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Abstract The analysis of the proton flux variations observed by the Energetic Particle Telescope (EPT)

at energies >9.5 MeV from the launch of PROBA-V satellite on 7 May 2013 up to October 2022 shows an
anti-correlation between the proton fluxes and the solar phase. At solar minimum, the fluxes are higher at low
L corresponding to the northern border of the South Atlantic Anomaly (SAA). This solar cycle modulation of
the inner belt is mainly due to losses by increased atmospheric interactions during solar maximum. Strong Solar
Energetic Particle (SEP) events, like in January 2014, June 2015, and September 2017, inject energetic protons
at high latitudes, but not in the inner belt where protons are trapped at long term at low L. Nevertheless, big
geomagnetic storms, including those following SEP a few days after, can cause losses of protons at the outer
border of the proton belt, due to magnetic field perturbations. A double peak in the proton belt is observed
during long period of measurements only for the EPT channel of 9.5-13 MeV. The narrow gap between the two
peaks in the inner belt is located around L = 2. This resembles to a splitting of the proton belt, separating the
SAA into two different parts, North and South. The high-resolution measurements of PROBA-V/EPT allow the
observation of small-scale structures that brings new elements to the understanding of the different source and
loss mechanisms acting on the proton radiation belt at LEO.

1. Introduction

The South Atlantic Anomaly (SAA) is an area where Earth's magnetic field is particularly low. This comes from
the fact that the Earth's magnetic axis is tilted with respect to the Earth's rotation axis by an angle of approxi-
mately 11° and that the axis of the magnetic idealized dipole is located some 400 km away from the Earth's center
(Brekke, 2013). As a consequence, the SAA is also a region where inner radiation belt particles can mirror at
lower altitudes increasing the local particle flux.

Unlike the geographic poles, Earth's magnetic poles are not fixed and tend to wander over time, and in parallel, the
intensity of Earth's magnetic field is varying over time, for example, presently decreasing (Brekke, 2013). Hence
the SAA has been drifting and growing in recent years (Amit et al., 2021; Anderson et al., 2018; Stassinopoulos
et al., 2015), and those secular trends have an effect on the inner belt, especially as observed at Low Earth Orbit
(LEO) (Girgis et al., 2021).

In addition to secular drifts, the inner belt particles are affected by solar cycle variation. In fact, the low-altitude
geomagnetically trapped population is known to be coupled to the atmospheric density through changes induced
by solar activity (Anderson et al., 2018; Bruno et al., 2021b). Protons with energies above a few tens of MeV
mostly originate through the Cosmic-Ray Albedo Neutron Decay (CRAND) mechanism. Because the CRAND
source comes mostly from low geomagnetic latitudes due to high cutoff rigidities, the solar modulation of the
cosmic rays has a relatively small effect on the variability of the trapped protons (Bruno et al., 2021b). The
major variations are due to the atmospheric loss processes, including ionization and scattering of neutral and
ionized atoms, induced by solar extreme ultraviolet (EUV) radiation heating the Earth's upper atmosphere. In
fact, increased EUV during solar maxima leads to higher neutral and ionospheric densities, causing a decrease of
proton fluxes concentrated at low altitudes and L shells.

One of the particularities of the particle fluxes at low altitudes is that the high-energy trapped proton fluxes
are strongly anisotropic, that is, the proton fluxes depend on their arrival direction in the plane perpendicu-
lar to the local magnetic field vector as well as on their pitch angle (angle between their velocity vector and
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Table 1 the local magnetic field vector). The anisotropy manifests itself through a
Energy Ranges Corresponding to Each Resolved Virtual Channel for steep pitch angle distribution and the so-called East-West effect (Borisov

Protons of the EPT Instrument

et al., 2014; Kruglanski, 1996). The pitch angle distribution is due to the

Energy channel number

Protons (MeV) particle gyration around magnetic field lines and their mirroring in an inho-
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mogeneous magnetic field. The East-West asymmetry is caused by the finite

5-1 . . . .
9:5-13 size of the proton gyroradius and the result of the interaction of the protons
o= with the Earth's magnetosphere. Below 2,000 km, the gyroradii of trapped
29-61 protons with energies >1 MeV are comparable to the neutral atmospheric
61-92 scale height. The scale height represents the vertical distance above a plan-
92126 et's surface at which the density or the atmospheric pressure decreases by
126-155 an exponential factor of e = 2.718. This means that during a gyration, the
protons encounter different atmospheric densities, causing differences up to
155-182 . .. . .
an order of magnitude for fluxes arriving from different azimuths (Bruno
182-205 et al,, 2021a).
205-227 S _ _
T Due to all those particularities mentioned here above, studying proton fluxes

in the SAA is very complex. Many parameters need to be taken into account:
proton energy, local position, pitch angle, East-West looking direction, solar
activity level, solar cycle phase and external sporadic disturbances such as
geomagnetic storms or solar energetic particle (SEP) events. When analyzing high energy proton data from
instruments at LEQ, it is important to take those parameters into account like, for example, in Siegl et al. (2010).

In the present work, we revisit the different features of the proton population through analysis of the EPT proton
flux variations over time for different energy ranges. Section 2 briefly presents the EPT instrument and Section 3
the time evolution of proton fluxes since PROBA-V/EPT launch and the penetration of energetic protons at high
L during SEP events. Yearly changes due to solar cycle are analyzed using maps of the SAA close to solar maxi-
mum and minimum in Section 4, for high energy protons including its effect on East-West asymmetry. The topic
of observed effects of SEP and geomagnetic storms on the proton belt is discussed in Section 5. The existence of
a double-peak structure in the inner belt for the first proton channel (9.5-13 MeV) is studied in Section 6. Finally,
Section 7 discusses the results as compared with other satellite observations and conclusions are provided in
Section 8.

2. The EPT Instrument

The Energetic Particle Telescope (EPT) is a charged-particle spectrometer using a stack of 12 sensor layers
including in total 23 silicon detectors that allow to accumulate counts in different physical channels using infor-
mation from deposited energy in the two front layers (detector S1+S3 and S2) in combination with “hit” or
“not hit” information from the 10 other layers (circular detectors DAM1-DAM10 and corresponding anticoinci-
dence rings) (Cyamukungu et al., 2014). The first layer is subdivided into a central sensor S1 (diameter 3.5 mm)
surrounded by an adjacent sensor ring S3 of outer diameter 35 mm. The second layer is composed of one plane
circular sensor S2. The proton flux is obtained in 10 virtual channels (there are 10 others for Helium ions and 6
for electrons) spanning the energy ranges given in Table 1. The fluxes in each virtual channel are obtained after
unfolding of the measured spectra with the efficiency matrix of the detector. It is possible to unfold separately the
information obtained with the S1 and S1+S3 sensors.

The EPT is accommodated on board the PROBA-V satellite launched on 7 May 2013 on a Low Earth Orbit (LEO),
820 km altitude, 98.7° inclination and a 10:30—11:30 Local Time at Descending Node (Pierrard et al., 2014). The
orbital rotation period of the satellite is 101.21 min, so that it revolves 14 times around the globe in 24 hr. The
opening angle of EPT, as defined by the two front sensor layers, is 52°. The EPT is installed on the satellite in
such a way that the symmetry axis of the telescope is pointed East on the night side and West on the dayside
(boresight orientation of the instrument along the orbit). This orientation feature of the mission allows natural
regular sampling of East-West asymmetry of proton fluxes.

The angle between its boresight direction and the local magnetic field, that is, average pitch angle (PA) of
sampled particles, varies usually between 60° and 120°, that is, around 90°, when no off-pointing of PROBA-V
is performed for specific operational reasons or some scientific investigations as for example, proton pitch angle
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Figure 1. Proton flux (color scale) observed by EPT in Ch 2 (13-29 MeV, upper panel), Ch 3 (29-61 MeV, middle panel) and Ch 4 (61-92 MeV) (bottom panel) as
a function of L and time from 7 May 2013 up to October 2022. The vertical white band in the data represents the recalibration period wherein no acceptable data was
acquired. The data are averaged per week and bins of size 0.05 in L.

distribution (PAD) studies (Borisov et al., 2014). The angle between the instrument boresight direction and the
local magnetic field is assumed to give the average particle pitch-angle over the field-of-view in the inertial refer-
ence system. The standard time resolution of the measurements is 2 seconds.

The position of the satellite is provided by the geographic latitude, longitude and the altitude. The Mcllwain
L (1966) and local B-field strength are evaluated using the UNILIB v2.20 (https://www.mag-unilib.eu/) imple-
mentation of the IGRF/Olsen-Pfitzer quiet-time magnetic field model.

Proton spectra measured by EPT have been investigated in Borisov et al. (2014), Benck et al. (2016), and
Lopez Rosson and Pierrard (2017). Other previous studies of EPT data focused more on electron flux variations
during geomagnetic storms (Pierrard & Lopez Rosson, 2016), especially injections of MeV electrons in the inner
belt (Pierrard et al., 2019) and dropouts (Pierrard et al., 2020).

3. Time Evolution of Proton Fluxes Since PROBA-V/EPT Launch

The proton belt is much more stable than the outer (Pierrard & Lopez Rosson, 2016) and inner electron belts
(Pierrard et al., 2019). Proton flux variations are slow in the inner belt, with typical time scale around years, but
during very intense SEP events, energetic protons are injected at high L during a few days.

Figure 1 illustrates the proton flux observed by EPT from the launch on 7 May 2013 up to October 2022, for
three selected channels 2, 3, and 4 of energies, 13-29 MeV, 29-61 MeV, and 61-92 MeV respectively. The
2D-histograms represent the differential proton fluxes (color scale) as a function of the Mcllwain parameter L
(y axis) and time (x axis). No EPT data are available during ~2.5 months from end June to mid-September 2014
due to a needed recalibration (Borisov & Benck, 2019), imposed by a gain change and noise increase in the S3
detection chain. This is represented on Figure 1 by the white region. As consequence, there are some restrictions
as to the use of the data (latest data set available on https://swe.ssa.esa.int/space-radiation):

1. Proton channel 1 [9.5-13 MeV] is based on S1+S3 information before 27 June 2014 and on S1 data alone
afterward. As the size of the S1 sensor is about 100 times smaller than the one of S3, the statistics in the
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Table 2

channels defined with S1 are very low and the data can only be used

The Most Intense Events With pfu >15,000 After Year 2000 (Line 1 to 4) within averages (e.g., integration in time) and not as individual 2 s reso-
Compared With Main SEP Events (With pfu >800) Observed After the lution measurements. The field of view is also different which might give
Launch of EPT (Line 5 to 9)

changes in the observed proton fluxes if the flux is highly anisotropic.

Proton flux (pfu for
E> 10 MeV)

Start date

Dst min (nT) in 2. After June 2014, the proton channel 2 [13-29 MeV] based on S1+S3
Comment  the next 3 days information is highly affected by off-aperture particles and is not useable

14 Jul 2000
04 Nov 2001
22 Nov 2001
28 Oct 2003
22 May 2013
6 Jan 2014
21 Jun 2015
5 Sep 2017
10 Sep 2017

24,000
31,700
18,900
29,500
1,660
1,033
1,070
844
1,490

Very strong ~ —301 (16 Jul) for detailed studies. This abnormality decreases strongly with energy and

Very strong —292 (6 Nov)
Very strong —221 (24 Nov)
Very strong —401 (30 Oct)

becomes definitively negligible for channel 5 [92-126 MeV] and higher.
In the region where SEP events can be observed (L > 3), the lower chan-
nels are replaced by “S1-only” data in the data set with the same limita-
tions as for channel 1 (see Jiggens et al. (2019) for an example of results

—27 (24 May) obtained with averaged “S1-only” data).

—22 (9 Jan) 3. When the flux of >1 MeV electrons is above 20103 cm™2 s~! sr~!, elec-
—198 (23 Jun) tron contamination can be observed in proton channel 2 [13-29 MeV]
and 3 [29-61 MeV] (see small blue vertical bands (thus not very high
flux) in the L = 4-5 region from January 2016 to mid-2017, best visible
for channel 3 (middle panel of Figure 1)).

—122 (8 Sep)
—34 (12 Sep)

Independent of those caveats coming from the detector itself, other features

can be observed on Figure 1 coming from the orientation of the satellite. In
fact, during the last winters, starting end 2019, the satellite is more often re-orientated for its proper needs in such
a way that EPT's pitch angle gets far away from its nominal 90° ending up with an average lower flux in the SAA
(see dips in the band 1 < L < 2.5 representing the proton belt).

Figure 1 shows that there are proton flux injections at high L only when there are SEP events (see the vertical
lines at L > 3, in green for the strongest events). While the geomagnetic activity is high during 2015 (Pierrard
& Lopez Rosson, 2016), SEP events are observed mainly at the beginning of the EPT flight, more specifically
in 2013 and 2014. Later, SEP events are more spaced in time and appear mainly in 2015 and 2017. Note that no
strong SEP event occurred after September 2017 until October 2022. Very few of these SEP injections barely
seem to reach the proton belt extending down to L ~ 3 for channel 1 and at lower L for higher energies (Benck
et al., 2016). Some events, especially the two biggest ones of June 2015 and September 2017, inject energetic
protons to lower L than the others, and include a strong proton population with energies >13 MeV (Ch 2, upper
panel). For Ch 3 (middle panel), high L injections are observed only in January 2014 and September 2017, and
also on 22 May 2013 just after the launch of EPT. Since within a SEP event, the flux of protons generally strongly
decreases with energy, the channels above 61 MeV (from channel 4 on) are only affected by very strong events.
Note that end May 2013, the EPT was still in its commissioning phase and the energy limits for the particle clas-
sification were not fully optimized, hence the appearance of a strange shape between L = 4 and 5 which is due
to misclassified high energy electrons. Later, after the recalibration in September 2014, such structures reappear
when the fluxes for electrons with E > 1 MeV are above 2¢10° cm~2s~! s,

We show in Table 2 the intensity (in particle flux unit (pfu) at energy >10 MeV, 1 pfu =1 pcm=2 sr~! s7!) of the
main SEP events observed during the launch of EPT and the most intense events after the year 2000 for compar-
ison (from https://umbra.nascom.nasa.gov/SEP/). One can see that even the most intense SEP in September 2017
is very moderate in comparison to the events appeared in November 2001 and October 2003. In the past, only the
very strong SEPs did highly affect the L < 3 region due to the injection of energetic protons (Baker et al., 2018).
Note that SEP events are not always associated to geomagnetic storms: around 75% of the SEP events from 1978
to 2022 are followed by geomagnetic storms with Disturbed Storm Time index Dst < —50 nT during the next
3 days (Ameri & Valtonen, 2019), but this is not systematic, as shown in the last column of Table 2.

4. Evolution of Proton Fluxes in the SAA With the Solar Cycle

Within this section, we study the proton belt as observed by the EPT from the maximum of solar cycle 24 (in
2014) to the following minimum (in 2019) and look what changes it undergoes within this solar cycle phase
during the covered time period June 2013-October 2022.

Figure 2 shows the evolution of the average monthly sunspot number from 2000 to 2022, thus including part of
the solar cycle 23 and the complete solar cycle 24 that started end 2008 and ended in December 2019 (retrieved
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Figure 2. Monthly averaged sunspot number, as a function of time (blue dots connected by continuous blue lines). The
purple diamonds show the maximum proton flux as measured by GOES spacecraft at Geosynchronous orbit during each SEP
event with pfu>100, with the corresponding scale given by the axis on the right. The fluxes are integral 5-min averages for
energies >10 MeV. Some important dates in the EPT data analysis are also shown (see text).

from http://www.sidc.be/silso/datafiles). It indicates that the solar activity was around maximum in 2014 and
reached minimum in 2019. The purple diamonds in Figure 2 show, for listed SEP events (https://umbra.nascom.
nasa.gov/SEP/), the maximum 5 min averaged proton (E > 10 MeV) fluxes as measured by GOES spacecraft at
Geosynchronous orbit.

The nominal period for EPT data acquisition lasts from 24 June 2013 (orange) to 27 June 2014 (gray line),
and corresponds to the solar maximum. Many SEP events are observed during this period of 2013-2014. The
recalibration period of EPT lasted from 27 June 2014 (gray line) until 15 September 2014 (yellow line). After
this period, the declining phase of solar activity started. The minimum corresponds to end 2019 (green line for
15 October 2019) with the new solar cycle 25 starting in December 2019. While many geomagnetic storms are
observed during this declining period (Pierrard & Lopez Rosson, 2016), only 2 big SEP events are observed, in
June 2015 and September 2017. The blue and green lines indicate the middle of two months that are selected for
analysis in the next section, that is, 15 October 2014 (representative of solar maximum) and 15 October 2019
(representative of solar minimum). For these months, the geographical maps of observed EPT fluxes are drawn
on Figure 3. This allows us to get a global view on the long-term variation of the proton flux trapped in the SAA
at 820 km.

4.1. Geographic Maps of the Flux Variations in the SAA for Protons With E > 60 MeV

Figure 3 shows the proton fluxes measured by EPT Ch 5 (92-126 MeV) in the SAA, monthly averaged in bins
4° x 4°, for October 2014 (solar maximum) in the upper panel, for October 2019 (solar minimum) in the middle
panel, and the flux ratio 2019/2014 in the bottom panel. The data is shown for night side when EPT is looking
East to avoid East-West asymmetry and for boresight orientation 80° < PA < 100° to avoid any variation due to
steep PAD. This is the reason why different areas have no measurements and are left blank. The (almost) horizon-
tal black isolines correspond to constant L values, with low L close to the equator. The bold (almost vertical) black
lines are parts of trajectories showing how EPT crosses the SAA during night passes. The pink ovals correspond
to the isolines of the magnetic field (B) intensity, with low values in the center of the SAA.

From the bottom panel of Figure 3 showing the flux ratio of 2019/2014, it can be observed that the fluxes at low
L (<1.22) and high B, corresponding to the northern border of the SAA, increase by a factor up to times 3 during
minimum activity (see red regions). In the same way, the north eastern and western part also show flux increase,
but to a lesser extent (see green regions). Thus, from 2014 to 2019, the flux increases at low L. On the contrary,
in the South part of the SAA, along L = 1.7-2, the flux has decreased in 2019 by a factor 1.5-2 (see dark blue
region). Here, it must be mentioned that all these regions include flux measurements with low statistics. However,
such behavior is observed at all energies above 60 MeV, and also when other months are used provided they are
spaced enough in time to make the long-term small variations visible.

From 2014 to 2019, the flux at L < 1.25 increases in anti-correlation with the solar activity, as shown by the red
and green regions corresponding to the Northern part of the SAA. Different spectral characteristics in North and
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Figure 3. Geographical maps of the monthly averaged proton flux in Ch 5: (a) October 2014, (b) October 2019, (c) ratio of 2019 data divided by 2014 data. The
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90° + 10°. Iso-L lines and Iso-B lines are shown by black and pink lines respectively.
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South parts of the SAA were already noted in Pierrard et al. (2014) and Lopez Rosson and Pierrard (2017), but
without clear identification of the origin. The observed modulation of proton fluxes at low altitude and at low
L associated to the solar cycle seems mainly due to the influence of the atmosphere. During solar maximum (in
2014), the atmosphere extends to higher altitudes and causes more important loss of protons. Atmospheric loss
may thus explain the lower fluxes observed in 2014 compared to 2019.

In the region of highest L (like L = 2) corresponding to the outer edge of the proton belt and the South part of the SAA,
the flux at lowest B for high energy protons (E > 60 MeV) is on the contrary showing a decreasing trend when going
toward solar minimum. This may be related to geomagnetic activity and will be discussed in more details in Section 5.

The observation of the atmospheric effect is in good agreement with other long-term measurements at low-Earth
orbit (LEO) like SAMPEX (Heynderickx et al., 1999; Pierrard et al., 2000) or POES (Li et al., 2020), for which
clear solar cycle variations of the proton fluxes are observed and anti-correlate with the solar activity marked by
the sunspot number. The atmospheric density varies with the 11-year solar cycle so that the low L proton popula-
tion is lower during high solar activity. The solar cycle modulates the flux at the border of the SAA. During solar
maximum, the flux decrease is mainly due to this enhanced atmospheric loss.

In addition to the lower extension of the atmosphere during solar minimum, the slow increase of radiation belt
proton fluxes from 2014 to 2019 may also be influenced by CRAND (Selesnick et al., 2014). The most energetic
particles of the galactic cosmic rays (GCR) interact with neutral atoms in the upper atmosphere and produce ener-
getic albedo neutrons which decay into protons, electrons, and antineutrinos (Li et al., 2021). Because they are
electrically charged, some of these electrons and protons become geomagnetically trapped at low altitude in the
inner belt region. The protons retain most of the kinetic energy of the neutrons, while the electrons have lower ener-
gies (Li et al., 2017). Atmospheric neutrons generated by cosmic rays (>GeV) are detected by neutron monitors at
the surface of the Earth. They show a variation of ~20% over the 11-year solar cycle, due to the modulation of the
parent cosmic rays by the solar wind. GCR are more intense during the quiet period of 2018 and 2019, so that this
source mainly explains the increase of the fluxes. Nevertheless, the magnitude of the flux variation is much greater
than the solar cycle variation of atmospheric neutrons that are the source of these trapped protons (Li et al., 2021),
so that effects of the terrestrial atmosphere seem to dominate in the solar cycle modulation at low altitude.

4.2. Modulation With Solar Phase: Shifted Anti-Correlation

Figure 4 shows the time evolution of the flux in three bins corresponding to different parts of the SAA. Different
energies are selected to show that the trend is observed over a large energy range. The first bin is located at the top
border of the SAA at low L = 1.23 and B = 0.18 (top panel). The flux shows a clear anti-correlation with the solar
cycle, thus is at minimum in 2014-2015 and slightly increases until 2019. The second bin is located in the center
of the SAA (L = 1.33, B =0.168) (second panel). No long-term variation is observed in this bin. The flux varia-
tions seem to be limited to the boarders of the SAA. These trends at these two locations look common to all the
energy bins. At the southern border of the SAA corresponding to higher L (L = 2.13 in the third panel), that is,
the outer boarder of the inner belt, the flux is anti-correlated with the solar cycle but with a larger time delay, the
minimum being observed during a longer period than in the northern border. At high L, the flux continues to be
low up to mid-2018 when it starts to increase. At this position, this trend can only be observed up to 90 MeV as the
flux of the higher energies has fallen off to a level that no observations can be done. The lowest proton energy bin
observed by EPT shows however a different scenario as will be shown in Section 5. So, the origin of this delayed
minimum is supposed to be related to the processes involved that regulate the proton population in the inner belt
and that divide the inner belt in a region where high energy protons (>60 MeV) are abundant and a region where
they are absent (see Section 5). Note that here again, a selection has been made to avoid the effects of the East
(night) and West (day) directions of the instrument: (a) boresight orientation, that is, PA of the viewing direction
with respect to the magnetic field between 80° and 110°; (b) only night side data is included, that is, EPT is looking
East. For dayside data (EPT looking West), the viewing direction of EPT does mostly not fulfill the PA condition.

4.3. Atmospheric Effect and East-West Asymmetry

Figure 5 shows maps of proton flux as a function of the invariant altitude (location of the mirror points) versus
magnetic latitude for November 2014 (top panels) and October 2019 (bottom panels). This coordinate system was
introduced by Cabrera and Lemaire (2007) to map the radiation belt fluxes in the low-altitude environment. Left
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Figure 4. Time series of proton flux (weekly averages) in the SAA at three different positions for different energies. One from the northern border at low L = 1.23 (a),
one from center at L = 1.33 (b) and one from the southern border at L = 2.13 (c). The fluxes present night-side data with boresight orientation 90° + 10°. The pink
bands indicate the time periods where the EPT was in its commissioning phase or recalibrated. The gray bands highlight the time periods where no data exist for the
pitch angle selection. The bottom panel (d) shows Dst as a function of time and the red triangles indicate the occurrence of SEP events.

panels correspond to west direction, right panels to east direction. The figure shows that the mirror points are lower,
that is, have a lower invariant altitude, when looking west and during solar minimum (bottom panels), although less
pronounced. This can be observed especially for the lowest L values (see the invariant altitude line 1,200 km for
instance). This illustrates that it is important to not mix east- and west-looking data for energetic protons at low orbit.

At low altitudes, the high-energy trapped proton fluxes are strongly anisotropic because they are controlled by the
density distribution of the Earth's atmosphere that induces a steep pitch-angle distribution. The East-West effect
caused by the finite size of the proton gyroradius was already pointed by Kruglanski (1996) for instance.
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Figure 5. Invariant altitude versus magnetic latitude map for proton channel 4 [61-92 MeV]. The color scale is particle flux in s™' cm=2 sr~! MeV~!. Top left panel:
November 2014 day, looking West, Top right: November 2014 night, looking East, Bottom left: October 2019 day, looking West, Bottom right: October 2019 night,
looking East. The isolines of L and B are also shown in black and brown respectively.

Figure 6 illustrates the averaged proton fluxes measured by the EPT as a function of B/B, where B, = 0.311653/L3
(Gauss). B, is the magnetic field intensity at the equator of the magnetic shell L. It shows that the East-West
asymmetry is strongest for low L values (top panels) and increases with energy (right panels). While for the
lowest L, both regime regions (cf. blue curve with two slopes) are affected by the solar phase change, showing
higher flux at solar minimum, at high L only the fluxes in the region where atmospheric interactions are dominant
are significantly increased during solar minimum.

4.4. Pitch Angle Distribution

The particle flux is nominally reconstructed within the isotropic flux assumption, that is, the efficiency matrix
is simulated by assuming isotropic flux at the aperture. But the higher the proton energy, the narrower the Field
of View (FOV), that is, FOV = 52° as defined by the front sensor “S1+S3” and second sensor S2 (for the first
channel 9.5-13 MeV) and FOV = 35° as defined by “S1+S3” and the fourth DAM (for the channel 92-126 MeV)
(Cyamukungu et al., 2014).

So with EPT, especially for the high energies, the flux corresponds much closer to the J(90°) flux (with
J(a) = J(90°)-sin"(a), o is the pitch angle) rather than to omnidirectional flux, hence the higher flux levels
observed.
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Figure 6. For two time periods (October 2014 and October 2019), for the two orientations of the satellite (West in red, East in black), averaged proton fluxes measured
by the EPT in the 61-92 MeV (left panels) and 92—-126 MeV (right panels) energy channel for L = 1.22-1.23 (top panels), L = 1.26—1.27 (middle panels) and L = 1.46—
1.47 (bottom panels) as a function of B/B,. The two-slopes blue line across black points (night time measurements) aims to show the two regimes of dominant proton
interactions: with magnetic field (at lower B/B,)) and upper atmosphere (at higher B/B,)).

If the dominant interaction is with the magnetic field, then assuming J(a) = J,, sin"(a) for PAD (here J, = J(90°))
and sin*(q,) = sin’(a) B/B,, (where a,, is the equatorial pitch angle), one can express the flux in this form:

J(@) = Josin"(ao)(B/ Bo) ™"

The distribution of J(a) versus B/B, in log-log scale is located around a line with a slope —n/2, for instance
on Figure 6, this corresponds to the slope of the left part of the blue curves. The n values obtained here are of
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Figure 7. (a) Proton differential flux observed by EPT in Ch 1 (9.5-13 MeV) as a function of L and time from 21 February to 11 April 2015 (upper panel). The bin
size in L is 0.05 and the bin size in time is 0.5 day. (b) The EPT derived integral fluxes for protons of E > 10 (black), >50 (red), and >100 MeV (blue) for the same time

period. (c) Dst variation showing the up-to-now largest Dst decrease during PROBA-V mission.

the order of 20 but with very high uncertainty. Given the imprecision that arises from this method, it was not

possible to perform any study of change in PAD with the solar cycle. A detailed study of PAD based on targeted

re-orientation of the satellite in 2014 can be found in Borisov et al. (2014).

5. Effects of SEP and Geomagnetic Storms

Within this section, we revisit the proton population as observed by EPT from June 2013 to October 2022 and

look at how the proton belt is affected by geomagnetic activity and SEP events during that time period.

Geomagnetic storms following SEP may have an effect on the outer edge of the proton belt, as it can be observed

in Figure 7 (see upper panel) which shows proton data during the strongest geomagnetic storm (Pierrard &

Lopez Rosson, 2016) of solar cycle 24, appearing on 17 March 2015, reaching a Dst index of —223 nT (Figure 7c,

Dst data retrieved from https://wdc.kugi.kyoto-u.ac.jp/). One can see in Figure 7a that it is associated to a SEP

event of small intensity arriving a few days before and injecting protons of E < 50 MeV at high L. The data from

Figure 7b represent pass-averaged flux time series derived from EPT, a pass starting when L > 6 over a polar

region (data downloaded from https://swe.ssa.esa.int/space-radiation). This event was not reported as a SEP event

(on https://umbra.nascom.nasa.gov/SEP/), because the flux is lower than the threshold of 10 p* cm™s

~25-1sr~! that

has been chosen to register the SEP event within the database. In fact, it appears as very faint event in Figure 7a

as compared to other SEP events appearing during the flight of PROBA-V.
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Figure 8. (a) Proton differential flux observed by EPT in Ch 2 (13-29 MeV) as a function of L and time from 17 August to 4 October 2017. The bin size in L is 0.05
and the bin size in time is 0.5 day. White regions signify that no data was available for those bins, either due to anomaly in satellite operation (white bands) or data
filtering procedure (individual bins). (b) The EPT derived integral fluxes for protons of E > 10, >50 and >100 MeV and (c) the Dst variation for the same time period.
A vertical blue line is drawn to facilitate the identification of occurrence of the Dst (geomagnetic) storm event with respect to the SEP event.

The SEP injection of protons at high L values started on 15 March 2015, thus a few days before the geomagnetic
storm started, with a strong Dst decrease during the night from 16 to 17 March. The SEP injection did barely
reach the L = 4 region. However, in combination with the onset of the storm, the reduction of the outer edge of
the inner proton belt, decreasing suddenly from L = 3 to L = 2.7 associated to the compression of the magnetic
field during the storm can clearly be identified.

A similar decrease of the outer edge of the proton belt is also seen during the event of September 2017 (Figure 8).
Panel (a) shows that this SEP event is much more intense than the 2015 event and that even protons of energy
>100 MeV are observed (Figure 8b). For the energies <30 MeV, SEP protons reach down to L ~ 3. Once the
interplanetary shock arrives at the spacecraft, the accelerated protons of the SEP seem even gain access to the
inner belt. However, it does not last for long and when the second decrease in Dst occurs, the outer edge of
the belt erodes to a level that is inside the original outer edge. Associated to the easier access of SEP protons at
low L, inner belt protons are lost at its outer edge. This has been observed previously: depending on the magnetic
perturbation and SEP injections, additional protons can be trapped in the inner belt or on the contrary protons can
be lost (Selesnick et al., 2010). The limit of the magnetic trapping of the protons depends on the gyroradius of the
protons that has to be sufficiently low to have a periodic motion (Maget et al., 2013). When the magnetic field
is disturbed, non-adiabaticity and violation of the guiding center approximation can result in their loss (Pierrard
et al., 2021). This is here observed at the outer edge of the proton belt, essentially for protons of Chl and Ch2,
because their edge is at L > 2.5 and their fluxes are relatively high. In fact, the sensitivity in flux of EPT for higher
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energies may be a reason that such phenomena cannot be observed for E > 30 MeV, yet it cannot be excluded that
the depletion in flux as observed at higher L in Figure 3 comes from multiple erosion events occurring during
solar declining phase and that annihilates somehow the flux increase due to changes in extension of the atmos-
phere, especially that those particles have the largest gyroradius.

Accordingly, such losses can be attributed to the disruption of the adiabatic particle motion due to distortion
of the magnetic field, specifically by increase of the field line curvature. Such losses due to the magnetic field
perturbation can happen even without significant SEP event, only due to geomagnetic storms that can be gener-
ated by other solar events not including energetic particles, like Corotating Interaction Regions (CIR) for instance
(e.g., Rouillard et al., 2021 for a review). The maximum L of trapped protons, that is, the extension of the
proton belt, can be related to the trapping limits estimated from magnetic field line curvature. Rapid magneto-
spheric compression can cause solar proton injections and radial shift of preexisting trapped protons (Selesnick
et al., 2010).

For the two events shown here, it could be observed that the loss of radiation belt border protons was higher for
the 2015 event than for the 2017 event, linked certainly to the higher intensity and hence compression within the
2015 storm.

6. Structures in the SAA at Low Proton Energies
Within this section a special feature observed at low proton energy <15 MeV will be emphasized.

Figure 9a shows 2-s resolution data taken along the orbit as a function of L for the region 1 < L < 6 (all B
included) during the time period 1/1/2014-31/3/2014. On this graph, the coverage of the 9.5-13 MeV protons
of EPT (blue dots in top panel) is particular because it registered the presence of two peaks separated by a little
dip around L = 2. This phenomenon is observed immediately after the launch of PROBA-V and during all the
observation period, but only for this low energy channel. The points observed above L = 4 originate from a SEP
event that occurred during January 2014.

The double peak is unexpected because it is not obtained by the AP8 model (Vette, 1991), as illustrated in the
bottom panels of Figure 9 for maximum (panel b) and minimum (panel c) solar activity. These panels show the
differential proton flux as a function of L as calculated from runs on SPENVIS (www.spenvis.oma.be/) for a
helio-synchronous polar orbit at 820 km altitude, for different energies corresponding to those of EPT channels.
Note that AP8 predicts omnidirectional integral fluxes, and hence the differential unidirectional (per steradian)
fluxes are calculated from the AP8 model. The passage from integral to differential fluxes is simply done by linear
interpolation and for the passage from omnidirectional to directional fluxes, an isotropic flux is assumed (division
by 4-x sr). No correction like suggested by Badhwar and Konradi (1990) for flux anisotropy was applied. The
fluxes of EPT are also unfolded under the assumption of isotropic flux. Therefore, some difference in absolute
height may appear, also due to the fact that the higher the proton energy in EPT, the lower the FOV within which
the particles are detected, hence the somewhat higher fluxes observed for EPT with respect to AP8 based data.

Figure 9a suggests that there are two populations within the proton belt: (a) the population below L = 2 where the
high energy protons are also significantly present and the proton spectra are relatively flat and (b) the population
above L = 2 where the low energies below 10 MeV largely dominate and the proton spectra are rather steep. The
origin may be either different source of particle production, different loss processes or a combination of both.
More information about this is given in the discussion Section 7.

The second peak in Ch 1 (at L > 2) looks like an “additional” belt in the South part of the SAA, as illustrated in
the map on Figure 10. In the top panel, corresponding to Ch 1, the South part of the SAA is more extended (see
the red region that extends up to L = 2.5) than what is observed in higher energy channel (see bottom panel for
Ch 2 in Figure 10). For the proton channel £ = 9.5-13 MeV (upper panel), a slight valley can be observed in the
region L ~ 2. For the proton channel E = 13-29 MeV, the flux in the region L > 2 has significantly decreased.
The black lines show ascending trajectories of the EPT when traversing the SAA.

The particularity of the SAA southern region gets even more highlighted when looking at Figure 11. Note that
this time, the analyzed data come from the period after recalibration of the EPT and therefore the channel 1 data
is based on information when the protons has passed only through S1 and then hit S2. The statistics in the channel
after 2 s integration time is very low and therefore the average is done over a longer period than for Figure 10,
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Figure 9. Top panel: Differential 2-s resolution proton flux as a function of L as observed by the EPT on-board PROBA-V (time period 1/1/2014-31/3/2014).
Bottom panels: Differential proton flux as a function of L as result of the AP8-MAX (b) and AP8-MIN (c) model (Vette, 1991), from a run on SPENVIS for a
helio-synchronous polar orbit at 820 km altitude.

that is, 2 months. Also, to get a coherent comparison, the S1 data were corrected (renormalized) to take into
account the difference in FOV which is important when analyzing data in a region where the fluxes have a steep
PAD (Borisov & Benck, 2019). Between January 2014 (top panel of Figure 10) and October/November 2014 (top
panel of Figure 11), the situation has roughly not evolved. However, the layout of the SAA for channel 1 changes
significantly from end 2014 (solar maximum, top panel) to end 2019 (solar minimum, middle panel of Figure 11),
with the southern region getting a strong enhancement in low energy protons. A factor 3 is observed at the north-
ern edge of the SAA and around L = 2 when comparing 2019 with 2014 (see red regions in Figure 11c). This
increase is also visualized in Figure 12 where one (B, L) bin close to the valley has been chosen as illustration.
This figure shows that the increase is continuous and not especially associated to specific events.

7. Discussion With Respect to Previous Observations

Earlier satellites had detected multiple proton belts in the nineties. SAMPEX showed the formation of several
proton belts after the big SEP events of 1998 and 2000 (Lorentzen et al., 2002). CRRES observed that the March
1991 storm created a second, stable high energy belt above L = 1.8 for protons of 42 MeV, with peak flux values
exceeding pre-storm values by an order of magnitude (Albert et al., 1998). Intense fluxes of low energy protons
down to L = 1.35 were reported by Parsignault et al. (1981) from 1972 to 1976. ICARE on board SAC-C observed
an increase of 10 MeV protons flux in the South part of the SAA clearly due to the 31 March 2001 SEP event
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Figure 10. Geographical maps of the SAA, observed in January 2014 by EPT for two proton energies: Ch 1 (9.5-13 MeV, top panel) and Ch2 (13-29 MeV, bottom
panel). Nightside data with boresight orientation 90° + 10° were selected. Please refer to the caption of Figure 3 for explanations on color scale and lines.

(Falguere et al., 2002; Girgis et al., 2022). But it is the first time that multiple belts, associated to a splitting of the
SAA, are observed at long term in this specific energy range and more recently at LEO. The advantage of EPT in
comparison to other detectors at LEO is that it directly measures the differential flux in a set of channels with a
good defined FOV. Since these small-scale structures may appear only for some specific energies, they cannot be
easily detected in integral flux measurements. Observations in regions of high energy radiation are particularly
complicated due to possible contaminations.

The NASA Van Allen Probes (VAP, also called Radiation Belt Storm Probes) mission (Mauk et al., 2012) has
been launched in 2012 and operated simultaneously with EPT. The data sets of EPT and VAP allow to perform
unprecedented studies of the radiation belt electron and proton variability in response to solar activity and during
the same periods of time. The orbit of VAP is completely different from PROBA-V: VAP flied on a low inclina-
tion (10°) elliptical orbit ranging from 600 to 30,600 km with a period of 9 hr and traversing the inner belt very
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Figure 11. Geographical maps of the averaged proton flux in Ch 1: (a) October and November 2014, (b) October and
November 2019, (c) ratio between 2019 and 2014 data. The bold black lines are parts of trajectories showing how EPT
crosses the SAA during night passes from south to north. The gray areas are those where the fluxes are below minimum, that
is, 1072 s~ cm~2 sr~! MeV~!, and the white areas are those where no data fulfill the selection criteria: night side data with
boresight orientation 90° + 10°. Iso-L lines and iso-B lines are shown by black and pink lines respectively.
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Figure 12. Time series of proton flux (weekly averages) in the SAA at one position in the southern part of the SAA: L =2.09 + 0.01 and B = 0.188 + 0.02 G. The
fluxes present night-side data with boresight orientation 90° + 10° (upper panel). The bottom panel shows Dst as a function of time and the red triangles indicate the
occurrence of SEP events. The statistics in the flux data has changed after 15 September 2014 due to the change in FOV (change in detector configuration, please see
text), hence the increased data spread.

quickly. Conjunction regions only exist at L < 1.5 (Pierrard et al., 2021). In addition to the different orbit, the
proton energy channels of REPT (Relativistic Electron Proton Telescope) (Selesnick et al., 2016) ranging from
18 to 78 MeV are also different from EPT, complicating the direct comparison.

Close to the equatorial plane, the VAP/REPT fluxes for E < 32 MeV showed a two-peak structure evolving
with time with a valley located around L = 1.7 (Selesnick & Albert, 2019). The fluxes observed by VAP/REPT
decrease with time from October 2013 to August 2015 at L < 1.6 but increase at L > 1.7 corresponding to the
second peak (see Figure 2 of Selesnick et al., 2016). An increase in flux at L > 1.7 is also seen in EPT but only
significant (due to statistical uncertainty) when looking over a larger time frame (see Figure 11c southern part of
the SAA for isolines L > 1.7).

In the study of Selesnick et al. (2016), REPT with its FOV of 32° was measuring protons with pitch angles around
90°, that is, the protons that mirror near the magnetic equator. Those protons were measured at high altitude
except when L < 1.5 (possible conjunction region). On the other hand, EPT mainly measures protons that have
small equatorial PA as only those can reach low altitude. The behavior of these protons may be different. For
example, the equatorial mirroring protons measured by REPT at L > 1.2 are obviously not affected by solar cycle
variation, that is, the atmospheric and ionospheric density. This is very different from measurements taken at
highly inclined LEO like PROBA-V/EPT that shows variation with solar cycle, as also confirmed by SAMPEX
or POES for instance (Li et al., 2020). Also, the observed flux variations are dependent on L and B.

8. Conclusions

Since May 2013, the EPT spectrometer on-board PROBA-V provides high-resolution proton flux measurements
in the space environment of the Earth. In the present work, we analyze the long-term and short-term evolution of
the proton fluxes for different energy ranges and determine the causes of the time variations to identify the mech-
anisms of sources and losses that influence their changes with time. Very few clean measurements of differential
proton fluxes at LEO are available at different energy ranges above ~10 MeV during the last years. That is why
EPT measurements provide new results in this field, such as the splitting of the SAA observed for the energy
<15 MeV at LEO.
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Indeed, only for Ch 1 (9.5-13 MeV), a stable double peak structure is observed by EPT with a gap at L = 2. This
corresponds to a long-term splitting of the SAA in this energy range and a higher extension of the south part of
the SAA. Such a long-term splitting of the SAA at LEO was never reported before and could be identified with
the high-resolution measurements of differential fluxes made by EPT.

In addition, analysis of long-time variations showed an anti-correlation (although time-shifted) between the
proton fluxes and the solar activity at all energies of EPT at the border of the SAA, most strongly observed at
L < 1.25 and L ~ 2.1. The low flux at low L in 2014 (solar maximum) can be attributed to atmospheric loss
at the lower edge of the proton belt. During the decreasing phase till the solar activity minimum in 2019, the
fluxes slightly increase due to the lower extension of the atmosphere allowing to the protons to penetrate deeper.
CRAND may also play a role, with different effects depending on the energy and the L-shell.

SEP events increase the fluxes at high L during a few days, but do not inject fluxes in the SAA during the period
of observations of EPT (2013-2022). Nevertheless, the most intense geomagnetic storms decrease the extension
of the inner belt, best observable at the lowest energies. This effect is particularly visible after the geomagnetic
storm of March 2015 and the storm appearing a few days after the beginning of the September 2017 SEP event.
The arrival of many of such storms during the declining phase of the solar cycle may compensate somehow
the flux increase due to the favorable atmospheric conditions (lower atmospheric loss) when solar minimum
approaches. This effect is observed to be energy dependent.

Data Availability Statement

EPT data are publicly available on the Space Situational Awareness website of ESA http://swe.ssa.esa.int/space-ra-
diation. The list of the SEP events is available on https://umbra.nascom.nasa.gov/SEP/. Dst data was retrieved from
https://wdc.kugi.kyoto-u.ac.jp/ and sunspot number data was downloaded from http://www.sidc.be/silso/datafiles/.
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