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Abstract Angular response functions are derived for four electron channels and six proton channels
of the SEM-2 MEPED particle telescopes on the POES and MetOp satellites from Geant4 simulations
previously used to derive the energy response. They are combined with model electron distributions in
energy and pitch angle to show that the vertical 0◦ telescope, intended to measure precipitating electrons,
instead usually measures trapped or quasi-trapped electrons, except during times of enhanced pitch angle
diffusion. A simplified dynamical model of the radiation belt electron distribution near the loss cone, as
a function of longitude, energy, and pitch angle, that accounts for pitch angle diffusion, azimuthal drift,
and atmospheric backscatter is fit to sample MEPED electron data at L = 4 during times of differing
diffusion rates. It is then used to compute precipitating electron flux, as function of energy and longitude,
that is lower than would be estimated by assuming that the 0◦ telescope always measures precipitating
electrons.

1. Introduction
Accurate measurement of energetic electron precipitation is of value in assessing both radiation belt loss
and its effects on atmospheric chemistry. A valuable resource in this regard is the extensive data set collected
by the Medium Energy Proton and Electron Detector (MEPED), in the Space Environmental Monitor sub-
system, Version 2 (SEM-2) on the Polar Operational Environmental Satellite series (POES), operated by the
National Oceanic and Atmospheric Administration (NOAA), and on the European MetOp satellites. Several
operating satellites orbiting in different local-time planes provide global coverage, while MEPED telescopes
on each satellite are paired in vertical and horizontal orientations to simultaneously measure trapped and
precipitating particles.

Measured flux ratios from the horizontal (90◦) and vertical (0◦) telescopes have been used to infer efficiency
of loss-cone filling by trapped electron scattering in several studies of radiation belt and atmospheric dynam-
ics (Li et al., 2013; Ni et al., 2014; Nesse Tyssøy et al., 2016; Soria-Santacruz et al., 2015); others have used
data from either telescope orientation alone (Peck et al., 2015; Pham et al., 2017; Pettit et al., 2019; Rodger
et al., 2010). Typically, they have relied on nominal detector response characteristics as specified by the elec-
tronic and geometrical configurations of the MEPED instrumentation, which provide an energy threshold
and angular field of view (FOV) for each of several available data channels, or have combined more accurate
energy response functions (Yando et al., 2011) with a nominal FOV angular response. The purpose of this
work is to determine more accurate angular response functions to be used in combination with the energy
response, describe how application of the full instrumental response modifies inferred precipitating elec-
tron flux, and derive sample results for precipitating flux based on fits of a dynamical radiation belt model
to measurements taken over a range of magnetospheric conditions.

2. MEPED Response Functions
The MEPED electron and proton telescopes are described in detail by Evans and Greer (2000). The elec-
tron telescope contains a single silicon detector and three channels, labeled E1, E2, and E3, are defined by
deposited energy threshold levels. They typically respond to electrons with incident kinetic energy E > 30,
100, and 300 keV, respectively. The proton telescope contains two silicon detectors, and six channels are
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defined by combinations of the two energy deposits at various threshold levels. Incident proton energy
ranges for these channels are (P1) 30–80 keV, (P2) 80–240 keV, (P3) 240–800 keV, (P4) 800–2,500 keV, (P5)
2,500–6,900 keV, and (P6) >6,900 keV. In addition, the P6 channel also has a useful response to electrons
with E ≳ 700 keV when the proton intensity is not too high (Yando et al., 2011). Access to the silicon detec-
tors in each telescope is restricted by passive shielding with an entrance aperture that defines a 15◦ half-angle
nominal FOV, within which each channel is typically assumed to have a uniform angular response. The pro-
ton telescope also includes a permanent magnet intended to deflect lower energy electrons away from the
silicon detectors.

The true energy response of each channel to electrons and protons over a wide range of energies, accounting
for atomic and nuclear interactions within the telescope structure, has been estimated by Monte Carlo sim-
ulation of particle trajectories through mechanical models of the electron and proton telescopes using the
Geant4 software package (Yando et al., 2011). Simulated energy deposits from the silicon particle detectors
in each telescope were binned, according to logic conditions that define each electron and proton channel,
to compute corresponding energy response functions. Additional analysis of the same simulation results is
used here to compute angular response functions, as described below, for both electrons and protons (though
only the electron response is used in subsequent analysis).

Given a model radiation belt particle environment at a given satellite, the expected counting rate in MEPED
channel i is

ri = ∫ ∫ 𝑗(E, 𝛼) Ai(E, 𝜃t) dE dΩ, (1)

where j is particle intensity as a function of E and local pitch angle 𝛼; Ai is the channel response function, or
effective area, as a function of E and angle 𝜃t from the telescope axis; and Ω is solid angle. For an isotropic
j, independent of 𝛼, this becomes

ri = ∫ 𝑗(E)Gi(E) dE, (2)

where the geometry factor, or energy response function, is

Gi = ∫ Ai(E, 𝜃t) dΩ. (3)

The Geant4 simulation did not include enough electrons to compute accurate response functions at 𝜃t values
well outside the nominal FOV, where detection efficiency is low. Therefore, they are approximated here by
dividing the energy range for each channel into N intervals (two for protons and three for electrons) and
assuming the response function Aik for each interval k, from Ek to Ek + 1, is separable as

Aik(E, 𝜃t) = Gi(E)aik(𝜃t), (4)

where the angular response aik is normalized such that

∫ aik(𝜃t) dΩ = 1. (5)

The rate ri is computed using (4) in place of Ai in (1) and summing over the energy intervals:

ri =
N∑

k=1
∫

2𝜋

0 ∫
𝜋

0 ∫
Ek+1

Ek

𝑗(E, 𝛼(𝜃t, 𝜙t))Gi(E) dE aik(𝜃t) sin 𝜃t d𝜃t d𝜙t, (6)

where local pitch angle 𝛼 is a function of 𝜃t and azimuth 𝜙t about the telescope axis for a given telescope
direction relative to the local magnetic field.

The Geant4 simulations included nm incident electrons or protons at each selected energy Em, with direc-
tions sampled randomly from an isotropic distribution inside a sphere of radius R. The geometry factor at
energy m is obtained from Equation (2) by replacing j with the fluence nm𝛿(E −Em)/(4𝜋2R2) and ri with the
number of simulated counts nim in channel i. Then

Gi(Em) = 4𝜋2R2 nim

nm
. (7)
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Figure 1. Geometry factors Gi, or energy response functions, color-coded for each of (a) the electron response of the
three MEPED electron channels, E1, E2, and E3, and the P6 proton channel and (b) the proton response of the six
proton channels, versus incident kinetic energy E, from Geant4 simulation results (Yando et al., 2011). The nominal
G = 0.01 cm2 sr is also shown (dashed).

Geometry factors Gi for each channel i were computed by Yando et al. (2011) and are shown in Figure 1 for
electrons and protons. They are seen to be in good agreement with nominal energy ranges of each channel,
as expected.

For the angular response, nm is distributed among bins of width Δ𝜃t = 1◦ in incident angle 𝜃t, with niml the
number simulated counts in channel i from bin l at 𝜃t = 𝜃tl. Then, from Equation (6) for bin l with the same
replacement for j and substituting (7),

aik(𝜃tl) =
1

2𝜋 sin 𝜃tlΔ𝜃t

∑
mniml∑
mnim

, (8)

where the summations over m include all incident energies Em in range k. From (8) it is easy to verify the
normalization (5).

Angular response functions aik, computed from the same Geant4 simulations, are shown in Figure 2 for
electrons and Figure 3 for protons. Energy intervals were selected for each channel to be consistent, as far
as possible, with the assumption that angular response is independent of energy within each interval, thus
minimizing possible error caused by the low number of particle counts at high incidence angles. The nom-
inal FOV response is generally dominant as expected. For electron channels, response from higher angles
varies only slightly between energy intervals, showing that results should be insensitive to the precise choice
of interval boundaries. For proton channels, it is much lower in the only energy interval (red in Figure 3),
where G is significant, as shown in Figure 1b. Therefore, response outside the nominal FOV can likely be
neglected for protons, as expected based on their relatively low scattering rates.

SELESNICK ET AL. 3 of 14



Journal of Geophysical Research: Space Physics 10.1029/2020JA028240

Figure 2. Angular response functions, aik, for each of four MEPED electron channels and three corresponding
color-coded energy intervals, versus incident angle 𝜃t relative to the telescope axis, from Geant4 simulation.

We have assumed azimuthal symmetry in the angular response functions, corresponding to the mechanical
configuration of each telescope, but the proton telescope's magnetic field causes some asymmetry in the
electron response of channel P6 that is averaged over in computing the response function. The field also
accounts for the off-center peak electron response (Figure 1d herein and Figure 7 of Yando et al., 2011).

3. Response to Model Electron Distributions
Computation of expected counting rates by equation (6), based on electron intensity and channel response
functions, for comparison to measurements, requires a model of the electron distribution in E and 𝛼.
The angular response to varying electron pitch angle distributions will be demonstrated with a simplified
dynamical model for the radiation belt electron phase space density, f = j/p2, near the loss cone:

𝜕𝑓

𝜕t
= 1

x
𝜕

𝜕x

(
xDxx

𝜕𝑓

𝜕x

)
− 4

𝜏b
(1 − Fb) Θ (xc − x)𝑓, (9)

where p is momentum; t is time; x = cos 𝛼0; 𝛼0 is equatorial pitch angle; 𝜏b is bounce period evaluated at
xc, the x value of the equatorial loss cone angle 𝛼0c; the x dependence of 𝜏b is neglected; Fb is a fraction of
electrons that backscatter from the atmosphere; Θ is a unit step function specifying that electrons are lost
only inside the loss cone; and the diffusion coefficient

Dxx = 𝑦2Dw + 𝑦2DbΘ(xc − x) (10)

with 𝑦 = sin 𝛼0 includes a plasma wave contribution Dw at all x and a backscatter contribution Db inside the
loss cone. The backscatter diffusion coefficient Db approximates changes in pitch angle that occur during
the backscatter process (Selesnick et al., 2004). The y2 factors are included so that the diffusion coefficient in
𝛼0, D𝛼0𝛼0

= Dxx∕𝑦2, is independent of 𝛼0 as expected to be approximately true near 𝛼0c (Albert et al., 2020).
Boundary conditions for (9) are 𝜕f /𝜕x = 0 at x = 0 and x = 1.
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Figure 3. Similar to Figure 2 but for protons in each of six MEPED channels with two corresponding color-coded
energy intervals.

The model Equation (9) is solved numerically for f by finite differencing, using the semi-implicit
Crank-Nicholson method for the diffusion term (Press et al., 1992), and integrating until a steady pitch angle
distribution is reached, independent of the initial condition, that only decays in time. Sample results are
shown in Figures 4a and 4b, after converting from f to j and from x to local pitch angle 𝛼, at a typical POES
or MetOp satellite location, and weighting by an exponential energy spectrum, 𝑗 ∼ e−E∕E0 with E0 = 300 keV.
Diffusion coefficients are Dw = 10−2 and 10−6 s−1, with Db = 10−5 s−1 in each case.

Rates in each channel are then evaluated using (6), with typical telescope axis pitch angles of 10◦ for the 0◦

telescope and 80◦ for the 90◦ telescope (the vertical direction of the 0◦ telescope is never aligned exactly with
the local magnetic field). To determine the ranges of pitch angles to which each rate responds for a given
electron intensity model, distributions in 𝛼 are computed by replacing j in (6) with weighted 𝛿 functions at
each 𝛼 and are shown in Figures 4c and 4d. Integration of these distributions over 𝛼 gives the total counting
rate for each channel, as computed directly from (6). They show that, for the 90◦ telescope, the response is
almost entirely from pitch angles within the nominal ±15◦ telescope FOV, as expected. The same is true for
the 0◦ telescope when Dw is high (Figure 4c). However, when Dw is low (Figure 4d), the response is from
pitch angles similar to that of the 90◦ telescope, because there are insufficient electrons in the loss cone at
low 𝛼 to produce any significant response from pitch angles in the nominal FOV.
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Figure 4. Model electron local pitch-angle distributions color-coded by energy (top row), and corresponding counting
rate distributions in pitch angle (middle row) and energy (bottom row) color coded by MEPED channel. High-diffusion
(left column) and low-diffusion (right column) cases are included. Counting rate distributions are shown for the 0◦
(dotted) and 90◦ (solid) telescopes. Ratios of 90◦ to 0◦ total counting rates are listed for each channel (above the middle
row). Loss cone angles are indicated (dotted, top row).
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Figure 5. (a) Counting rate data from channel E2 of the NOAA-19 satellite
0◦ (blue) and 90◦ (red) telescopes versus day of year in 2012. Data are
from the closest location to L = 4 and 320◦ longitude during each day.
(b) Ratios of the 90◦ to 0◦ rates when both rates are higher than 3 counts/s.

Ratios of 90◦ to 0◦ total counting rates, derived from (6), are listed
above Figures 4c and 4d. For example, the channel E3 ratio is 33
in the high-diffusion case and 1,077 in the low-diffusion case. The
high-diffusion ratio is a true reflection of trapped electron intensity rela-
tive to loss cone intensity, but this is not the case for the low-diffusion ratio
because the true loss-cone intensity is too low to be observed. If an ide-
alized angular response were used instead, with uniform response inside
the FOV and no response outside, ratios with high Dw would be similar for
channels E1, E2, and E3, though somewhat higher for P6, but with low Dw
all ratios would be many orders of magnitude higher than those computed
with the more accurate angular response functions. A value of Dw ∼ 10−3

would be required with the idealized angular response to obtain ratios, for
the electron telescope channels, similar to those obtained with Dw = 10−6

(Figure 4d) using the more accurate angular response. Thus, the ide-
alized response would cause a factor ∼103 overestimate of Dw in this
low-diffusion case.

Distributions in energy, computed similarly to the distributions in 𝛼,
are shown in Figures 4e and 4f. Integrated over energy, they would also
give total counting rates as computed directly from (6). They are broad
because of the integral nature of the channel response functions. For
the low-diffusion case, the 0◦ telescope distributions are weighted more
toward higher energy, corresponding to a similar weighting within each
response function outside the nominal FOV, except, again, for the P6
channel (see Figure 2).

4. MEPED Electron Data
Counting rate data as a function of time for the year 2012, from the E2 channel of each electron telescope,
measured by the NOAA-19 satellite (launched 6 February 2009) at L = 4 and 320◦ longitude in the southern
hemisphere, are shown in Figure 5a. The geographic location was chosen so that the 90◦ telescope data
represent stably trapped electron intensity, which is seen to vary considerably throughout the year. The 0◦

data show less variability, but this is, at least in part, due to a background that prevents the total rate from
falling much below ∼1 count/s. The ratio of rates from the two telescopes is shown in Figure 5b, including
only times when both rates were well above background. The ratio also shows significant variability that
spans the range shown in Figure 4, ∼30–1,000, as representative of high to low diffusion. Times when the
ratio is near or below the low end of this range are candidates for days in which the 0◦ data represent true
loss cone electrons. However, because the ratio varies continuously, there is no clear demarcation of such
data, and a closer inspection is required.

Observed rates at L = 4 from all four electron channels on six operational satellites are shown as a function
of magnetic longitude in Figures 6, 7, and 8 for data taken in 2012 during 6-hr intervals on 13, 15, and 16
October, respectively (days of year 287, 289, and 290 for reference to Figure 5). These days were chosen
as representing differing conditions during an interval when the stably trapped intensity is relatively high
following an electron injection event. Figures 7 and 8 also include model simulations of the data that will be
described in the next section. Also shown below the data in all three figures are the equatorial and local pitch
angles of the telescope axes, with ranges representing the nominal ±15◦ FOVs, the northern and southern
100-km altitude equatorial bounce loss cone (BLC) angles, and the corresponding drift loss cone (DLC)
angle. These are computed with the IGRF-12 magnetic field model (Thébault et al., 2015) and no external
field model.

It is apparent that the longitude distributions of the rate data are disordered in Figure 6 but are well ordered
in Figures 7 and 8, where they vary in close coordination with changes in telescope pitch angle relative to the
BLC and DLC angles. The disordered case often includes low 90◦ to 0◦ ratios, suggesting high pitch-angle
diffusion but with significant time variation. The ordered distributions have generally high ratios, suggesting
low pitch-angle diffusion and little or no time dependence during the 6-hr intervals represented. In each
of the ordered cases, rates observed near 0◦ and 360◦ longitude in the Northern Hemisphere by the 90◦
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Figure 6. (a–d) Counting rate data from each of the four electron channels on six operational satellites, coded by
symbol type, taken at L = 4 from 6 to 12 hr UT on 13 October 2012, versus dipole longitude. Data from the 0◦ (red)
and 90◦ (black) telescopes are included. (e) Corresponding equatorial pitch angles of the telescope axes for each data
point, with the range covered by the nominal ±15◦ FOV. North (dashed) and south (solid) BLC angles and the DLC
angle (dash-dot) are indicated. (f) Corresponding local pitch angles of the telescope axes for each data point with FOV
ranges.
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Figure 7. Similar to Figure 6 but for data taken from 3 to 9 hr UT on 15 October 2012. Model simulations of each data
point are also included for the 0◦ (blue) and 90◦ (green) telescopes.

telescope are generally lower than those observed at the same longitudes in the Southern Hemisphere by
the 0◦ telescope, despite the entire nominal FOV of the 0◦ telescope being at lower pitch angle than that of
the 90◦ telescope. This again strongly suggests that the 0◦ telescope is in fact responding to electrons outside
its nominal FOV, and outside the BLC; otherwise, the loss cone electron distribution would have to increase
toward lower pitch angles.

Sample data have been selected at L = 4 because electron intensity there is high and proton contamination is
unlikely. Similar results can be obtained at other L values so long as the orientation of each telescope relative
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Figure 8. Similar to Figure 7 but for data taken from 18 to 24 hr UT on 16 October 2012.

to the local magnetic field is fully accounted for. (Roles are reversed at the lowest L values, with the vertical
0◦ telescope closer to field aligned.)

5. Simulation of MEPED Electron Data
The data discussed in the previous section allowed some inferences to be made concerning the observed
electron distributions but, because of ambiguity caused by broad angular response functions, a quantitative
assessment requires comparison to model predictions. For the disordered case of Figure 6 the diffusion
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Figure 9. Model color-coded electron intensity as a function of equatorial pitch angle and dipole longitude, with
selected values of energy and the diffusion coefficients at L=4. The BLC angle is indicated (dashed).

model calculations of section 3 could be used to fit each pair of data points in a similar way to the previous
work based on ratios of 90◦ and 0◦ telescope data (Li et al., 2013), but using the full response functions. That
is not attempted here, but we can expect that, where diffusion is high enough, results would be similar.

For the ordered cases of Figures 7 and 8, we modify the model to account for longitudinal variation by
including azimuthal drift:

𝜕𝑓

𝜕t
+ 𝜔d

𝜕𝑓

𝜕𝜙
= 1

x
𝜕

𝜕x

(
xDxx

𝜕𝑓

𝜕x

)
− 4

𝜏b
(1 − Fb) Θ (xc − x)𝑓, (11)

where 𝜔d is drift frequency, approximated by the value in a dipole magnetic field at x = xc, and 𝜙 is drift
phase or magnetic (dipole) longitude. In the model f is independent of bounce phase, and the equato-
rial BLC angle at each longitude is the maximum of the northern and southern values, computed from
the IGRF as before (Figures 6 to 8). Boundary conditions are 𝜕𝑓

𝜕x
= 0 at x = 0 and 1, as before, and

f (𝜙, x, t) = f (𝜙+ 2𝜋, x, t).

Numerical solution of the model Equation (11) now employs operator splitting with Crank-Nicholson differ-
encing in the x direction and upwind differencing in the 𝜙 direction (Press et al., 1992). An initial condition
for f is assumed, which then evolves over the course of a single drift period at each energy. This is sufficient
for comparison to POES data because the low-altitude part of the electron distribution quickly reaches an
equilibrium, independent of the initial condition, that subsequently only decays in time. A sample solution
shown as a function of 𝛼0 and 𝜙 in Figure 9 illustrates filling of the DLC by pitch-angle diffusion, as elec-
trons drift eastward toward the South Atlantic Anomaly (SAA, ∼300 to 30◦ longitude), and lower intensity
in the BLC.

Solutions are computed at energies from 30 to 1,405 keV, spaced by 25 keV, and weighted by the assumed
exponential energy spectra. Then rates are simulated for each channel by evaluating Equation (6), using the
telescope pitch angles for each data point and the satellite model magnetic field for converting equatorial
to local pitch angle. Finally, constant background rates, estimated for each channel from the lowest levels
reached by the 0◦ telescope data, are added to each simulated data point.

Simulated rates have been fit to the 90◦ telescope data of Figures 7 and 8 by adjusting Dw, Db, E0, and an
overall scaling factor. Wave diffusion coefficients obtained from the fit, and used for the simulated data
shown, are Dw = 10−6 s−1 for Figure 7 and Dw = 5× 10−8 s−1 for Figure 8; Db = 10−5 s−1 and E0 = 300 keV are
common to both figures.
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Figure 10. Model omnidirectional electron intensity in the BLC or, apart
from backscattering, precipitating electron flux, versus dipole longitude and
color coded by energy, at L = 4 for the high- and low-diffusion coefficients
of (a) Figure 7 and (b) Figure 8, respectively.

These Dw values are, respectively, at and below the low-diffusion case
of Figure 4, confirming that the 0◦ telescope data represent trapped or
quasi-trapped (DLC) electrons in each case, rather than precipitating
electrons as would be expected from their near alignment to the local
magnetic field. The lower Dw required for Figure 8 relative to Figure 7
results from the relatively empty DLC, as shown by lower counting rates
near longitude 100◦. The 0◦ data were not included in the fit because of
uncertainty in angular response functions outside the nominal FOV. They
are seen to be consistently somewhat lower than predicted by the model
in each case but are otherwise in reasonable agreement.

We note that it would be impossible to obtain a reasonable fit to all of
the data in Figure 7 or 8 using an idealized, FOV-only angular response.
If the same model diffusion coefficients were used, then simulated 0◦

data would be too low by many orders of magnitude. They could be
near observed values if Dw were increased by several orders of magnitude
(depending on energy), but then the DLC would be filled and the observed
longitude dependence would not be achieved.

6. Precipitating Electron Flux
When a satellite is in the Northern Hemisphere and conjugate to the SAA
region, it measures electrons entirely within the BLC, even with the 90◦

telescope. When diffusion is low enough that the 0◦ telescope otherwise
responds only to trapped or DLC electrons, these 90◦ data provide the
strongest constraint on BLC intensity. They are shown in Figures 7 and 8
as low counting rates near longitude 0◦ and 360◦, which are near or below
corresponding 0◦ telescope data from the Southern Hemisphere as men-
tioned in section 4. The backscatter diffusion value of Db = 10−5 s−1 was
adjusted to approximately match these data with the model simulations.

Model omnidirectional intensity in the BLC, computed by integrating
model intensity over solid angle for x > xc, is shown as a function of energy

and longitude in Figure 10 for each of the two cases discussed above (Figures 7 and 8). This represents
precipitating electron flux into the atmosphere, except that no reduction has been applied to account for
backscattering, assumed in the model to be 20%. It is seen that maximum precipitating fluxes in the SAA
region, near longitude 350◦, are similar but that precipitation is significantly reduced at other longitudes for
the lower diffusion case due to the relatively empty DLC.

7. Discussion
Angular response functions show that the MEPED telescopes have relatively low sensitivity to electrons well
outside their nominal ±15◦ FOV (Figure 2). However, for the 0◦ telescope, electron intensity there is usually
much higher, and the sensitivity is sufficient that data are usually dominated by electrons from those high
incidence angles, in a similar range of pitch angles to electrons measured by the 90◦ telescope. Therefore,
the 0◦ telescope usually measures stably trapped or quasi-trapped (drift loss cone) electrons, rather than
precipitating (bounce loss cone) electrons as would be expected based on its orientation. (Exceptions occur
when pitch angle diffusion is sufficiently enhanced, or when even the 90◦ telescope measures precipitating
electrons.)

This conclusion is suggested by the usually high observed counting rate ratios between the 90◦ and 0◦ tele-
scopes (Figure 5). It is confirmed by verifying that, most of the time, longitude distributions are ordered
(similar to Figure 7 or 8) rather than disordered (Figure 6). Whether the 0◦ telescope is responding to precip-
itating electrons at any given time can only be established, in a model dependent way, by data simulation for
each channel accounting for the full instrumental response function, including angular response (Figure 4).

When the full response is included, computed precipitating electron flux is typically much lower than would
be expected on the basis of 90◦ to 0◦ flux ratios, except when diffusion rates are high. The model omni-
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directional BLC flux (Figure 10) includes all electrons mirroring below 100 km, but many of these would
not reach lower altitude. The precipitating flux at 50 km, for example, would be even lower but could be
computed in a similar way.

Accuracy of computed precipitation flux depends on the fidelity of the model simulation. In our case a sim-
plified dynamical model neglected several factors that could be significant. For example, it assumed that
electron intensity is independent of bounce phase with a single loss cone angle at each longitude, that atmo-
spheric backscatter can be approximated as a diffusion process, that diffusion coefficients are independent of
local time, and that the external magnetic field can be neglected. Improved modeling that properly accounts
for these and other factors, either theoretically (Selesnick et al., 2004) or empirically, might lead to better
fits to the data and more accurate results.

It is clear from the model fits to sample data (Figures 7 and 8) that simulated counting rates of the 0◦ telescope
is consistently overestimated, by factors ∼2. This could result from error in the model stably trapped or
quasi-trapped electron pitch angle distributions, just outside the local bounce loss cone, because, although
the two telescopes respond to the same range of electron pitch angles, they do so with different weighting
(Figure 4d). A need for improved modeling is again indicated.

Inaccuracy can also result from error in the response functions at incidence angles well outside the nominal
FOV where they have not been well determined by Geant4 simulation. Further error is likely if some of these
high-incidence angles are partially blocked by the satellite body or by other instrumentation, a factor that, if
included in the Geant4 simulation, would reduce computed response at those angles. However, it is already
apparent that the available response functions provide significant improvement, relative to a nominal FOV
response, in the reliability of MEPED electron data interpretation.

Data Availability Statement
POES and MetOp SEM-2 data are available online (from https://ngdc.noaa.gov/stp/satellite/poes). MEPED
electron and proton response functions derived in this work are included in supplementary information and
are also available online (from https://doi.org/10.5281/zenodo.3985955).
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