
1. Introduction
Magnetospheric perturbations driven by the solar wind cause substantial fluctuations of outer belt electron 
fluxes over short timescales. Such events are called dropouts. During these depletion events, the electron 
flux > 0.1 MeV can drop by several orders of magnitude in less than a few hours, often during geomag-
netic storms (Turner et al., 2012). Reeves et al. (2003) performed a pioneering study of the variations of 
1.8–3.5 MeV electron fluxes to geomagnetic storms from 1989 through 2000. They found that 53% of the 
storms caused an enhancement of the fluxes of electrons at geosynchronous orbit in comparison to the 
prestorm flux, 19% caused a decrease in fluxes, while 28% resulted in no significant change of fluxes. Benck 
et al. (2013) also analyzed statistically electron flux observations from DEMETER and SAC-C at Low Earth 
Orbit (LEO) during quiet and disturbed periods and developed a transient observation-based particle (TOP) 
model.

Many storms were later studied with Van Allen Probes launched in September 2012 (cf. review of Ripoll 
et al., 2020 and more specifically, the introduction of Turner et al., 2019 for a review on studies dedicated 
to storms). Turner et al. (2019) made a very complete analysis of the flux evolution during 110 storms that 
occurred between September 2012 and September 2017. It complemented the study of Turner et al. (2015) 
in which the authors had analyzed 52 storms from September 2012 to February 2015. For 1.5 MeV electrons 
at L = 6, they found 39% of the storms resulted in an enhancement, 26% resulted in depletion, and 35% 
resulted in no significant change in relative levels of the prestorm and post storm electron fluxes. They 
also reported that MeV electrons had the highest occurrence of dropout mainly at L > 4. Moya et al. (2017) 
considered 78 storms between September 2012 and June 2016. They observed that more intense storms 
caused the radiation belt to move inward toward the Earth. For 1.8 MeV electrons at L = 6, they showed 
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and alpha particles. Electron flux dropout events are observed during the main phase of each storm and 
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45%, 32%, and 23% probability of enhancement, depletion, or no-change 
response, respectively. Katsavrias et al. (2019) made a statistical analysis 
of 8 dropouts and 20 enhancement events, due to Coronal Mass Ejections 
or Corotating Interaction Regions driven storms from September 2012 to 
April 2018, showing the variation dependence on the energy and L.

In the present work, we study storms with EPT/PROBA-V at 820 km from 
May 2013 to end December 2019. To expand on previous works made 
about storms, we consider here:

 (1)  how low in L do the flux dropouts extend (this will be called Lmin)
 (2)  how low in L are enhancements seen (this will be called Lm), and
 (3)  the relationship between the inner edge of the outer belt and the 

plasmapause location

Previous Energetic Particle Telescope (EPT) observations during storms 
were presented in Pierrard and Lopez Rosson (2016), Lopez Rosson and 
Pierrard (2017), and Pierrard et al. (2019). LEO observations allow to ob-

serve a storm with a ∼2 h period, which is a major advantage to observe fast dynamics, offering a measure-
ment of a given field line each 30 min compared with equatorial observations of the NASA Van Allen Probes 
(noted RBSP in following, standing for Radiation Belt Storm Probes, the original name of the mission before 
its launch), for which a given field line is crossed every ∼4 h (Mauk et al., 2012).

2. PROBA-V/EPT Observations
The EPT instrument has been developed to obtain the best discrimination between the particle species and 
determine uncontaminated particle spectra useful for space weather predictions (Cyamukungu et al., 2014). 
The instrument includes a low-energy section, consisting of two silicon detectors, and a high-energy section 
composed of 10 Digital and Absorber Modules, each of these composed by a sheet of an absorber material 
and a silicon sensor. EPT was launched on May 7, 2013 to a LEO polar orbit at an altitude of 820 km onboard 
the ESA satellite PROBA-V with an inclination of 98,73°, an orbital rotation period of 101.21 min and 10:30 
a.m. as nominal local time at the descending node (Pierrard et al., 2014). The detector measures the particle 
fluxes for 7 virtual channels for electrons, 11 channels for protons, and 11 channels for helium ions. Table 1 
summarizes the different energy ranges corresponding to each virtual channel for electrons used in the 
present study.

The EPT detects the particles penetrating via the aperture cone with an opening angle of 52°. The EPT on 
board the PROBA-V satellite is oriented West when in daylight and oriented East when in eclipse. The angle 
between its boresight direction and the local magnetic field varies between 60° and 120°, that is, around 90°, 
when no off-pointing of PROBA-V is performed for specific operational reasons or some scientific investiga-
tions as for example pitch angle distribution 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 reference system. While a range of pitch angles is sampled within the field-of-
view, Cunningham et al. (2020) found that the detector count rate appears to be dominated by electrons that 
mirror at the satellite location.

The McIlwain (1966) and local B-field strength are evaluated using the UNILIB v2.20 (http://trend.aerono-
mie.be/NEEDLE/unilib.html) implementation of the IGRF/Olsen-Pfitzer quiet-time magnetic field model.

Figure 1 illustrates the electron fluxes observed by EPT from May 21, 2013 (a few days after the launch 
on May 7, 2013) up to December 31, 2019 (horizontal axis) for Channel (Ch) 1 (500–600 keV) and Ch 5 
(1–2.4 MeV), as a function of the McIlwain parameter L in Earth radii (vertical axis). The observed disturbed 
storm time (Dst) index is given in the bottom panel.

One can see that the flux in the inner belt is quite low in 2013 (except just after the launch), and increases 
significantly in 2015, starting in January 2015 and even more highly in March and July 2015 (Pierrard & 
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Energy channels Ch Electrons (MeV)

1 0.5–0.6

2 0.6–0.7

3 0.7–0.8

4 0.8–1.

5 1–2.4

6 2.4–8

7 8–20

Abbreviation: EPT, Energetic Particle Telescope.

Table 1 
Energy Ranges Corresponding to Each Virtual Channel of the EPT 
Instrument for Electrons

http://trend.aeronomie.be/NEEDLE/unilib.html
http://trend.aeronomie.be/NEEDLE/unilib.html
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Lopez Rosson, 2016). Storms, characterized by inverted peaks of Dst, inject regularly 500 keV electrons in 
the inner belt, especially in 2015, and another big storm injected electrons in the inner belt in September 
2017. Later, the storms do not reach the inner belt (except the one of August 26, 2018) and the inner belt 
flux decreases continuously during the last year. For the energy range (1–2.4) MeV, injections in the inner 
belt appear only during the strongest storms (Pierrard et al., 2019), that is, March 2015, June 2015, and Sep-
tember 2017, in good agreement with RBSP observations for similar energy (Claudepierre et al., 2019). The 
outer edge of the inner belt is energy-dependent. It is generally located at L = 2 (during low activity periods) 
for 500–600 keV and goes up to L = 2.5 after storms. The electrons remained trapped longer between L = 2 
and L = 2.5 than at higher L. The slot region is fast formed again after the injection for L between 2.5 and 3.

Observations show that the inner and the outer electron radiation belt flux are the highest during the de-
clining phase of the solar cycle 24 for which the peak of sunspots was in April 2014 (and minimum sunspots 
in end 2019), in association with fast solar wind streams, as previously noted for other solar cycles by Pau-
likas and Blake (1979). Note that EPT was not operational during 3 months from June to September 2014 
(Pierrard et al., 2019).

The Dst index is obtained from the variations of the horizontal component of the terrestrial magnetic field 
observed in different stations located close to the equator at the surface of the Earth. Dst variations, often 
taken as indicator for geomagnetic storms, are mainly driven by the ring current basically composed of 
ions with energies of about 10–200 keV. More specifically, O+ is a major component below 15 keV and H+ 
dominates above about 100 keV. The main phase of a typical geomagnetic storm corresponds to the sharp 
decrease of Dst in a few hours due to ring current injection, which results from a southward Interplanetary 
Magnetic Field (IMF) and the resultant strong convection. The recovery phase corresponding to the pro-
gressive increase of Dst in a few days after Dst minimum is due to loss of ring-current ions as a result of 
charge exchange with the neutral exosphere. Although Dst is associated with flux variations of other ions 
and electrons of lower energy, it is also a good indicator for flux variations in the radiation belts.
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Figure 1. Electron fluxes observed by EPT from the first measurements on May 21, 2013 up to December 31, 2019, for Channel 1 (500–600 keV, upper panel) 
and Channel 5 (1–2.4 MeV, middle panel). The observed Dst index from January 1, 2013 is in the bottom panel. Dst, Disturbed Storm Time; EPT, Energetic 
Particle Telescope.
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3. Observations of Geomagnetic Storms: Dropouts and Flux Enhancements
3.1. Storm Observations

Typical examples of electron flux variations measured by EPT during several increasingly large geomagnet-
ic storms are illustrated in Figures 2–4. Flux variations in the outer belt are directly related to the storms. 
Dropouts down to L∼4 appear during all geomagnetic perturbations, while flux enhancements at lower 
L-shells in the slot appear only after the strongest storms.

Figure  2 illustrates electron fluxes observed by PROBA-V/EPT from 500 to 600  keV (upper panel) and 
1–2.4 MeV (middle panel) during the month of April 2014. The lower panel shows Dst. It can be observed 
that the flux in the outer belt is highly variable, especially at high L values. Two storms (April 12, 2014 with 
Dst = −80 nT and April 29, 2014 with Dst = −67 nT) can be noticed, associated with sharp flux decreases 
above L = 4. Another Dst min of −45 nT appears on 4 May and leads to a dropout at L > 5. Such dropout 
events are frequently observed. More than 6 years of EPT observations show that dropouts are well observa-
ble from LEO and appear in fact each time the Dst index has an inverted peak lower than −40 nT.

The dropout starts at high L with the main phase associated to the sharp decrease of Dst, and generally 
reaches its minimum L value a little bit before Dst is minimum (see Figure 5 for a zoom showing this with 
better resolution). Immediately after the dropout of the geomagnetic storm, the flux increases at lower L 
values than the dropout minimum L, where the particles are left, so that the inner edge of the outer belt 
penetrates deeper in the slot region for the biggest storms. Sudden particle enhancements appear after the 
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Figure 2. Electron flux observed by EPT from April 1, 2014 to May 6, 2014 for Channel 1 (500–600 keV, upper panel) and Channel 5 (1–2.4 MeV, middle panel). 
The observed Dst index is given in the bottom panel. Dst, Disturbed Storm Time; EPT, Energetic Particle Telescope.
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inverted peak of Dst. The flux increase seems to follow the progressive recovery phase, with the lowest L 
regions refilled first and the higher L regions refilled as Dst increases, suggesting that Dst and L can be 
directly related.

Figure 3 is similar to Figure 2, but for the month of December 2015. Other dropouts are observed up to L = 4 
and directly associated to Dst inverted peaks. Dst < −50 nT corresponds to the threshold often used to deter-
mine a geomagnetic storm. One can see that for the storm of December 20, 2015 (Dst min = −155 nT), the 
inner edge of the outer belt is pushed further inward than for the storm of April 12, 2014 (Dst min = −80), 
and even reaches the inner belt for Ch1. On the contrary, the smaller event of December 14, 2015 (Dst 
min ∼ −50 nT) does not lead to an inward motion of the inner edge of the outer belt.

The biggest geomagnetic storms of the 24th solar cycle appeared in March 2015 (lowest Dst = −223 nT). 
This so-called St Patrick's Day storm is illustrated in Figure 4 for different EPT energy channels. The drop-
out is observed in all energy channels. The time progression of the dropout seems quite independent on the 
energies. After the dropout, the flux increases and penetrates at lower L in the slot region for all energies 
except those of E > 2.4 MeV for which the flux does not penetrate at L < 2.6. Baker et al. (2014) called this 
threshold an impenetrable barrier for ultrarelativistic electrons due to the weak radial diffusion at these en-
ergies. Even for the highest energy Ch6 (E > 2.4 MeV), there is a dropout and after that a flux enhancement 
in the slot region at lower L than before the storm, but reaching only L > 2.6.
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Figure 3. Dropouts observed from December 1, 2015 to January 6, 2016 by EPT/PROBA-V (on December 14, 21, 2015 and January 1, 2016) for Channel 1 
(500–600 keV, upper panel) and Channel 5 (1–2.4 MeV, middle panel). Dropouts are observed for each geomagnetic storm with Dst lower than −50 nT (see 
bottom panel). The dropout is typically observed down to L = 4. Dst, Disturbed Storm Time; EPT, Energetic Particle Telescope.
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Figure 4. Electron fluxes observed by EPT from March 13, 2015 up to March 23, 2015, for the six energy channels. Dst 
is in the bottom panel. Dst, Disturbed Storm Time; EPT, Energetic Particle Telescope.
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Figure 5. Electron flux observed by EPT from March 1 to June 30, 2015 (upper and bottom panel) and zoom from June 18, 2015 to June 28, 2015 (second 
panel), for Channel 1. A black line representing Lmin is superposed and corresponds to a linear relation based on the observed Dst index in the first and second 
panels, and to a power law obtained for Dst < −40 nT only in the bottom panel. Dst, Disturbed Storm Time; EPT, Energetic Particle Telescope.
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Figure 5 (first panel) illustrates the electron flux observed by EPT from 1 March to 30 June 2015 in Ch 1, and 
the middle panel shows a zoom on the big storm of June 23, 2015 (Dst = −204 nT). Like for the other storms, 
when Dst is low, a dropout appears, indicating clearly a direct link between Dst and minimum value of L 
where fluxes are observed. A linear relation Lmin = 0.021*Dst + 7.9 is shown by the superposed black line 
in first and second panels of Figure 5 and clearly illustrates the relation between the outer edge of the outer 
belt and Dst, including during the dropouts and during the recovery phase. Note that this linear relation 
corresponds well to the outer edge of the belt during the recovery phase of the storms.

The minimum of dropout Lmin is identified by the L-shell above which the flux is lower than a threshold 
corresponding to 102 electrons/(cm2 s st MeV) in the present case (appearing as dark blue in Figure 5). With 
this definition, Lmin corresponds to the outer edge of the outer belt. Lmin has to be distinguished from Lm, 
the inner edge of the outer belt that will be used later in the manuscript.

Even weak events due to small decreases of Dst show a dropout at high L. But the linear relation does not 
represent well the low L-shells obtained during such small Dst events. Using the minimum L-shell (Lmin) 
only during events with Dst < −40 nT (thus only during dropouts), the best relation is provided by a power 
law:

Lmin = a |Dst|b + c with a = −1.0918, b = 0.24073559, and c = 7.8 (illustrated and superposed to the EPT 
fluxes of Ch1 in the bottom panel). The behavior of this power law relation is better during the storms 
associated to Dst < −40 nT (thus, dropouts with Lmin < 5.15), but not between consecutive storms, and 
especially not during the recovery phase.

For Dst < −40 nT, the values of the minimum L-shell Lmin are generally located around L = 4, lower than 
the L-shell obtained by the linear relation. The power law relation gives better values of Lmin for small 
events and, contrary to the linear one, it remains valid for very big events with Dst < −250 nT, even if none 
of them are observed during the period of time used in the present analysis. The observed dropouts never 
reach the inner belt, which indicates an “impenetrable barrier” for the dropout down to the region where 
injections take place during storms. The magnetic field compression has somehow to be limited in L-shell, 
which creates this limit, a barrier under which dropouts cannot reach and depopulate the radiation belts 
electrons.

One can also observe in the middle panel of Figure 5 that the dropout of the June 22, 2015 starts during the 
Sudden Storm Commencement, thus, even before the Dst decrease. This is the case for many other storms 
(for instance the previous storm, also in June 2015, illustrated in Figure 5 top panel). That could be an in-
dication that the dropout is not due to the modification of the magnetic field of the Earth (thus, not to the 
adiabatic invariant), but more due to magnetopause shadowing effect (see discussion later). In other cases, 
the dropout starts simultaneously with the Dst decrease (for instance on March 17, 2015 as illustrated in 
Figure 5 top panel), but the flux decrease is generally faster than the Dst decline. In all cases, the dropout 
has already reached the minimum Lmin value a few hours before Dst has reached its minimum value. The 
time delay corresponds approximately to the duration of the main phase.

For the strongest storms, such as that of June 22, 2015, the fluxes disappear above L = 3.8 at the beginning of 
the storm, while fluxes increase below (from L = 2.8 to L = 3.8 for this example) during the dropout. When 
Dst is minimum, the fluxes at L > 3.8 are still empty, but the fluxes below increase even more and penetrate 
in the slot region up to the inner belt. The minimum Lm value is reached by the inward push of the inner 
edge of the outer radiation belt a few hours after the minimum of Dst.

Note that the inner belt is only observed when the LEO satellite PROBA-V crosses the South Atlantic Anom-
aly (SAA) (Pierrard et al., 2014). Due to the pitch angle sampled changing over the SAA, flux values appear 
discontinuous for L < 2 on Figure 5 (especially middle panel). High fluxes in the SAA are due to the weak 
magnetic field intensity B in this region.

3.2. Study of Dropouts

The observations show that dropouts appear for all energy ranges and reach typically L ∼ 4 when Dst is 
lower than −40 nT. Moreover, dropouts appear not only during geomagnetic storms, but they seem to be 
observed during each inverted peak of Dst. This is even better illustrated in Figure 6 with the fluxes as a 

PIERRARD ET AL.

10.1029/2020JA028487

8 of 20



Journal of Geophysical Research: Space Physics

PIERRARD ET AL.

10.1029/2020JA028487

9 of 20

Figure 6. Electron flux observed by EPT as a function of time from September 1, 2013 to May 31, 2014 in Channel 1 (500–600 keV) in bin B = [0.25, 0.3] G 
and L = [6.0–6.2] Re (upper panel). Second panel: the same but for L = [5.2–5.4] Re (in red) and L = [4.2–4.4] Re (in black). The decay times are shorter at 
low L values. Third panel: the same but for L = [3.54–3.58] in the slot region. Fourth panel: the same as panel 2 (red line) but for Channel 5 (E = 1–2.4 MeV). 
Dst is shown in the bottom panel. Vertical green dotted lines indicate the strongest geomagnetic storms with Dst < −50 nT. Dst, Disturbed Storm Time; EPT, 
Energetic Particle Telescope.
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function of time from September 1, 2013 to May 31, 2014 at L = 6.1 (upper panel), 5.3 (second panel in red), 
and 4.3 (second panel in black). On this figure, the data are sorted in bins depending not only on L, but 
also on B (here B = [0.25,0.3] Gauss) to have temporal series of fluxes located always at the same position, 
following Pierrard et al. (2019).

One can see that the dropouts are present not only for ultrarelativistic electrons (fourth panel of Figure 6 for 
Ch 5 from 1 to 2.4 MeV), but already for energies of 500 keV (panels 1–3 for Ch1 from 500 to 600 keV). They 
are more frequent at high L values while at L < 4.4, only the biggest storms with Dst < −40 nT are associated 
to dropouts, as visible in the second panel of Figure 6 by comparing the red and black dots marking the low 
fluxes observed during dropouts at L = 5.3 and L = 4.3 respectively. At L = 6.1, dropouts already appear at 
each inverted peak of Dst < −25 nT and they stay confined to high L. Strongest storms with Dst < −50 nT 
are indicated by the green vertical dotted line in the panels of Figure 6.

Xiang et al. (2017) noted with RBSP data that the storm of February 27, 2014 showed dropout at L < 6, but 
not at L > 6. This is not observed with EPT in Figure 6.

Immediately after the dropouts, the flux increases at all L > 4. It takes values around 105 electrons cm−2 s−1 
sr−1 MeV−1 for Ch 1, which seems to be a maximum in the outer belt during this period of time. Note that 
106 values are frequently observed in Ch 1 during the more active year of 2015. For Ch 5 (fourth panel of 
Figure 6), the maximum flux reached after the storm is more variable than for Ch 1.

The flux is generally higher after the storm in comparison to the prestorm flux, mainly depending on the 
dates of the previous storms. If there is more than one month between two storms (as for instance in Febru-
ary 2014), the flux before the storm is quite low because it slightly decreases with time during quiet periods. 
The flux after the storm is then much higher than before the dropout, especially at low L where the flux 
decreases faster with time during quiet periods. If a previous storm appeared only a few days before the new 
storm (as it is, e.g., the case in October 2013 or in February 2014), the flux is almost the same after as before 
the dropout. For Ch5 (Figure 5 fourth panel), the flux continues to increase several days after the storm.

Note that there are small events in January and February 2014 for instance with a Dst around −40  nT 
(>−50 nT, thus, not indicated by a green dotted line in Figure 6) that show a behavior similar to stronger 
storms. There are other events with similar Dst (for instance in March 2014) where the flux is lower than 
before the storm. The flux behavior of such small events with Dst > −50 nT is, thus, more difficult to char-
acterize than for the biggest storms.

At L = 4.3 (black points of second panel of Figure 6), the dropouts are less visible (due to the low flux after 
long quiet periods), but the flux increase associated to the most important Dst events becomes more notice-
able. After the storms and during quiet periods, the flux slightly decreases with time during quiet periods 
with lifetimes dependent on L. This is likely associated to wave-particle interactions with whistler-mode 
hiss waves (Ripoll et al., 2016, 2017, 2019). The decay times after the flux enhancements are clearly shorter 
at L = 4.3 than at L = 5.3, as illustrated on the second panel of Figure 6, so that the dropouts are more visible 
at high L values where the fluxes remain high during quiet periods. This electron flux decay is exponen-
tial, with a lifetime of a few days. Note that the lifetimes derived from other LEO observations by Benck 
et al. (2010) were all around 5 days for L > 3.5. The lifetimes are energy-dependent and vary between 1 and 
20 days in the slot and the outer zone when observed from the Van Allen Probes (Claudepierre et al., 2020a). 
MagEIS lifetimes from Claudepierre et al. (2020a) (their Figure 1) are in qualitative agreement with pitch 
angle scattering from hiss waves for a large range of (L, E) (Claudepierre et al., 2020b; Ripoll et al., 2019).

3.3. Study of Flux Enhancements

While the flux drops in the outer belt (L > 4 typically), the flux increases at L < 4 (in fact, at some L < Lmin 
of the dropout) during main storms because new particles are injected at lower L, as illustrated for L = 3.56 
in Figure 6 (third panel) for EPT for the time period from September 2013 to May 2014. The lower Dst, the 
lower the minimum L shell (Lm) where electrons are injected. For L < 4 (often corresponding to the edge 
of the outer belt and the slot region), the flux increases during each geomagnetic storm considered as the 
cases for which Dst < −50 nT, but the deepness of Lm depends on Dst. For low energies (10–100 keV), not 
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observed by EPT, injections can occur between L = 2.5 and 4.5 depending on geomagnetic conditions and 
MLT (Turner et al., 2015). In that case, frequent penetrations from the outer belt down to the inner belt are 
observed (e.g., Reeves et al., 2003), itself with its outer edge reaching higher L-shell (L∼3.5 for 100 keV in 
Ripoll et al. [2019]).

Figure 7 shows that flux penetrations in the slot are present also at high energies. For 1–2.4 MeV (upper 
panel), fluxes penetrate down to the inner belt during the main storms (Pierrard et al., 2019) and are lost 
after several days, likely due to pitch angle scattering from hiss waves, recreating the slot between the two 
belts, first around L = 2.5 and after months of quiet days between L = 2 and L = 3. For higher energies 
(>2.4 MeV, Ch 6, middle panel of Figure 8), the flux does not penetrate lower than L = 2.8 in agreement 
with Baker et al. (2014). During the 6-year observations, there are no very big storms with Dst < −230 nT, 
while this conclusion could be different for bigger storms. Penetrations as low as Lm = 2 were observed by 
SAMPEX for 2 MeV electrons during some of the 11 storms with Dst < −230 nT observed between 1999 and 
2005 (Zhao & Li, 2013), although SAMPEX MeV measurements have suffered some corruption by lower 
energy electrons (Selesnick, 2015). This reinforces the need of uncontaminated MeV measurements at low 
L-shell. Between October 1999 and May 2005, four storms had a minimum Dst < −300 nT.

The depth of electron penetration is correlated with the storm strength as measured by the minimum of Dst, 
as seen in Figure 7 for relativistic and ultrarelativistic electrons. This appears also clearly in Figure 8 where 
the electron fluxes observed by EPT from May 7, 2013 to December 31, 2019 in Channel 1 (500–600 keV) 
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Figure 7. Relativistic and ultrarelativistic electron flux observed by EPT during 2015 in Channel 5 (1–2.4 MeV, upper panel) and Channel 6 (2.4–8 MeV, second 
panel). Dst is given in the bottom panel. Dst, Disturbed Storm Time; EPT, Energetic Particle Telescope.



Journal of Geophysical Research: Space Physics

PIERRARD ET AL.

10.1029/2020JA028487

12 of 20

Figure 8. Electron flux in electrons/(cm2 s sr MeV) observed by EPT from May 7, 2013 to December 31, 2019 in Channel 1 (500–600 keV) for bins in L 
increasing by steps of 0.1 from L = 2.0 to L = 3.9. In the slot region, the flux increases during the most important storms, and the deepness depends on Dst 
(bottom panel). Dst, Disturbed Storm Time; EPT, Energetic Particle Telescope.
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are shown in bins located in the slot region ranging from very low L = 2.0 up to higher L = 3.9 with an 
increasing step delta L = 0.1.

In the slot, the fluxes are close to zero except during the most important storms and following days. The 
deepness of the injection depends on Dst that is illustrated in the bottom panel of Figure 8. Between L = 2.2 
and 2.3 for instance (second panel of Figure 8), only the biggest storms have injected fluxes. Taking for 
instance a threshold of 25.e4 electrons/(cm2 s sr MeV), only two storms reached these low L values during 
the 6 years of observations. In the range L = 2.4–2.5 (third panel of Figure 8) and three storms are observed 
(one more) and five storms (two more) in L = 2.6–2.7 (fourth panel), using the same threshold. This tech-
nique allows us to obtain an automatic process to determine Lm as a function of Dst for all storms with 
Dst < −50 nT between May 2013 and December 2019. We look at a window of a few days that includes Dst 
min and determine whether some threshold in flux is crossed during that window. The thresholds used in 
the automatic process are 5.e4 electrons/(cm2 s sr MeV) for Ch 1 and 2.e2 electrons/(cm2 s sr MeV) for Ch 
5. They correspond to the limits for which the effects of storms can clearly be identified. Note the higher 
flux observed at L = 2–2.1 than at 2.2–2.3, due to the fact that L = 2 corresponds to the limit between the 
slot and the inner belt.

The value of Lm is energy dependent. The same method allows us to determine Lm of the flux injections 
as a function of Dst for all energies. An example of what is found for Ch 5 (1–2.4 MeV) in L = [3–3.1] is 
represented in Figure 9 (to compare panel 6 of Figure 8 for Ch 1).

Figure 10 illustrates the minimum Lm values of the L-shell of the flux injections versus Dst for Ch 1 (500–
600 keV, upper panel) and Ch 5 (1–2.4 MeV, bottom panel) for the storms with Dst < −50 nT observed 
during the period of 7 May to 31 December 2019.

Among the 50 storms appearing between May 2013 and December 2019, a few are not covered by EPT 
(June–September 2014) or they do not reach Lm in the range shown in Figure 10.

For low energies (500–600 keV) (top panel of Figure 10), one can see a clear nonlinear dependence of Lm as 
a function of Dst. Indeed, Lm reaches several times L = 2.2, always for the four events with Dst < −125 nT. 
For less strong storms (−50 < Dst < −125 nT), the spread is higher but Lm is generally proportional to the 
Dst. For electrons with E < 1 MeV, flux enhancements at L < 2.6 occur several times even under moderate 
geomagnetic activity
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Figure 9. Electron flux in Ch 5 (1–2.4 MeV) in L = 3–3.1 during the same period from May 7, 2013 to December 31, 2019. The gray shaded region marks the 
missing data window from June to September 2014.
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For higher energy 1–2.4 MeV (Ch 5, illustrated in the bottom panel of Figure 10), Lm does not reach values 
lower than L = 2.75 for the strongest storms observed during this 6-years period. Lm is slightly higher than 
for low energies. For < 1 MeV electrons, penetrations into the slot region and inner belt are more frequent 
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Figure 10. Lm of the flux injections versus Dst for Ch 1 (500–600 keV, upper panel) and Ch 5 (1–2.4 MeV, bottom panel) for the storms with Dst < −50 nT 
between May 2013 and December 2019. A nonlinear relation between Lm and Dst is superposed. Dst, Disturbed Storm Time.
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and also deeper at lower energies than at higher energies. The direct relation between Lm and Dst is the 
more obvious for Ch 5, but again, it does not seem to be linear. The relation between Lm and Dst observed 
by EPT is better fitted by a power law function (+a constant that corresponds to the lowest Lm) in both 
channels. The fitting parameters are reported in the plot titles. The fits are illustrated by the solid line on 
both panels of Figure 10. They are more realistic than linear relations, especially considering the high var-
iations of Lm for the weak storms and the almost vertical behavior of the function for very low Dst values, 
suggesting a threshold or an “impenetrable barrier” as mentioned by Baker et al. (2014) for ultrarelativistic 
electrons using RBSP data.

Observations from the MagEIS instruments on RBSP show that similar sudden flux enhancements at L < 2.7 
also appear commonly for 100–200 keV electrons (Turner et al., 2017) and can reach up to 1 MeV. Like in 
EPT observations, the number of flux enhancement at low L decreases with increasing electron energy.

As illustrated in Figure 11, Lm of the injections appears generally after the minimum of Dst, thus, at the 
beginning of the recovery phase. Generally, the minimum L of flux enhancements appears later (up to 
6 days after Dst min) when the minimum of Dst is very low, thus, for strong storms. Note that it takes on 
average 6 h for solar wind information observed at L1 to be communicated to geostationary orbit inside 
the magnetosphere (Borovsky et al., 1998) and several hours for Dst to reach its minimum during the main 
phase of the storm.

4. Radiation Belts—Plasmapause Links
4.1. Observations

A correlation between the inner edge of outer belt and the innermost plasmapause location was first report-
ed by Li et al. (2006) and recently discussed in Khoo et al. (2018). Links between the inner edge of the outer 
belt and the plasmapause were also identified with previous observations from the LEO satellite SAC-C 
(Pierrard & Benck, 2012) and with CLUSTER (Darrouzet et al., 2013). Goldstein et al. (2016) quantified the 
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Figure 11. Delay in hours between the time of minimum Dst and the time of maximum flux observed at minimum L for the storms recorded for Ch1 electrons. 
Dst, Disturbed Storm Time.
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outer belt and plasmapause position for a 5-day period of 15–20 January 2013 and found that for this event, 
electron fluxes earthward of belt's peak are anticorrelated with cold plasma density.

It is thus useful to compare the position of the plasmapause with the position of the inner edge of the outer 
belt observed by EPT, as is done in Figure 13 for Ch 4 (0.8–1 MeV, upper panel) and Ch5 (1–2.4 MeV, middle 
panel) from 1 March to December 31, 2015.

In Figure 12, the solid black line in the third panel corresponds to the plasmapause position measured by 
Radiation Belt Storm Probes (RBSP)/Electric and Magnetic Field Instrument Suite and Integrated Science 
(EMFISIS) and Electric Field and Waves Suite (EFW). The NASA Van Allen Probes (also called RBSP A and 
B) mission (Mauk et al., 2012) has been launched in 2012 and operated simultaneously with EPT so that 
both data set. allow to acquire unprecedented studies of the electron radiation belt variability in response to 
solar activity. RBSP flies on a low inclination (10°) elliptical orbit ranging from 600 to 30,600 km. The Van 
Allen Probes have two instruments allowing to determine the plasmapause position, the EMFISIS (Kletzing 
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Figure 12. Electron flux measured by EPT in Ch 1 (500–600 keV, upper panel), Ch 4 (0.8–1 MeV, second panel), and Ch5 (1–2.4 MeV, third panel) from March 
1 to December 31, 2015. In the third panel, the black line corresponds to the plasmapause position measured by RBSP-B/EMFISIS and EFW. Bottom panel: Dst 
index during the same period. EFW, Electric Field and Waves Suite; EPT, Energetic Particle Telescope; RBSP-B/EMFISIS, Radiation Belt Storm Probes/Electric 
and Magnetic Field Instrument Suite and Integrated Science.
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et al., 2013), and the EFW (Wygant et al., 2013), delivering simultaneous 
observations of the radiation belts and the plasmapause.

During moderate and big storms (easily identified by inverted peaks of 
Dst given in the bottom panel of Figure 13), the plasmapause is formed 
closer to the Earth and shows an inward motion similar to the inward 
motion of the inner edge of the outer belt, which appears only for the 
strongest events. As explained previously in Section 3.3 and illustrated 
on Figure 12, this inner edge of the outer belt is energy dependent and 
slightly lower for lower energies. The electron fluxes measured by EPT 
from September 1, 2013 to May 31, 2014 in Channel 4 (0.8–1 MeV) and 
Ch5 (1–2.4 MeV) illustrate these effects. Injections in the slot region are 
clearly visible during storms. The so-called impenetrable barrier (Baker 
et al., 2014) for ultrarelativistic electrons is also observed from LEO meas-
urements for >2.4 MeV electrons (Pierrard et al., 2019).

The inward motion of the plasmapause during the storm gives a min-
imum position very close to that of the inner edge of the outer belt for 
1 MeV electrons (i.e., Lm [1 MeV], with fit given in Figure 10b). After the 
storm, the plasmasphere refills in 2 or 3 days, so that the plasmapause is 

generally much further from the Earth than the inner edge of the outer belt during quiet periods (Pierrard 
& Voiculescu, 2011).

The inward motion of the outer radiation belt associated with sudden flux enhancements of energetic elec-
trons is directly related to the plasmapause erosion during geomagnetic storms: the closest position of the 
plasmapause during storms corresponds well to the closest position of the inner edge of the outer belt for 
electrons with E = 1 MeV, suggesting a possible link with the impenetrable barrier for these very energetic 
electrons. After the storm, the plasmapause moves back to larger radial distances in less than 3 days, while 
the inner edge of the outer belt remains close to the Earth during more extended periods of several days. 
This is important since different waves are generated inside and outside the plasmasphere and close to the 
plasmapause position, all able to contribute to the loss and acceleration of outer belt electrons, therefore 
changing its edges and spectrum.

Note that the plasmasphere is in corotation with the Earth, while the radiation belt particles drift eastward for 
electrons and westward for protons with an azimuthal drift velocity that depends on the energy and distance 
of the particles but is typically several minutes for MeV electrons (e.g. 16 min for a 550 keV electron at L = 4)

The Pearson correlation between the plasmapause position measured by RBSP and the EPT flux in Ch 5 
(1–2.4 MeV) is illustrated in Figure 13. There is an anticorrelation between the plasmapause position and 
the flux of energy >1 MeV, appearing around L = 3.8–4 where the coefficient of correlation reaches −0.3. 
These L values correspond to the inner edge of the outer belt for this energy range. Pearson correlations 
for lower energy channels never reach an absolute value of the correlation coefficient higher than 0.15, 
showing no correlation for lower energy ranges, as illustrated in Supporting Information S1 for Ch1. More 
comparisons between EPT and RBSP fluxes will be discussed in a next article.

4.2. Discussion on the Physical Processes

The actual mechanisms responsible for this correlation are still under debate. The two-belt radiation struc-
ture has been explained as arising from strong electron interactions with plasmaspheric hiss just inside the 
plasmapause boundary location (Lyons et al. 1972; Ripoll et al., 2017). Since during strong storms, the plas-
masphere is eroded down to low L, local acceleration of MeV electrons by chorus waves can reach the new 
region outside of the plasmasphere that was previously located in the slot region and inner belt.

It was also suggested that slow natural inward radial diffusion combined with moderate, and persistent, 
wave-particle pitch angle scattering deep inside the Earth's plasmasphere can combine to create the almost 
impenetrable barrier through which the most energetic Van Allen belt electrons cannot migrate (Baker 
et al., 2014). The plasmasphere can then contribute to explain the impenetrable barrier for E > 2 MeV.
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Figure 13. Pearson correlation between the plasmapause position 
measured by RBSP and the EPT flux in Ch 5 (1–2.4 MeV). EPT, Energetic 
Particle Telescope; RBSP, Radiation Belt Storm Probes.
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There are three mechanisms by which the plasmapause may participate to modify the particle fluxes in 
the outer belt: (i) pitch-angle scattering of electrons by Very Low Frequency (VLF) whistler-mode waves 
and electromagnetic ion cyclotron (EMIC) waves outside the plasmapause causing them to precipitate; 
(ii) modification by the plasmasphere of the characteristics of the Ultralow Frequency waves that diffuse 
particles radially inward in space and up in energy space; and (iii) creation of a peak flux just outside the 
plasmasphere from acceleration by VLF whistler-mode chorus waves, because those waves are strongest 
just beyond the plasmasphere.

EMIC waves in the plasmasphere were reported to cause low L-shells nonadiabatic losses at E > 0.63 MeV 
(Bortnik et al., 2006). The dropouts also coincide with the formation of plasmaspheric drainage plumes 
which favor the development of EMIC waves (Borovsky & Denton, 2009). During quiet periods after storms, 
the outer belt is inside the plasmasphere, where it endures strong wave-particle interactions causing loss. It 
is clear that radiation belt populations are sensitive to the core plasmasphere distribution and specifically to 
the position of the plasmapause.

5. Summary and Conclusions
Using more than 6 years of EPT observations from its launch on PROBA-V in May 2013 to end 2019, 
we analyzed the influence of the geomagnetic storms with Dst < −50 nT appearing during this period 
on the electron fluxes with E > 500 keV. We showed that at LEO, storms are always characterized by 
a sharp dropout in the outer belt that appears a few hours before the minimum of Dst, thus, before 
the end of the main phase. The fluxes disappear at all energies > 500 keV even for weak storms with 
Dst > −50 nT with a deepness that has been directly related to the value of Dst. Dropouts reach less 
than L = 4, that is, the outer slot region, for the strongest storms. The fluxes then increase during the 
recovery phase, and contrary to what was observed at GEO orbit in previous studies, the flux is gener-
ally higher than just before the storm for all L < 6, especially when the successive storms are long time 
spaced. Indeed, the electron flux slightly decreases with time after the end of the recovery phase, with 
lifetimes depending on L and energy of typically several days. Only for the strong storms (typically 
Dst < −50 nT), the dropout is coupled to an injection of new electrons down to lower L-shell, defining 
a new minimum value Lm for the inner edge of the outer belt that is energy and Dst dependent. Rela-
tions have been found between Lmin of the dropout and the Dst index, as well as between the Lm of the 
injections in the slot and Dst for different energy ranges. For this relation between the minimum of Dst 
and Lm of injections that appears a few days later, we propose a power law relation, instead of a linear 
one as given in Li et al. (2017) (their Figure 3), due to the configuration of the observations that suggest 
a threshold limit for the strongest storms.

The observations of PROBA-V/EPT, confirmed by comparisons with observations of other spacecraft like 
POES at LEO and RBSP close to the equatorial plane (Pierrard et al., 2014), show that dropouts appear for 
all energies and all storms, even very weak. The flux enhancements in the slot and inner belt regions appear 
at energies measured by EPT from 500 keV up to 8 MeV, but with a deepness strongly related to Dst. The 
most energetic ultrarelativistic particles do not penetrate at L < 2.6 during these 6 years and never reach the 
inner belt, contrary to the lower energy electrons.

Moreover, we have shown in the present paper that during storms, a strong link between the plasmapause 
and the inner edge of the outer belt is observed, but only for > 1 MeV electrons, in particular in the storm 
erosion/compression phase that pushes both the plasmasphere and the outer belt together inward.

These investigations are crucial to answer the still unsolved questions of the cause(s) of the dropouts, of 
the injection mechanism(s), of the process(s) that determine the minimum L value of the penetration and 
its dependence in energy, and of the links between the plasmapause and the radiation belts. It is only by 
studying their observed characteristics as a function of L and energy from recent satellite data, more and 
more reliable due to the improvements of the detectors, that the relative importance of different physical 
mechanisms can be identified. These observations allow us to better understand which processes are pre-
ponderant during the different storms on the dynamic of the radiation belts. Different simulations and 
theories are compared with the data and investigated in more detail in an upcoming article.
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Data Availability Statement
EPT data are publicly available at the ESA website http://swe.ssa.esa.int/space-radiation and RBSP-ECT 
data (Van Allen Probes) at the website http://www.RBSP-ect.lanl.gov/. Dst are provided on www.spenvis.
oma.be.
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