 1 s. This camera is simulated using 45 × 90 numerical grid cells (i.e., pixels), spanning
the field of view between ±90◦ in the vertical direction (elevation) and ±180◦ in the horizontal direction
(azimuth). The angular resolution of each pixel is then 4◦ × 4◦. The MCP model simulates photon transport
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Figure 3. Energy spectra of X-ray fluxes originating from monoenergetic beams of energetic electrons that are
(a) initially produced via bremsstrahlung radiation with air molecules (altitude I as marked in Figure 1), (b) measured
by balloon-based instruments (altitude II, 35 km), and (c) measured by space-based instruments (altitude III). The
energy flux of precipitation source used in each monoenergetic simulation is 0.01 erg/cm2/s. The bottom panels (d)–(f)
also show these energy spectra, but for selected monoenergetic beams on logarithmic plots. The results from a 1-MeV
electron beam are shown in panel (e) for all three scenarios in order to provide a direct comparison.

by calculating the path length between collisions; the model records the position at which a photon experi-
ences its last scattering event before reaching the detector. From that position, the incident trajectory from
which the photon is captured can be readily calculated. Finally, this trajectory is converted into elevation
and azimuth angles with respect to the simulated X-ray camera and further into energy deposition in differ-
ent pixels. Considering the limited field of view of X-ray detectors, the minimum altitude was set to be 35
and 40 km for the results presented in Figures 2a– 2c and 2d– 2f, respectively.

To calculate the energy spectra at balloon and satellite altitudes, we first collect all the bremsstrahlung pho-
tons that arrive at balloon and satellite altitudes, respectively. These X-rays are then grouped into different
energy bins and the energy spectrum is further obtained by rescaling the photon number in each energy bin
using the source precipitation rate (0.01 erg/cm2/s). We have utilized a 5-km disk as the precipitation source
in order to (1) obtain the impulse response in terms of spatial distribution (Figure 1b) and X-ray images
(Figure 2) to a beam of monoenergetic electrons and (2) investigate how bremsstrahlung X-rays are redis-
tributed at different altitudes. However, the results of energy spectra (Figures 3 and 5) represent the scenario
of relativistic electron precipitation over a region of a few hundred kilometers, when the precipitation area
is significantly larger than the instrumental field of view.

Among previously reported X-ray measurements during precipitation events, only a handful of events had
concurrent satellite measurements of the source fluxes. However, the poor resolution in particle energy
and the uncertainty in the pitch angle distribution prevent us from examining the inverse modeling using
these observational data. Moreover, in this study, we also aim at evaluating the inversion performance in the
context of ionization production and atmospheric effects. Because of the resolution and uncertainty, these
data are unsuitable for this purpose. Instead, the inversion method is examined using “synthetic” data from
Monte Carlo simulations. Note that similar tests have also been used by Johns & Lin (1992, Figure 4) to
validate their inversion method.

X-ray measurements at balloon and spacecraft locations have been simulated; we mainly focus on the inver-
sion of satellite-measured X-ray fluxes, and the balloon case is modeled as a quasi-validation by comparing to
previous studies of balloon measurements (e.g., Halford et al., 2015; Smith et al., 1995; Woodger et al., 2015).
Typical altitudes for balloon- and space-based instruments are taken to be ∼35–40 and ∼500 km, respec-
tively. These X-ray fluxes (the “truth” data) were obtained using a set of Monte Carlo simulations separate
from the monoenergetic beams that are used for the inversion. We emphasize that the input information
of these simulations was only used to verify the inversion-derived source or to compare the atmospheric
effects, but not in the inversion routine.

XU AND MARSHALL 2835



Journal of Geophysical Research: Space Physics 10.1029/2018JA026273

Figure 4. Fraction of the total precipitation energy for different monoenergetic beams that is converted into
bremsstrahlung production. Also shown is the fraction that penetrates to balloon altitudes (35 km) or is backscattered
into space (500 km) in the form of bremsstrahlung X-rays.

Similar to the spectral decomposition technique widely applied in spectroscopic analysis, the inversion
method is largely based on the impulse responses to discrete monoenergetic beams of precipitating elec-
trons. First, we choose a combination of monoenergetic beams and reconstruct a composite spectrum using
the following formula:

F(𝜀p) =
n∑

m=1
Cm𝑓m(𝜀p) (1)

where 𝜀p is the photon energy, fm(𝜀p) is the photon spectrum produced by the mth monoenergetic beam
that would be measured at satellite or balloon altitudes (see Figure 3), and Cm is the corresponding fitting
coefficient. We use n = 6 monoenergetic beams for curve fitting in this paper; a larger number increases
computation time considerably. Next, for each set of fitting coefficients, we evaluate the goodness of curve
fitting using the least squares criterion. X-ray spectra typically span a wide dynamic range (more than 6
orders of magnitude, see Figure 5); therefore, we calculate the sum of squared residuals between base-10
logarithms of the simulated and reconstructed spectra. Finally, the set of coefficients that minimizes the
sum of squared residuals is determined as the best fit and these coefficients are further converted into fluxes
of precipitating electrons.
As for the choices of monoenergetic beams, in this study, the least energetic beam is fixed to be 100 keV,
which is the minimum value used in the monoenergetic electron simulations, while the most energetic beam
is chosen based on the highest-energy X-rays obtained in the simulated measurements; when applied to
real data, the maximum should be set based on the highest-energy photons observed. The other four beams
are roughly equally spaced between the least and most energetic electron beams. This set of equally spaced
monoenergetic beams are used because we aim at quantitatively assessing the inversion performance in the
simplest scenario; the development of an adaptive fitting technique is left for future work.
In order to estimate the error and robustness of this inversion method, we have simulated precipitation
electrons with two energy distributions: an exponential distribution (∝ exp(−𝜀∕𝜀0), where 𝜀 is the electron
energy and 𝜀0 is the characteristic energy of the electron distribution) and a uniform distribution in the
energy range between 100 keV and 10 MeV. For the exponential distribution, we present results for two
characteristic energies of 300 and 800 keV. Ten separate Monte Carlo runs have been conducted for each
distribution, representing 10 random precipitation events. For each run, we curve fit the “synthetic” X-ray
measurements and the least squares coefficients are found. Having obtained the best fits for all runs, the
mean value of these best-fitting coefficients for each monoenergetic beam is derived as the best source. The
variation in these coefficients over the 10 simulations provides the statistical uncertainties of this inversion
method. The error bars in Figure 5 show this uncertainty over each set of tens simulations.

Furthermore, we compare the altitude profile of ionization production between the true and
inversion-derived sources. The limited number of monoenergetic beams used in curve fitting provides
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Figure 5. (a) Example of Monte Carlo-simulated satellite measurements of X-ray spectra produced by precipitating
electrons with a uniform distribution in the energy range between 100 keV and 10 MeV. Also shown is the
corresponding best fit found in the inverse simulation. (b) Comparison between best-fitting coefficients and the
uniform source used in Monte Carlo simulations of X-ray measurements. The dots show the mean values of best-fitting
coefficients obtained for 10 Monte Carlo runs and the error bars show 1 standard deviation of these coefficients.
(c) Comparison of altitude profile of ionization production between the derived source and the uniform source. The
middle panels show similar results, but for source precipitating electrons with an exponential distribution and a
characteristic energy of (d)–(f) 800 keV and (g)–(i) 300 keV. The bottom panels (j)–(l) also show inversion results of an
exponential source with a characteristic energy of 300 keV, but for balloon-based measurements.

incomplete information about the energy distribution of precipitating electrons, which causes a wavy
(unsmooth) structure in the altitude profile of ionization production. In order to directly compare with the
“true” source, the derived fluxes are first interpolated among the six monoenergetic beams; a smooth dis-
tribution of precipitating fluxes is then obtained for electron energies between the least and most energetic
beams. The ionization profile is further calculated using the interpolated source. Again, the 10 simulations
provide an estimate of the uncertainty in the ionization profiles.

3. Results
3.1. X-ray Distribution
Figure 1b shows the cross-sectional view of the spatial distribution at the axis of symmetry (between
y = ±5 km) for bremsstrahlung X-rays produced by continuous precipitation of 1 MeV electrons at altitudes
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below 500 km. The horizontal dashed lines delineate the typical altitudes of (I) bremsstrahlung produc-
tion, (II) balloon-based measurements, and (III) space-based measurements. In the steady state, the photon
fluxes are linearly proportional to the precipitation rate of source electrons and this figure is obtained using
a precipitation rate of 0.01 erg/cm2/s. The X-ray flux at 35-km altitude is approximately 5 ph/cm2/s, consis-
tent with typical balloon measurements (e.g., Halford et al., 2015; Smith et al., 1995; Woodger et al., 2015).
This distribution represents the X-ray response to a precipitation event over a 5-km disk and the expected
bremsstrahlung fluxes at balloon and satellite altitudes could be notably different if energetic electrons
precipitate from a broader area.

For 1 MeV precipitating electrons, most of their kinetic energy is dissipated at altitudes between 55
and 65 km, thereby giving rise to large quantities of ionization and bremsstrahlung production. These
bremsstrahlung photons are mostly forward emitted with respect to the source precipitation beam, as evi-
denced by the downward oriented conical structure (between 30- and 80-km altitude) in Figure 1b. Following
their production, X-rays can undergo numerous Compton scattering events and knock out electrons from
air molecules, with a certain fraction being backscattered into space (the upward oriented conical struc-
ture). The X-ray flux at 500-km altitude decreases by almost a factor of 2 as x increases from 0 to 500 km.
The lowest altitude reached by the downward moving fluxes is approximately 20 km.

Because of projection effects, the spatial area illuminated by bremsstrahlung fluxes at satellite altitudes is
considerably larger than that at balloon altitudes. For example, if we compare the area with fluxes greater
than 10−3 ph/cm2/s, the lateral distance illuminated by X-ray fluxes is approximately 490 and 1,030 km for
altitudes II and III, respectively. Note that the noise in the spatial distribution at altitudes above 200 km (i.e.,
the straight lines projecting from the photon source region) is caused by the limited number of particles
used in the Monte Carlo simulations. With a larger number of precipitating electrons in the simulation, we
expect that the spatial distribution in this altitude range would be smooth; however, using ∼10 times more
electrons in the simulation becomes computationally expensive.

Figure 1c shows the altitude distribution of bremsstrahlung production by monoenergetic beams of electrons
with energies between 100 keV and 10 MeV. The altitudes of peak bremsstrahlung production are labeled by
the dashed line. These results are first derived by counting the number of bremsstrahlung photons produced
at different altitudes and then normalizing so that the incident energy of each monoenergetic simulation is
0.01 erg/cm2/s. The stair-wise appearance near the electron energy of ∼200 keV and altitudes of 70–80 km
is a numerical feature due to the interpolation of simulation results between 100 and 200 keV.

It is clear from this figure that as precipitating electrons become more energetic, the altitude of X-ray produc-
tion dramatically decreases. The altitude of peak production, similar to the Bragg peak in therapy studies,
reduces almost exponentially from ∼81 to ∼38 km when the energy of precipitating electrons increases
from 100 keV to 10 MeV, which is reflective of the difference in attenuation lengths (e.g., Suszcynsky et al.,
1996). In addition, the process of bremsstrahlung radiation becomes more efficient. As the electron energy
increases from 100 keV to 10 MeV, the maximum value of volume emission rate rises from 0.9 × 10−3 to
1.7 × 10−3 ph/cm3/s.

3.2. X-ray Images
Figure 2a shows the trajectories of those X-rays produced by the monoenergetic beam of 1 MeV electrons
that are recorded at position (20, 20, 35 km), representing balloon-based measurements. The black dots show
where bremsstrahlung photons are Compton scattered by air molecules, and the blue square denotes the
location of the simulated detector. For the sake of statistical significance, these results are obtained by collect-
ing photons within an area of 1 km2 defined by (20 ± 0.5, 20 ± 0.5, 35 km). We have further converted these
trajectories into energy deposition in X-ray images that would be captured by an ideal camera, as shown in
Figures 2b (logarithmic scale) and 2c (linear scale). Note that, although we accumulate photons within a
1-km2 area, the energy deposition in X-ray images is rescaled using an aperture size of 10 cm2. Each pixel in
this image has a 4◦ × 4◦ field of view, and the source precipitation rate used is 0.01 erg/cm2/s. Figures 2d–2f
show similar results for the X-ray camera located at position (20, 20, 40 km), while Figures 2g–2i show those
for space-based imager at position (100, 100, 500 km).

A direct comparison between Figures 2a, 2d, and 2g shows that X-rays detected by balloons are intrinsically
different from those escaping the atmosphere, particularly in the number of collisions undergone. Due to
the sharp reduction in neutral density, photons measured at satellite altitudes experience notably fewer
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collisions than those at balloon altitudes. The average number of collisions that photons experience is ∼1.1
and ∼0.4 before arriving at 35- and 500-km altitudes, respectively. For the same reason, photons detected
at satellite altitudes mostly come from the source region of bremsstrahlung production, whereas those at
balloon altitudes are recently scattered in the nearby region of the detector (see the black dots in Figures 2a,
2d, and 2g). Only these can be captured because the distance between these photons and the detector is
shorter than or comparable to the mean free path.

This difference is also reflected in X-ray images: the image at satellite altitudes is a bright and compact spot,
while the energy deposition in the X-ray image at balloon altitudes spreads over a larger range of elevation
and azimuth angles. The unsmooth structure shows statistical fluctuations caused by the limited number
of particles used in numerical simulations and can be smoothed out at the cost of computation time. If we
compare the total energy deposition in X-ray images, it is approximately 762, 930, and 3.5 MeV in Figures 2b,
2e, and 2h, respectively. This means the balloon-based detector at 35-km altitude captures ∼218 times as
much photon energy from these 1 MeV monoenergetic precipitating electrons. The lower boundary of the
X-ray image simulation is set to be either 35 or 40 km and, thus, it seems as if the X-ray energy is deposited
only at elevation angles greater than 0◦. It is expected that, during realistic precipitation events, X-rays from
altitudes lower than the detector can be also measured, if the instrument field-of-view allows it.

Of particular interest is the bright spot in these X-ray images, which provides direct information to locate
the bremsstrahlung source. For example, in Figure 2h, the bright spot mainly covers the elevation angles
from −74◦ to −70◦ and azimuth angles from −138◦ to −132◦. As shown in Figure 1c, for 1 MeV electrons,
bremsstrahlung photons are mostly produced around 58-km altitude. If we consider an elevation angle of
−72◦ and project the azimuth angles back to 58-km altitude, the X-ray source is found to be roughly a square
region defined by− 6.7 km < x < 3.9 km,−6.7 km< y < 3.9 km, and z = 58 km. This region is reasonable
considering the lateral broadening of the source precipitation beam arising from elastic scatterings by air
molecules (see Figure 2g). More importantly, this region essentially matches the size of the precipitation
source assumed in our Monte Carlo simulations (a disk with a radius of 5 km). It is important to note that, in
reality, how well measurements of X-ray images can resolve the bremsstrahlung source is largely dependent
on the angular resolution of the employed instrument. If the resolution is insufficient, the measured X-ray
image can only place an upper limit on the possible size.

3.3. X-ray Inversion
Figure 3a shows the energy spectra of X-ray fluxes that are initially produced by monoenergetic beams
of energetic electrons via bremsstrahlung radiation with air molecules, that is, at altitude I as marked
in Figure 1b. The energy spectra of X-ray fluxes that would be measured at balloon (altitude II, 35 km)
and satellite (altitude III) altitudes are presented, respectively, in Figures 3b and 3c. Figures 3d–3f show
these energy spectra for selected monoenergetic beams (100 keV, 300 keV, 1 MeV, 3 MeV, and 10 MeV) as
double-logarithmic plots.

Due to the attenuation in the atmosphere, the fraction of low-energy X-rays at both balloon and satellite
altitudes becomes relatively smaller than the source. The ensemble of downward propagating photons is
heavily scattered by air molecules and efficiently photo-absorbed, leading to the sharp drop at energies below
∼30 keV in the spectra, as is typical of BARREL measurements (e.g., Halford et al., 2015; Woodger et al.,
2015). Contrary to balloon measurements, X-rays in this energy range are well preserved at satellite alti-
tudes (see the comparison in Figure 3e), especially so in the case of ≤100 keV electrons. This is because, for
≤100 keV electrons, bremsstrahlung photons are emitted isotropically at relatively high altitudes (>75 km).
The air density at these altitudes is sufficiently low that the atmosphere is almost transparent to the backscat-
tered X-rays. It is also interesting to observe the 511 keV annihilation line at electron energies above 5 MeV
(the yellow stripe at the photon energy of 511 keV in Figure 3c).

Figure 4 shows the fraction of precipitation energy for different monoenergetic beams that is converted
into bremsstrahlung production, as well as those penetrating to balloon altitudes or being backscattered to
the space in the form of bremsstrahlung X-rays. As the electron energy increases from 100 keV to 10 MeV,
bremsstrahlung process becomes more efficient and this fraction increases accordingly from 0.08% to 4.4%.
Note that these results show good agreements with the National Institute of Standards and Technology, Elec-
tron Stopping-power and Range database (Berger et al., 2005). The difference is approximately 25% and 10%
at the electron energy of 100 keV and 2 MeV, respectively. Moreover, for source electrons with energies below
800 keV, more precipitation energy is backscattered to the space, whereas more precipitation energy can be
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received at balloon altitudes for electrons above 800 keV. The main reason is that bremsstrahlung photons
produced by MeV electrons are more likely forwarded emitted, that is, downward into the atmosphere. Of
note, since a certain portion of bremsstrahlung fluxes is photo absorbed between balloon and satellite alti-
tudes, the sum of the curves at satellite and balloon altitudes yields lower values than the bremsstrahlung
source.

Figure 5a shows an example of Monte Carlo-simulated satellite measurements of X-ray spectra produced
by precipitating electrons with a uniform distribution between 100 keV and 10 MeV. The incident electron
source used in this simulation has a total energy flux of 0.01 erg/cm2/s. The corresponding best fit deter-
mined from our inversion modeling is also shown. The best-fitting coefficients obtained in the curve fitting
procedure for 10 Monte Carlo runs are presented in Figure 5b. One standard deviation of these coefficients
(10 runs) are plotted as error bars in order to show the statistical uncertainties. Figure 5c compares the alti-
tude profile of ionization production between the derived source and the true uniform source used in the
Monte Carlo simulations. The solid curves are calculated using the true and derived sources, and the dashed
lines are calculated using the 10 sets of least squares coefficients obtained for different runs.

Figures 5d–5i show similar results, but for the precipitation source with an exponential distribution. The
characteristic energy of the exponential source is 800 and 300 keV in Figures 5d–5f and 5g–5i, respectively.
Figures 5j–5l also show inversion results of an exponential source with a characteristic energy of 300 keV,
but based on X-rays collected at 35-km (balloon) altitude.

The simulated X-ray spectra at both satellite and balloon altitudes can be very well estimated using the
responses to discrete monoenergetic beams, even in the high-energy regime where the simulated spec-
trum is noisy. Moreover, for both uniform and exponential sources and for two characteristic energies, the
best-fitting coefficients determined by the curve-fitting analysis are remarkably consistent with the true
source, although the uncertainty is fairly significant. For the four cases presented from top to bottom in
Figure 5, the difference between the derived and true sources is on average as large as 75%, 61%, 20%, and
94%, respectively; however, we note that the latter two are the most realistic source distributions. The huge
error bar of the first monoenergetic beam in Figures 5e and 5k (semilogarithmic scale) is caused by the fact
that X-ray spectra at relatively low energies can be explained by both low- and high-energy precipitation
electrons, as pointed out by Halford et al. (2015) and Woodger et al. (2015) in the analysis of BARREL mea-
surements. However, this uncertainty does not significantly affect the estimation of atmospheric ionization,
especially in the altitude range of peak ionization production (see Figures 5f and 5l).

Inversion results can be used to evaluate the precipitation-induced ionization and chemistry changes,
as evident in Figure 5. The ionization profile inferred from the inversion-derived source, even with six
monoenergetic beams that are equally spaced in electron energies, is reasonably close to the truth. For the
comparison presented in Figures 5c, 5f, 5i, and 5l, the average error, calculated as the mean value of the
absolute value of percentage difference between the true and derived ionization profiles, is approximately
13.1%, 21.2%, 14.2%, and 13.5%, respectively. The corresponding root-mean-square error is respectively
12.8%, 25.7%, 16.4%, and 18.6%, while the maximum error is respectively 58.3%, 100%, 100%, and 100%. Note
that the maximum error is mostly due to the difference at the lowest altitudes of ionization production (e.g.,
between 37 and 40 km as in Figure 5f); the derived source does not produce sufficient ionization at these
altitudes. Despite the abovementioned uncertainties, for the four scenarios presented in Figure 5, the ion-
ization profile calculated using the least squares coefficients of each Monte Carlo run also agrees with the
truth. While the actual electron distribution may not be perfectly reconstructed, these results show that this
method provides a very accurate estimate of the ionization profile in the atmosphere.

4. Discussion
Using Monte Carlo simulations of relativistic electron precipitation, we have investigated the production of
bremsstrahlung X-rays, and their transport and redistribution throughout the atmosphere. The spatial dis-
tribution from the ground level up to satellite altitudes is quantified, along with X-ray images that would be
captured using an X-ray camera. The impulse responses in terms of X-ray spectra have also been calculated
for precipitating electrons with energies from 100 keV to 10 MeV. Moreover, using forward and inverse mod-
eling techniques, we have characterized the relationship between precipitation electrons and the resulting
X-ray measurements, together with an approach to inverting satellite-measured X-rays to estimate the flux
and energy distribution of relativistic precipitation electrons.
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Depending on the energetics of precipitating electrons, bremsstrahlung photons can be emitted nearly
isotropically with respect to the source precipitation beam. The fraction moving downward into the lower
and denser atmosphere is similar to a thick-target experiment, while those backscattered resemble a
thin-target experiment. As a consequence of the exponentially decreasing neutral density, X-rays escaping
the atmosphere experience notably fewer collisions than those penetrating to balloon altitudes, as evident in
Figure 2. This difference can be adequately captured by X-ray images: the image at 500-km altitude exhibits
a compact emission pattern, while the image recorded at 35-km altitude is more uniform in elevation and
azimuth angles. We also find that this compact pattern can be utilized to pinpoint the source region of
bremsstrahlung production. Because the image at the spacecraft reflects the compact region where X-rays
are produced, spacecraft observations can likely be better used to image the precipitation region.

We have demonstrated the feasibility of the abovementioned inversion method: for precipitating elec-
trons with both uniform and exponential distributions, the least squares curve-fitting method can accu-
rately reconstruct the precipitation source using either satellite or balloon-based measurements. The
inversion-derived source is satisfactorily consistent with the true source, especially in terms of ionization
production and atmospheric effects. With continuous precipitation of energetic electrons and abundant pro-
duction of bremsstrahlung photons, the spectra at a given altitude are predominantly controlled by the fluxes
and distribution of source electrons. For this reason, this method is also applicable to X-ray measurements
produced by precipitating electrons with energy distributions other than uniform and exponential.

Nevertheless, we have only examined this inversion method in the context of Monte Carlo simulations.
Further studies using balloon, satellite, and/or radar data would be desirable to validate this method. For
example, a low-Earth-orbit satellite with solid state particle detectors can directly measure the loss cone
electron fluxes to within some accuracy. These data can be used as the input of Monte Carlo simulations
in order to constrain the electron fluxes capable of reaching the atmosphere. On the other hand, using the
inversion-derived source, we can estimate the resultant changes of electron density in the upper atmosphere.
Comparing with available ground-based incoherent scatter radar data can help validate this technique.
However, a further complication of applying this method to realistic data is the inclusion of instrumental
effects, such as the detector response, pulse pileup, and dead time effects. Accuracy of the inversion results
also depends on the resolution, accuracy, and noise of X-ray measurements, as well as the completeness of
forward models and systematic errors from the uncertainty in atmospheric density profiles.

In the inverse modeling, we have utilized six monoenergetic beams and shown that they are sufficient to
evaluate the atmospheric effects. Using fewer monoenergetic beams will provide a less-accurate estimate
of the precipitation fluxes either in the low-energy part, which is important for the estimation of electron
loss from the radiation belts, or in the high-energy tail, which is important for the estimation of atmo-
spheric effects. For future interpretation of X-ray measurements, the number of monoenergetic beams used
in the inversion can be chosen based on the scientific target. We also note that the choices of monoener-
getic beams can affect the uncertainty of the inversion, but this effect is not significant for the estimation of
atmospheric changes. While analyzing measurements of X-ray spectra, it is unnecessary to utilize equally
spaced monoenergetic beams as in the present study and the selection of monoenergetic beams can be pro-
gressively adjusted to obtain better agreements, that is, adaptive curve fitting. For example, we have found
in a separate test that, for the fit presented in Figure 5j, if a monoenergetic beam of 300 keV is used instead
of the 400 keV beam, the derived precipitation source becomes even closer to the truth.

This work is a theoretical study aimed toward better understanding of EEP-induced bremsstrahlung fluxes,
but not specifically for any instrument design. The instrumental effects and the difficulties of instrument
design, for example, the detector response and the shielding outside space-borne detectors, are not consid-
ered in this study. Nevertheless, an added advantage is that present modeling results can be more broadly
used while designing instruments or analyzing measurements by different detectors. With knowledge of an
instrument response, these results can be forward folded with the instrument response matrix and thereby
interpret the X-ray fluxes measured by different instruments.

Our modeling results reveal several unique advantages in remotely sensing precipitation events by
means of measuring backscattered X-rays from space-borne platforms. First, the spatial area irradiated
by bremsstrahlung photons at satellite altitudes is considerably larger than that at balloon altitudes (see
Figure 1). Therefore, with the same instrumental field of view, it is more likely to detect EEP-induced
X-rays from space. Second, without the necessity to resolve the loss cone, measurements of X-ray spectra
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can be inverted to directly assess the loss from the radiation belts and input into the atmosphere. More-
over, backscattered X-rays are sparsely scattered while propagating through the atmosphere and, thus, carry
direct information about the region where precipitation electrons interact with the atmosphere. As such,
space-based X-ray imaging with sufficient resolution can be inverted to infer the bremsstrahlung source,
including the spatial scale of precipitation events.

References

Baker, D. N., Blake, J. B., Gorney, D. J., Higbie, P. R., Klebesadel, R. W., & King, J. H. (1987). Highly relativistic magnetospheric electrons: A
role in coupling to the middle atmosphere? Geophysical Research Letters, 14(10), 1027–1030. https://doi.org/10.1029/GL014i010p01027

Berger, M. J., Coursey, J. S., Zucker, M. A., & Chang, J. (2005). ESTAR, PSTAR, and ASTAR: Computer programs for calculating
stopping-power and range tables for electrons, protons, and helium ions. (version 1.2.3) National Institute of Standards and Technology,
Gaithersburg MD.

Berger, M. J., & Seltzer, S. M. (1972). Bremsstrahlung in the atmosphere. Journal of Atmospheric and Terrestrial Physics, 34(1), 85–108.
Clilverd, M. A., Rodger, C. J., McCarthy, M., Millan, R., Blum, L. W., Cobbett, N., et al. (2017). Investigating energetic electron precipitation

through combining ground-based, and balloon observations. Journal of Geophysical Research: Space Physics, 122, 534–546. https://doi.
org/10.1002/2016JA022812

Dwyer, J. R., Smith, D. M., & Cummer, S. A. (2012). High-energy atmospheric physics: Terrestrial gamma-ray flashes and related
phenomena. Space Science Reviews, 173, 133–196. https://doi.org/10.1007/s11214-012-9894-0

Fang, X., Randall, C. E., Lummerzheim, D., Wang, W., Lu, G., Solomon, S. C., & Frahm, R. A. (2010). Parameterization of monoenergetic
electron impact ionization. Geophysical Research Letters, 37, L22106. https://doi.org/10.1029/2010GL045406

Foat, J. E., Lin, R. P., Smith, D. M., Fenrich, F., Millan, R., Roth, I., et al. (1998). First detection of a terrestrial MeV X-ray burst. Geophysical
Research Letters, 25(22), 4109–4112.

Frahm, R. A., Winningham, J. D., Sharber, J. R., Link, R., Crowley, G., Gaines, E. E., et al. (1997). The diffuse aurora: A significant source
of ionization in the middle atmosphere. Journal of Geophysical Research, 102(D23), 28,203–28,214. https://doi.org/10.1029/97JD02430

Halford, A. J., McGregor, S. L., Murphy, K. R., Millan, R. M., Hudson, M. K., Woodger, L. A., et al. (2015). BARREL observations of an
ICME-shock impact with the magnetosphere and the resultant radiation belt electron loss. Journal of Geophysical Research: Space Physics,
120, 2557–2570. https://doi.org/10.1002/2014JA020873

Heitler, W. (1954). The quantum theory of radiation (3rd ed.). Oxford: Clarendon.
Imhof, W. L., Chenette, D. L., Datlowe, D. W., Mobilia, J., Walt, M., & Anderson, R. R. (1998). The correlation of AKR waves with

precipitating electrons as determined by plasma wave and X-ray image data from the POLAR spacecraft. Geophysical Research Letters,
25(3), 289–292.

Imhof, W. L., Spear, K. A., Hamilton, J. W., Higgins, B. R., Murphy, M. J., & Pronko, J. G. (1995). The polar ionospheric X-ray imaging
experiment (PIXIE). Space Science Reviews, 71, 385–408. https://doi.org/10.1007/BF00751336

Johns, C. M., & Lin, R. P. (1992). The derivation of parent electron spectra from bremsstrahlung hard X-ray spectra. Solar Physical, 137(1),
121–140.

Lehtinen, N. G. (2000). Relativistic runaway electrons above thunderstorms (PhD thesis), Stanford University, Stanford, CA.
Lehtinen, N. G., Bell, T. F., & Inan, U. S. (1999). Monte Carlo simulation of runaway MeV electron breakdown with application to red sprites

and terrestrial gamma ray flashes. Journal of Geophysical Research, 104(A11), 24,699–24,712. https://doi.org/10.1029/1999JA900335
Li, X., Palo, S., Kohnert, R., Blum, L., Gerhardt, D., Schiller, Q., & Califf, S. (2013). Small mission accomplished by students—Big impact

on space weather research. Space Weather, 11, 55–56. https://doi.org/10.1002/swe.20025
Lyons, L. R., & Thorne, R. M. (1973). Equilibrium structure of radiation belt electrons. Journal of Geophysical Research, 78(13), 2142–2149.

https://doi.org/10.1029/JA078i013p02142
Mauk, B. H., Chin, J., & Parks, G. (1981). Auroral X ray images. Journal of Geophysical Research, 86(A8), 6827–6835.
Millan, R. M., McCarthy, M. P., Sample, J. G., Smith, D. M., Thompson, L. D., McGaw, D. G., et al. (2013). The balloon array for RBSP

relativistic electron losses (BARREL). Space Science Reviews, 179, 503–530. https://doi.org/10.1007/s11214-013-9971-z
Mizera, P. F., Luhmann, J. G., Kolasinski, W. A., & Blake, J. B. (1978). Correlated observations of auroral arcs, electrons, and X rays from a

DMSP satellite. Journal of Geophysical Research, 83(A12), 5573–5578.
Nesse Tyssøy, H., Sandanger, M. I., Ødegaard, L.-K. G., Stadsnes, J., Aasnes, A., & Zawedde, A. E. (2016). Energetic electron precipitation

into the middle atmosphere—Constructing the loss cone fluxes from MEPED POES. Journal of Geophysical Research: Space Physics, 121,
5693–5707. https://doi.org/10.1002/2016JA022752

O'Brien, T. P., Looper, M. D., & Blake, J. B. (2004). Quantification of relativistic electron microburst losses during the GEM storms.
Geophysical Research Letters, 31, L04802. https://doi.org/10.1029/2003GL018621

Østgaard, N., Stadsnes, J., Bjordal, J., Vondrak, R. R., Cummer, S. A., Chenette, D. L., et al. (2000). Global X-ray emission during an isolated
substorm—A case study. Journal of Atmospheric and Solar-Terrestrial Physics, 62(10), 889–900.

Parks, G. K., Freeman, T. J., Mccarthy, M. P., & Werden, S. H. (1993). The discovery of auroral X-rays by balloon-borne detectors and their
contributions to magnetospheric research. In R. L. Lysak (Ed.), Auroral plasma dynamics, Geophysical Monograph Series (Vol. 80, pp.
17–23). Washington, DC: American Geophysical Union. https://doi.org/10.1029/GM080p0017

Peck, E. D., Randall, C. E., Green, J. C., Rodriguez, J. V., & Rodger, C. J. (2015). POES MEPED differential flux retrievals and electron channel
contamination correction. Journal of Geophysical Research: Space Physics, 120, 4596–4612. https://doi.org/10.1002/2014JA020817

Picone, J. M., Hedin, A. E., Drob, D. P., & Aikin, A. C. (2002). NRLMSISE-00 empirical model of the atmosphere: Statistical comparisons
and scientific issues. Journal of Geophysical Research, 107(A12), 1468. https://doi.org/10.1029/2002JA009430

Randall, C. E., Harvey, V. L., Singleton, C. S., Bailey, S. M., Bernath, P. F., Codrescu, M., et al. (2007). Energetic particle precipitation
effects on the Southern Hemisphere stratosphere in 1992–2005. Journal of Geophysical Research, 112, D08308. https://doi.org/10.1029/
2006JD007696

Robinson, R. M., Davidson, G. T., Vondrak, R. R., Francis, W. E., & Walt, M. (1989). A technique for interpretation of auroral bremsstrahlung
X-ray spectra. Planetary and Space Science, 37(9), 1053–1062.

Rodger, C. J., Clilverd, M. A., Kavanagh, A. J., Watt, C. E., Verronen, P. T., & Raita, T. (2012). Contrasting the responses of three different
ground-based instruments to energetic electron precipitation. Radio Science, 47, RS2021. https://doi.org/10.1029/2011RS004971

Acknowledgments
This research was supported by the
NSF grants AGS-1243176 and
AGS-1732359. The simulation data and
analysis codes used to generate all
figures and results in this paper are
available at this website (https://github.
com/wexu6668/inversion_JGR_2018).

XU AND MARSHALL 2842

https://doi.org/10.1029/GL014i010p01027
https://doi.org/10.1002/2016JA022812
https://doi.org/10.1002/2016JA022812
https://doi.org/10.1007/s11214-012-9894-0
https://doi.org/10.1029/2010GL045406
https://doi.org/10.1029/97JD02430
https://doi.org/10.1002/2014JA020873
https://doi.org/10.1007/BF00751336
https://doi.org/10.1029/1999JA900335
https://doi.org/10.1002/swe.20025
https://doi.org/10.1029/JA078i013p02142
https://doi.org/10.1007/s11214-013-9971-z
https://doi.org/10.1002/2016JA022752
https://doi.org/10.1029/2003GL018621
https://doi.org/10.1029/GM080p0017
https://doi.org/10.1002/2014JA020817
https://doi.org/10.1029/2002JA009430
https://doi.org/10.1029/2006JD007696
https://doi.org/10.1029/2006JD007696
https://doi.org/10.1029/2011RS004971
https://github.com/wexu6668/inversion_JGR_2018
https://github.com/wexu6668/inversion_JGR_2018


Journal of Geophysical Research: Space Physics 10.1029/2018JA026273

Rodger, C. J., Kavanagh, A. J., Clilverd, M. A., & Marple, S. R. (2013). Comparison between POES energetic electron precipitation
observations and riometer absorptions: Implications for determining true precipitation fluxes. Journal of Geophysical Research: Space
Physics, 118, 7810–7821. https://doi.org/10.1002/2013JA019439

Rozanov, E., Calisto, M., Egorova, T., Peter, T., & Schmutz, W. (2012). Influence of the precipitating energetic particles on atmospheric
chemistry and climate. Surveys in Geophysics, 33, 483–501. https://doi.org/10.1007/s10712-012-9192-0

Rusch, D. W., Gerard, J.-C., Solomon, S., Crutzen, P. J., & Reid, G. C. (1981). The effect of particle precipitation events on the neutral
and ion chemistry of the middle atmosphere—I. Odd nitrogen. Planetary and Space Science, 29(7), 767–774. https://doi.org/10.1016/
0032-0633(81)90048-9

Seltzer, S. M., & Berger, M. J. (1974). Bremsstrahlung in the atmosphere at satellite altitudes. Journal of Atmospheric and Terrestrial Physics,
36(7), 1283–1287.

Seppälä, A., Clilverd, M. A., Beharrell, M. J., Rodger, C. J., Verronen, P. T., Andersson, M. E., & Newnham, D. A. (2015). Substorm-induced
energetic electron precipitation: Impact on atmospheric chemistry. Geophysical Research Letters, 42, 8172–8176. https://doi.org/10.1002/
2015GL065523

Sinnhuber, M., Nieder, H., & Wieters, N. (2012). Energetic particle precipitation and the chemistry of the mesosphere/lower thermosphere.
Surveys in Geophysics, 33, 1281–1334. https://doi.org/10.1007/s10712-012-9201-3

Smith, D. M., Lin, R. P., Anderson, K. A., Hurley, K., & Johns, C. M. (1995). High-resolution spectra of 20–300 keV hard X-rays from electron
precipitation over Antarctica. Journal of Geophysical Research, 100(A10), 19,675–19,685. https://doi.org/10.1029/95JA01472

Solomon, S., Rusch, D. W., Gérard, J.-C., Reid, G. C., & Crutzen, P. J. (1981). The effect of particle precipitation events on the neutral
and ion chemistry of the middle atmosphere: II. Odd hydrogen. Planetary and Space Science, 29(8), 885–893. https://doi.org/10.1016/
0032-0633(81)90078-7

Suszcynsky, D. M., Roussel-Dupre, R., & Shaw, G. (1996). Ground-based search for X rays generated by thunderstorms and lightning.
Journal of Geophysical Research, 101(D18), 23,505–23,516. https://doi.org/10.1029/96JD02134

Thorne, R. M. (1980). The importance of energetic particle precipitation on the chemical composition of the middle atmosphere. PAGEOPH,
118, 128–151. https://doi.org/10.1007/BF01586448

Walt, M., Newkirk, L. L., & Francis, W. E. (1979). Bremsstrahlwung produced by precipitating electrons. Journal of Geophysical Research,
84(A3), 967–973.

Whittaker, I. C., Gamble, R. J., Rodger, C. J., Clilverd, M. A., & Sauvaud, J.-A. (2013). Determining the spectra of radiation belt electron
losses: Fitting DEMETER electron flux observations for typical and storm times. Journal of Geophysical Research: Space Physics, 118,
7611–7623. https://doi.org/10.1002/2013JA019228

Whittaker, I. C., Rodger, C. J., Clilverd, M. A., & Sauvaud, J.-A. (2014). The effects and correction of the geometric factor for the
POES/MEPED electron flux instrument using a multisatellite comparison. Journal of Geophysical Research: Space Physics, 119,
6386–6404. https://doi.org/10.1002/2014JA020021

Woodger, L. A., Halford, A. J., Millan, R. M., McCarthy, M. P., Smith, D. M., Bowers, G. S., et al. (2015). A summary of the BARREL
campaigns: Technique for studying electron precipitation. Journal of Geophysical Research: Space Physics, 120, 4922–4935. https://doi.
org/10.1002/2014JA020874

Xu, W., Celestin, S., & Pasko, V. P. (2012). Source altitudes of terrestrial gamma-ray flashes produced by lightning leaders. Geophysical
Research Letters, 39, L08801. https://doi.org/10.1029/2012GL051351

Xu, W., Celestin, S., & Pasko, V. P. (2014). Modeling of X-ray emissions produced by stepping lightning leaders. Geophysical Research Letters,
41, 7406–7412. https://doi.org/10.1002/2014GL061163

Xu, W., Celestin, S., Pasko, V. P., & Marshall, R. A. (2017). A novel type of transient luminous event produced by terrestrial gamma-ray
flashes. Geophysical Research Letters, 44, 2571–2578. https://doi.org/10.1002/2016GL072400

Xu, W., Marshall, R. A., Fang, X., Turunen, E., & Kero, A. (2018). On the effects of bremsstrahlung radiation during energetic electron
precipitation. Geophysical Research Letters, 45, 1167–1176. https://doi.org/10.1002/2017GL076510

XU AND MARSHALL 2843

https://doi.org/10.1002/2013JA019439
https://doi.org/10.1007/s10712-012-9192-0
https://doi.org/10.1016/0032-0633(81)90048-9
https://doi.org/10.1016/0032-0633(81)90048-9
https://doi.org/10.1002/2015GL065523
https://doi.org/10.1002/2015GL065523
https://doi.org/10.1007/s10712-012-9201-3
https://doi.org/10.1029/95JA01472
https://doi.org/10.1016/0032-0633(81)90078-7
https://doi.org/10.1016/0032-0633(81)90078-7
https://doi.org/10.1029/96JD02134
https://doi.org/10.1007/BF01586448
https://doi.org/10.1002/2013JA019228
https://doi.org/10.1002/2014JA020021
https://doi.org/10.1002/2014JA020874
https://doi.org/10.1002/2014JA020874
https://doi.org/10.1029/2012GL051351
https://doi.org/10.1002/2014GL061163
https://doi.org/10.1002/2016GL072400
https://doi.org/10.1002/2017GL076510

	Abstract


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (ECI-RGB.icc)
  /CalCMYKProfile (Photoshop 5 Default CMYK)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends false
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Symbol
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /ZapfDingbats
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


