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Abstract

Proton and electron spectra observed by the Energetic Particle Telescope (EPT) on board the ESA satellite PROBA-V have been
investigated at different locations in the South Atlantic Anomaly (SAA). The EPT spectrometer provides high-resolution measurements
of the charged particle radiation environment in space performing with direct electron, proton and heavy ion discrimination. Dividing
the SAA into 5 different bins of 5� � 5� each one for protons, we obtain that the average proton spectra have often similar slopes, but
greatly differ from one location to another. The highest fluxes are generally located in the North of the SAA. For some energy ranges and
time periods, the South of the SAA shows different shapes, indicating different sources for the North and South populations of the SAA.
Electron spectra show very low fluxes of energetic electrons, often lower than what is provided by the model AE8.
� 2017 COSPAR. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Proton and electron spectra are often difficult to mea-
sure. Electrons can contaminate proton measurements
and vice versa. The EPT instrument has been developed
to obtain the best discrimination between the particle spe-
cies and determine precise particle spectra useful for space
weather predictions. It was launched on 7 May 2013 to a
LEO polar orbit at an altitude of 820 km onboard the
ESA satellite PROBA-V with an inclination of 98,73�, a
field of view of 52� and 10:30 am as nominal local time at
the descending node (Pierrard et al., 2014). The detector
measures the particle fluxes for 7 virtual channels for elec-
trons, 11 channels for protons and 11 channels for helium
ions. Table 1 summarizes the different energy ranges corre-
http://dx.doi.org/10.1016/j.asr.2017.03.022
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sponding to each virtual channel for electrons and protons
used in the present study.

EPT can measure up to 10^7 particles/cm2 s. The
detailed characteristics of the instruments are described in
Cyamukungu et al. (2014).

Energetic particles are crucial for space engineers to pre-
pare spacecraft missions. The high energy electrons cause a
range of problems for satellites like internal satellite charg-
ing effects while energetic protons produce cumulative dose
and damage as well as prompt Single Event Effects (SEE).

Nevertheless, the present models of space radiation often
give very different spectra for the particles, even in stable
regions like the inner belt. For instance, theNASA empirical
models AP8 (Vette, 1991) and AP9 (Ginet et al., 2013) give
very different proton spectra at low altitudes. AP8 is
reported to be inadequate as an omnidirectional flux model
at highest proton energies (Heynderickx et al., 1999) while
AP9 seems inaccurate at low energies (Borisov et al., 2014;
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Table 1
Energy ranges corresponding to each virtual channel of the EPT
instrument for electrons and protons.

Energy channels Electrons (MeV) Protons (MeV)

1 0.5–0.6 9.5–13
2 0.6–0.7 13–29
3 0.7–0.8 29–61
4 0.8–1 61–92
5 1–2.4 92–126
6 2.4–8 126–155
7 8–20 155–182
8 182–205
9 205–227
10 227–248
11 >248
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Bourdarie et al., 2014). Since EPT can provide accuratemea-
surements and crosses the inner belt in the South Atlantic
Anomaly (SAA) at 820 km, it can help to resolve these differ-
ences in this region. This is the goal of the present study.
Moreover, it was recently shown with VanAllen Probemea-
surements by Baker et al. (2014) that ultrarelativistic elec-
trons cannot penetrate into the inner belt. Our EPT
measurements complete this analysis by providing electron
spectra in the SAA and in high latitude regions where the
outer belt can penetrate at low altitudes.

2. Spectra in specific bins

To analyze the spectra of protons in the SAA, we have
selected 5 bins of 5� � 5� each on different locations inside
the SAA.
Fig. 1. Proton fluxes measured by EPT in the SAA during November 2013 in c
80� and 100�. The five bins used for the study are also illustrated.
The different bins are:

� Bin 1: [�50� < Long < �45�], [�25� < Lat < �20�]
� Bin 2: [�35� < Long < �30�], [�25� < Lat < �20�]
� Bin 3: [�50� < Long < �45�], [�40� < Lat < �35�]
� Bin 4: [�35� < Long < �30�], [�35� < Lat < �30�]
� Bin 5: [ 5� < Long < 10�], [�25� < Lat < �20�]

The bins are illustrated on Fig. 1 for protons in
November 2013. The four first bins are located in the
heart of the SAA while the fifth bin is more located in
its Eastward part. We have chosen these locations in
order to compare the possible different populations pre-
sent there. In all these bins, we calculate the average flux
in each energy channel during three months to have
enough measures for statistics calculations, and the stan-
dard deviation of the mean.

To see better the possible changes of particle fluxes, we
have done a zoom on the SAA. If we observe attentively
Fig. 2 we can see how the SAA changes depending on
the energies. For energies between 13 and 29 MeV (ch2,
upper panel) the border of the SAA coincides with L shell
L = 2.2–2.23, while for higher energy at 155–182 MeV
(ch7, bottom panel) the border is now situated at
L = 1.7–1.73 which means that all the particles between
L = 1.7 and L = 2.23 have disappeared. Note also the
region between longitudes -110� and �90�: There are no
particles on that region for lower energies, while for ch7
we observe the appearance of particles mainly between
�30� latitude to �5�.
hannel 2 (13–29 MeV), where all measurements have pitch angles between



Fig. 2. Zoom of the SAA during November 2013. The upper panel shows channel 2 (13–29 MeV) and the L-shell that crosses the south limit of the SAA.
Lower panel shows channel 7 (155–182 MeV) and the L-shells for channel 7 and channel 2. We can see that particles between L = 2.23 and L = 1.7 have
disappeared.
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If we take into account that bins 3 and 4 are located
almost at the edge of L = 1.7 we expect them to have sim-
ilar spectra.

3. Proton spectra measured by EPT

The proton fluxes measured in the SAA during Novem-
ber 2013 on channel 2 (13–29 MeV) are illustrated on
Fig. 1. At the low altitude of 820 km, proton fluxes are only
observed in the South Atlantic Anomaly. In case of Solar
Energetic Particle (SEP) events, proton fluxes can be also
observed at high latitudes during a few days (see Pierrard
et al., 2014).

For our study we selected only the observations with
pitch angle values between 80� and 100� because it is well
known that the proton fluxes measured at low altitudes



Fig. 3. Average differential proton spectra observed by EPT from October
to December 2013 from 9.5 to 248 MeV in the five different bins of the
SAA. Error bars are shown for bin 1. The other four bins have similar
error bars, but are not shown to avoid confusion.

Fig. 4. Same as Fig. 3, but using the integral fluxes.

Fig. 5. Averaged proton spectra using integral flux measured by EPT
from April to June 2015, for the same five bins used from October to
December 2013 in Fig. 4.
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are highly anisotropic due to the East-West effect
(Kruglanski and Lemaire, 1996). We note that the pitch
angle selection reduces the extension of the SAA, which
is otherwise larger. As it crosses the SAA, the EPT bore-
sight is either towards East during night crossings or
towards West during day crossings. Due to the particular-
ity of the PROBA-V orbit, the pitch angle selection makes
also appear a triangular empty area over the Pacific Ocean
covering also a part of Chile and Argentina. Nevertheless,
this selection does not modify the spectra. In the SAA, the
proton fluxes are very stable and are not modified from one
month to the other, as we will show later.

Fig. 3 illustrates the averaged differential proton spectra
in (cm�2 s�1 sr�1 MeV�1) obtained from EPT measure-
ments in each of the 5 selected bins in the SAA during
the period between October to December 2013. It may be
seen that the spectra have several orders of magnitude dif-
ference depending on the location of the bin. These all
decrease with energy, but the spectra of bins 3 and 4 (South
of SAA) decrease faster than those in bins 1 and 2 (North
of SAA). The highest fluxes for lower energies are observed
in bins 3 and 4, but for higher energies, bins 1 and 2 have
the highest fluxes. Lowest fluxes are obtained in bin 5, in
the East of SAA, as we could already expect from the
map on Fig. 1. Also notice that the spectra seem to be orga-
nized in pairs, possibly related with the bins locations
because bin 3 and 4 cross the same L-shell while bin 1
and 2 are close to the same L line (L = 1.4–1.6).

This could explain the similarity between each pair of
bins.

The different slopes of the differential spectra in the
North and the South of the SAA can indicate the presence
of two different belts with different origins. The inner belt is
assumed to be due to CRAND (Cosmic Ray Albedo Neu-
tron Decay) or to particles of the neutral sheet transported
by radial diffusion. Nevertheless, some regions of the inner
belt can also be modified during exceptional SEP events as
those observed in April 2001 (Boscher et al., 2014).

To study these possible different sources, we have also
calculated the omnidirectional integral flux in (cm�2 s�1)
for the five bins, by adding the fluxes observed in the differ-
ent channels, which is presented on Fig. 4. This time, bins 1
to 4 have practically the same flux for the lowest energy but
then they split and we see again the ‘pairs behavior’: same
slope and fluxes for bin 1 and 2 while bin 3 and 4 are
almost identical. The lowest fluxes again are obtained on
bin 5. The different slopes for the integral fluxes in the
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North and South parts of the SAA confirm probable differ-
ent origins.

We have checked the spectra during other periods of
time to verify that our results are representative.

Fig. 5 shows the averaged proton spectra using integral
fluxes measured by the EPT instrument from April to June
2015. The spectra slopes are almost the same as in October-
December 2013, except that the fluxes in bin 1 and 2 have a
higher value in 2015. Bin 5 looks identical during both peri-
ods. One main difference is that for April-June 2015, the
fluxes at the lowest energy channel are different for all
the bins, being almost one order of magnitude larger for
bins 1 and 2. This may not be satisfactorily explained by
the high activity of the year 2015, since the main observed
SEP events are observed after April 2015, especially three
in June and one in October 2015 (Pierrard and López
Rosson, 2016).

During this study we also tested different bin sizes, up to
bins of 15� � 15� each on the same locations in the SAA
and we obtained similar results on the spectra shapes and
flux values.

Fig. 6 shows omnidirectional integral spectra of integral
fluxes in (cm�2 s�1) observed in April-June 2015 in bin 1 of
the SAA. We have chosen bin 1 because is where we find
the highest fluxes. We have compared with the omnidirec-
tional spectra obtained with the empirical models AP8
(Vette, 1991) of NASA for solar minimum and maximum
solar activity at a similar position than bin 1 which corre-
sponds to L = 1.22–1.25, B = 0.17G, using SPENVIS
(www.spenvis.oma.be). EPT fluxes are lower than those
of the models AP8 MIN and MAX even if we have used
the highest fluxes for the comparison. AP8-MAX shows
lower fluxes than AP8-MIN at low altitudes because the
atmosphere is warmer during maximum solar activity and
Fig. 6. Average omnidirectional integral proton spectra observed by EPT
in April-June 2015 from 9.5 to 248 MeV in bin 1in the SAA, compared
with AP8-MIN and AP8-MAX models.
its expansion at higher altitude erodes more the radiation
belts particles trapped in the Earth’s magnetic field during
this period. The EPT unidirectional differential flux has
been converted in omnidirectional integral flux by multi-
plying it by a factor of 4p but without dividing it by the
Badhwar-Konradi scaling factor (Badhwar and Konradi,
1990) depending on the pitch angle distributions of the
observations (Borisov et al., 2014).
Fig. 7. Temporal evolution of the proton flux during the entire flight
period of EPT, for ch2 (13–29 MeV) in black and ch7 (155–182 MeV) in
red. Bin 1 is shown on the upper panel, bin 4 in the middle, while bin 5 can
be seen on the lower panel. The gray rectangle masks the period when the
instrument was off due to calibration. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of
this article.)

http://www.spenvis.oma.be


Fig. 8. Map of the electron fluxes in the energy range of 0.5–0.6 MeV (channel 1) observed by EPT during October 2013, showing the five bins that will be
studied.

Fig. 9. Map of the electron fluxes in the energy range of 1.0–2.4 MeV (channel 5) observed by EPT during October 2013.
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4. Temporal evolution of the flux

Anotherway to see why the spectra are different and a pos-
sible way to prove the existence of two populations is to check
the temporal evolution of the flux on the different bins.

Fig. 7 shows the temporal evolution of the proton flux in
bins 1, 4 and 5. The gray rectangle covers the dates where
the instrument was not working, from June 2014 to
September 2014. We have studied the complete flight per-
iod of EPT which corresponds to 30 months.
The blue lines on the upper panel show the SEP events
(https://umbra.nascom.nasa.gov/SEP/), from left to the
right:

1. 30/09/2013
2. 06/01/2014
3. 21/06/2015
4. 29/10/2015
5. 02/01/2016

https://umbra.nascom.nasa.gov/SEP/


Fig. 10. Average electron spectra observed by EPT in October 2013 in the
SAA for the 5 bins color coded. The upper panel shows the differential
flux, while the bottom panel shows the integral flux. (For interpretation of
the references to color in this figure legend, the reader is referred to the
web version of this article.)

Fig. 11. Average integral electron spectra observed by EPT in October
2013 in bins 1 and 4 of the SAA and comparison with models AE8-MAX
on the same bins.
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All panels of Fig. 7 illustrate fluxes of channel 2 and 7.
The fluxes in bin 1 (upper panel) are very variable with
time, and show especially a strong decrease after the SEP
event of June 2015. The case is similar for bin 2. On the
contrary fluxes in bin 4 (middle plot) and bin 5 (see the bot-
tom panel of Fig. 7) show almost no time variations.
Results in bin 3 are intermediate, with time variations
lower than in bins 1 and 2. From this it is clear that there
is one population of protons on the north part of the SAA
that changes fast, related with SEP events, but in the south
of the SAA there is another population which remains
stable during long time periods.
5. Electron spectra in the SAA

The fluxes of electrons in general are very low in the
SAA, especially for the energetic electrons and almost zero
for ultrarelativistic energies, as recently discovered by
Baker et al. (2014).

To study the electron spectra on the SAA, we have taken
five bins, located on different regions in the SAA. Note that
the shape of the SAA is different for protons and electrons
that is why we used different bins:

� Bin 1: [�55� < Long < �40�], [�30� < Lat < �15�]
� Bin 2: [�40� < Long < �25�], [�30� < Lat < �15�]
� Bin 3: [�55� < Long < �40�], [�45� < Lat < �30�]
� Bin 4: [�40� < Long < �20�], [�45� < Lat < �30�]
� Bin 5: [ 0� < Long < 15�], [�35� < Lat < �20�]

Fig. 8 shows a map of the electron fluxes in the energy
range of 0.5–0.6 MeV (channel 1) observed by EPT during
the month of October 2013 and the position of the five
bins. One can see that the extension of the SAA is a little
bit larger than for the protons. In addition to the SAA,
fluxes are also observed at high latitudes, corresponding
to the penetration of the outer belt at low altitudes.

Fig. 9 shows the electron fluxes in the energy range of 1–
2.4 MeV observed by EPT during October 2013. The elec-
tron fluxes are very low, especially for larger energies. The
shape of the SAA is different from the proton configuration
of Fig. 1 and even from the electron SAA at lower energy
(see Fig. 8). It is almost empty (very low fluxes) and espe-
cially flatter with very low fluxes in the North part of the
SAA at this energy range.

The average electron spectra observed by EPT during
the month of October 2013 are illustrated on Fig. 10, for
the five different bins. The upper figure shows the differen-



Fig. 12. Same map as Fig. 8, but for April 2015.

Fig. 13. Map for electrons flux observed by EPT during April 2015 in channel 5 with energies between 1.0 and 2.4 MeV. The fluxes still remain very high in
the SAA, mostly in the lower part.
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tial flux (cm�2 s�1 sr�1 MeV�1) while the bottom panel rep-
resents the omnidirectional integral flux (cm�2 s�1). Inte-
gral fluxes are always higher since they are calculated by
summing up the flux from all energy channels higher than
an energy threshold. The differential spectra from Fig. 10
(upper panel) shows clearly a peak in channel 4 (0.8–
1 MeV) in bin 1 and 2. Here again, a difference seems to
appear between the North and South part of the SAA
and the use of differential fluxes instead of integral fluxes
allow us to observe these differences and the corresponding
energy dependence.

The integral spectra in cm�2 s�1 measured by EPT in
October 2013 are compared with the AE8 NASA empirical
model (Vette, 1991) in Fig. 11. The model provided by



Fig. 14. Omnidirectional integral flux of electrons spectra for the five bins
during April 2015.
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SPENVIS differentiates minimum and maximum solar
activity, but the differences for electron fluxes at 820 km
are very small. We used AE8-MAX spectrum because
2013 is close to solar maximum activity.

We have selected two bins to compute the model, at the
same locations of EPT bins 1 and 4. In Fig. 11 the yellow1

curve represents the spectra in bin 4 calculated with AE8
while the red curve is the spectra for bin 1. The difference
between both bins predicted by AE8-MAX is higher than
the data, where for certain energies the fluxes are practi-
cally the same in the two bins, for instance channels 1
and 5.

In the energy region from 0.6 MeV to 1 MeV the fluxes
obtained with the NASA model and EPT data are practi-
cally the same for bin 1. For other energies, the fluxes
observed by EPT in the SAA are lower than the AE8
model.

Models such as AE8 (minimum and maximum) are use-
ful but constructed from relatively sparse datasets, from
scientific satellites, and there are large uncertainties over
the actual maximum electron flux that might be encoun-
tered, its energy spectrum and its duration. That is why
EPT measurements with improved particle discrimination
can help to improve these models. These fluxes will be used
to improve the TOP model especially dedicated to deter-
mine dynamical flux variations of electrons at LEO during
geomagnetic storms (Benck et al., 2013).

To be sure our spectra are representative, we have also
checked the spectra for April 2015, where the five bins on
the world map for channel 1 (0.5–0.6 MeV) are shown on
Fig. 12.
1 For interpretation of color in Fig. 11, the reader is referred to the web
version of this article.
By comparing Figs. 8 and 12, we may observe that the
fluxes are much higher during April 2015, in the outer belt
but also in the SAA. This is expected considering the high
fluxes measured in 2015 and the intense geomagnetic
storms of January and March 2015 (Pierrard and López
Rosson, 2016). Note that fluxes remained very high even
for higher energies, see for instance Fig. 13 showing the
fluxes for channel 5, for energies between 1.0 and
2.4 MeV. But for energies from 2.4 to 8 MeV (Ch6) and
above (Ch7), the SAA is almost empty and only high lati-
tude fluxes are observed.

If we look at the spectra shown in Fig. 14, as expected
from the information seen on the world maps, the fluxes
are higher than in October 2013 (see Fig. 10). For instance
for bin 1, the flux in the first channel is higher for more
than one order of magnitude in the SAA.

This is a consequence of the big geomagnetic storm
occurred on 17th March 2015, where electrons penetrated
deep down closer to the Earth, completely filling the slot
region and also reaching the inner belt (Pierrard and
López Rosson, 2016).

These particles remained trapped for a few weeks after
the event, which is why we can observe higher fluxes in
April 2015 than in October 2013.

If we compare April 2015 with October 2013, it is visible
in Fig. 15 that fluxes are higher by more than one order of
magnitude in April 2015 for energies lower than 0.6 MeV.
For the other energies, April 2015 shows always higher
fluxes than October 2013 but the differences are less signif-
icant than in channel 1. Notice that the shapes of the curves
are exactly the same for both months.

We have also included the prediction of AE8 for the bin
1. It is clear that this model overestimates electron fluxes
for energies higher than 1 MeV.
Fig. 15. Average integral electron spectra observed by EPT in October
2013 and April 2015 in bins 1 of the SAA and comparison with predictions
for bin 1 of AE8-MAX.
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6. Discussion and conclusions

Baker et al. (2014) used Van Allen Probe observation to
show that there is an impenetrable barrier to ultrarelativis-
tic electrons at L < 2.8 Re so that there is a lack of >2 MeV
electrons in the inner belt. With EPT, we study the fluxes in
the SAA for E < 2.4 MeV and we obtain in general low
fluxes of energetic electrons in the SAA, even if they are
not completely absent. During the year 2015, higher fluxes
are observed in the SAA and they have been injected dur-
ing geomagnetic storms more than due only to CRAND.

Proton spectra observed by EPT suggest the existence of
two different populations of protons in the SAA. One is
very stable, with fluxes that remain constant in time,
mainly related with CRAND. The other population on
the contrary is more variable, on the north part of the
SAA where the flux changes can be associated with injec-
tion of particles during SEP events, but further study is
necessary to understand if there are other physical mecha-
nisms behind this unexpected behavior.

Spectra observed by different instruments can be very
different due to the difficulty to discriminate the different
particles and possible contaminations of poorly shielded
monitors or detectors. The EPT was designed to provide
uncontaminated spectra of electrons, protons and alpha
particles. The spectra obtained with the EPT in the SAA
are compared with empirical models AE8 and AP8. The
results show that the AP8 often overestimate the actual
unidirectional fluxes when the models of the fluxes are sim-
ply divided by 4p, due to flux anisotropy, especially at high
energies. Different models (AP8 (Vette, 1991), AP9 (Ginet
et al., 2013), CRRESPRO (Meffert and Gussenhoven,
1994). . .) also give spectra that can differ by several orders
of magnitude in a same location, even for stable regions
like in the inner belt. This causes difficulties for engineers
when estimating fluxes and radiation doses along orbits
of satellites. This is crucial for their security. The spectra
provided by EPT can help to improve predictions and to
identify sources and loss mechanisms. For the electrons,
the fluxes are lower and more stable in the SAA than at
high latitudes, but some time variations have been
detected, especially associated to geomagnetic storms.
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