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Abstract We present observations of very fast radiation belt loss as resolved using high time resolution
electron flux data from the constellation of Global Positioning System (GPS) satellites. The time scale
of these losses is revealed to be as short as ∼0.5–2 hr during intense magnetic storms, with some storms
demonstrating almost total loss on these time scales and which we characterize as radiation belt extinction.
The intense March 2013 and March 2015 storms both show such fast extinction, with a rapid recovery,
while the September 2014 storm shows fast extinction but no recovery for around 2 weeks. By contrast, the
moderate September 2012 storm which generated a three radiation belt morphology shows more gradual
loss. We compute the last closed drift shell (LCDS) for each of these four storms and show a very strong
correspondence between the LCDS and the loss patterns of trapped electrons in each storm. Most
significantly, the location of the LCDS closely mirrors the high time resolution losses observed in GPS flux.
The fast losses occur on a time scale shorter than the Van Allen Probes orbital period, are explained by
proximity to the LCDS, and progress inward, consistent with outward transport to the LCDS by fast ultralow
frequency wave radial diffusion. Expressing the location of the LCDS in L*, and not model magnetopause
standoff distance in units of RE , clearly reveals magnetopause shadowing as the cause of the fast loss
observed by the GPS satellites.

1. Introduction

Discovered in early 1958, the Van Allen radiation belts comprise highly energetic charged particles which are
trapped in the Earth’s magnetic field (Van Allen & Frank, 1959). Radiation belt electrons with energies from
hundreds of kiloelectron volts to several megaelectron volts can be trapped on the background magnetic
field. However, in response to variable solar wind forcing, the flux of these particles can change by orders
of magnitude on time scales from minutes, to hours, days, months, and years (see, e.g., Mauk et al., 2013,
and references therein). These radiation belt electrons also have energies that can be sufficient to pen-
etrate spacecraft shielding and can cause damage to satellite electronics, for example, as a result of the
build up of deep dielectric charging (e.g., Baker, 2002; Gubby & Evans, 2002; Wrenn, 1995). While the
processes which may be responsible for the acceleration of Van Allen belt electrons to relativistic and ultra-
relativistic energies have received significant attention (Albert, 2005; Horne et al., 2005; Omura et al., 2007;
Shprits et al., 2008; Thorne et al., 2013), the processes which cause the loss of radiation belt electrons equally
important (see, e.g., the review by Millan & Thorne, 2007, and references therein). For example, from the per-
spective of accurate modeling of the dynamical variations of electron flux, any fast losses that rapidly affect
phase space density gradients will have a significant impact on the modeled rates of radial diffusion since
these scale with the local phase space density gradient (e.g., Schulz & Lanzerotti, 1974). Similarly, in relation
to the accumulation of deep dielectric charging, fast loss processes which deplete the belts can also signif-
icantly affect the expected accumulated dose and influence the deep dielectric charging resulting from the
penetrating electrons.

The loss processes invoked in radiation belt depletions can be broadly grouped into two categories: loss
downward into the atmosphere or loss outward across the magnetopause into interplanetary space. The
former usually invokes plasma wave pitch angle scattering of electrons into the loss cone, for example,
as a result of interactions with chorus waves (e.g., Shprits et al., 2007), with plasmaspheric hiss (e.g., Lee
et al., 2013; Thorne et al., 1973), or with electromagnetic ion cyclotron (EMIC) waves (e.g., Kang et al., 2016;
Kersten et al., 2014; Shprits et al., 2016; Summers & Thorne, 2003; Usanova et al., 2014). The latter usually
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involves the inward compression of the magnetopause, and the loss of particles by magnetopause shadowing
as previously closed electron drift paths become open trajectories which intersect the magnetopause
(e.g., Turner et al., 2012; Xiang et al., 2017), or where such open drift paths are populated by the outward
transport of electrons, for example, as a result of outward ultralow frequency (ULF) wave radial diffusion (e.g.,
Loto’aniu et al., 2010; Mann et al., 2016; Shprits et al., 2006).

Recently, attention has refocused on the possibility that fast ULF wave radial diffusion, coupled to fast changes
in flux at the outer boundary of the belts, could act on time scales shorter than the Van Allen Probes orbital
period (Mann & Ozeke, 2016). Very fast radiation belt losses were reported by Ozeke et al. (2017) in rela-
tion to the September 2014 storm, these authors highlighted that the entire belt could be globally depleted
from one inbound or outbound Van Allen Probe orbit to the next. For this storm, Ozeke et al. reported
global belt losses on time scales of less than 4 hr which they termed radiation belt extinction. In order
to probe such fast losses, electron flux data available from the constellation of Global Positioning System
(GPS) satellites have recently been used offering high time resolution monitoring on hour time scales or less
(Morley et al., 2016, 2017).

Here we examine electron flux data from the Van Allen Probes together with that available from sensors on
board the GPS satellite constellation to examine the time scales of storm time radiation belt loss. We compare
the losses in the two intense March 2013 and March 2015 storms, as well during the extended depletion
during the September 2014 storm (Ozeke et al., 2017), and in the interval of loss associated with the generation
of the third radiation belt morphology observed by Baker, Kanekal, Hoxie, Henderson, et al. (2013) during the
moderate September 2012 storm (see also Mann et al., 2016).

2. Data and Methodology

A summary of the solar wind, resulting geomagnetic indices, and the resulting 2.6 MeV radiation belt flux
response for the March 2013, March 2015, September 2014, and September 2012 storms are shown in
Figure 1. Solar wind data were taken from Operating Missions as a Node on the Internet database. Energetic
particle data were taken from National Aeronautics and Space Administration’s Van Allen Probes database
for the Relativistic Electron-Proton Telescope (REPT) instrument (Baker, Kanekal, Hoxie, Batiste, et al., 2013).
Figure 1 shows that in the first three events (March 2013, 2015, and September 2014) the radiation belt
loss happened on a time scale which is too short to be fully resolved along the orbit of the Van Allen
Probes mission, the orbital period being too long to provide an explicit picture of what happened. Thus,
in this paper, we additionally focus on GPS satellite electron flux measurements from the Combined X-ray
Dosimeter (Tuszewski et al., 2004). Combined data from 11 to 17 satellites, depending on the year, deliv-
ers high (∼30 min) temporal resolution and explicitly shows the dropout patterns even in fast loss events.
Note that the GPS satellites have an orbital radius of 4.2 Earth radii; therefore, the lowest McIlwain L-shell
which can be observed by the constellation is L = 4.2. In this paper, we attempt to explain the losses
seen in those four storms by magnetopause shadowing. To confirm this hypothesis, we analyze how the
last closed drift shell (LCDS) which we calculate as a function of L* compares with the observed radiation
belt dropout.

It is a known problem that the calculation of the LCDS is time and resource consuming. Usually, it is done using
a method described in Roederer (1970). However, to speed up calculations, a neural network was created
by training it on full calculations for different events (Koller et al., 2009; Yu et al., 2012). This software is a
part of the LANL* project. All calculations of any L* parameter (Roederer, 1970) in this paper was done using
TS04 Tsyganenko and Sitnov (2005) model. To be confident that the neural network returns reliable results,
we compare its output and the one obtained from the full calculation for the March 2013 event. This was
done by using a variant of the Roederer (1970) method to find L* for a given second adiabatic invariant K .
In this study, we use the LANLGeoMag software library (Henderson et al., 2017). It was also used in previous
studies by Spence et al. (2013) and Morley et al. (2013). LCDS calculations using this approach were successfully
performed by Xiang et al. (2017) for the 22–23 June 2015 event. As was shown, for example, by Ukhorskiy
et al. (2011), the drift orbit of an electron can change significantly in the presence of off-equatorial magnetic
field strength minima as a result of the development of Shebansky orbit (e.g., McCollough et al., 2012). The
existence of Shebansky orbit effects are not accounted for the standard prescriptions by Roederer (1970) for
LCDS calculations. This effect is ignored in this study.
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Figure 1. Summary of the solar wind, resulting geomagnetic indices, and 2.6 MeV radiation belt electron response for
the March 2013, March 2015, September 2012, and September 2014 geomagnetic storms. From top to bottom for each
storm: Solar wind velocity x component in GSE coordinates; proton density; solar wind dynamic pressure; z component
of the interplanetary magnetic field in GSM coordinates; geomagnetic SYM − H index as a line plot and Kp index as a bar
plot; and 2.6 MeV electron differential flux measured by the REPT instrument on Van Allen Probes A and B as a function
of L* and time in cm−2 ⋅ s−1 ⋅ sr−1 ⋅ MeV−1.
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Figure 2. Summary of the Van Allen Probes A (red) and B (blue) data for the March 2013 and March 2015 storms: (top
row) Van Allen Probes’ L*; (middle row) measured flux of 2.6 MeV electrons; (bottom row) L* dependence of the flux
during the fast loss. For the March 2013 storm we show the last inbound pass of Van Allen Probe A when the radiation
belt is still present and the first outbound pass of Van Allen Probe B after the dropout happened. For the 2015 storm we
show the last outbound pass of Probe A when the radiation belt is still present and the first inbound pass of Probe B
after the dropout. With the red dashed line we show the flux measured by the inbound pass of Probe A when the first
solar wind shock arrived at around 04:40 UT, but no radiation belt loss had happened yet.

3. Results

In this section, we show in situ measurements of particle fluxes from the GPS constellation of satellites as a
function of L* and time as well as detailed data from the Van Allen Probes for the March 2013, March 2015,
September 2012, and September 2014 storms. Additionally, in the GPS data plots we show the LCDS as a func-
tion of L* (left axis), calculated using LANL* neural network. The figures also show the magnetopause standoff
distance in units of Earth radii (RE), calculated using the Shue et al. (1998) model and plotted as a function of
RE on the right axis. As was mentioned in the previous section we also overlay the data for the March 2013
event with the full calculation of the L* of the LCDS for K = 0.11 REG1∕2, which corresponds to equatorial
pitch angles of 50–55∘ in a magnetic dipole. This full LCDS calculation was done as a part of the Geospace
Environment Modeling focus group “Quantitative Assessment of Radiation Belt Modeling” challenge
(Brito & Morley, 2017).

3.1. March 2013 and March 2015 Storms
Figure 2 shows data from Van Allen Probes A and B for the March 2013 (left) and March 2015 (right) events
wherein the top panels (a and d) show inbound and outbound passes as a function of L* for both probes.
The middle panels (b and e) show the observed flux of 2.6 MeV electrons. The bottom panels (c and f) show
two Van Allen Probes passes right before and right after the fast radiation belt extinction was observed for
both storms. For example, in the March 2013 event Figure 2c shows the predepletion inbound pass of Probe A
and the first postdepletion outbound pass of Probe B. The differences in fluxes between those passes are at 1
order of magnitude for both storms which suggests that the main loss in both of these storms happened with
a time scale much shorter than the orbital period of the Van Allen Probes. Thus, we use the GPS constellation
of satellites to obtain higher time resolution. We used 12 satellites for the March 2013 event and 17 satellites
for the March 2015 event, and the data are shown in Figure 3. Here we show the combined flux data for 3 MeV
electrons as a function of L* (left axis), the LCDS as a function of L* calculated using the LANL* neural network
with a red lines, and the full LCDS calculation for the March 2013 event with a blue line. As described above

OLIFER ET AL. 4



Journal of Geophysical Research: Space Physics 10.1029/2018JA025190

Figure 3. The 3 MeV electron flux from the Global Positioning System constellation as a function of L* (left axis) for the
March 2013 and March 2015 storms. Last closed drift shell L*, calculated using LANL* neural network, is shown with a
red line. The magnetopause standoff distance in units of Earth radii, calculated using Shue et al. (1998) model, is shown
with a green line and should be read from the right-hand axis. For the 2013 event we also show the full calculation for
the L* of the last closed drift shell with a blue line (see text for details).

the magnetopause position in units of Earth radii RE calculated using Shue et al. (1998) model is also shown
with a green line using the right-hand axis.

Apart from the clear correspondence between the LCDS and the flux data in Figure 3, we also note how well
the neural network reproduces results from the full simulation for a moderately low second adiabatic invariant,
K , for the March 2013 event (the top panel of Figure 3). We also note that the LCDS derived from the full
calculations for different values of K is qualitatively similar and only shows a small offset as a function of K .
Based on this result, we are confident that the LANL* neural network LCDS calculation approach can give quite
accurate results. For numerical efficiency, for the subsequent three storms we hence calculate the LCDS with
the LANL* neural network approach. Note also that for the period around 5–6 UT on 18 March 2013, there is
a strong anomaly in the full LCDS calculation, and this interval is not plotted in Figure 3.

Figure 3 shows a remarkable high time resolution coherence between the location of the LCDS, its proximity to
the Van Allen Belt, and the observed fast loss as characterized in GPS electron flux data. The strong correlation
between measured flux and LCDS is present for both of these storms. They were so powerful that the LCDS
dropped down to L*∼ 5 and L*∼ 4 in 2013 and 2015, respectively, for a relatively long time of ∼6 hr. For the
March 2013 storm, the LCDS gradually moves inward following the storm commencement and significant
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belt losses are observed early in the main phase before the minimum in SYM − H. Losses are seen clearly in
Van Allen Probe data (Figure 2) at L*= 4.5 between around 08 UT and 12 UT, and at L*= 4 between around
08:30 UT and 11 UT. The GPS data (Figure 3, top panel) reveal the spatiotemporal characteristics of this loss in
much greater detail, with rapid loss occurring around 08–09 UT and with losses moving inward deeper into
the belt in concert with the inward motion of the LCDS from L*∼ 6 to L*∼ 5. Van Allen Probe data suggest
that the losses have reached inside GPS orbit to at least L*≲ 3.5 by ∼10:20 UT. For March 2013 there remains
a separation between the LCDS and the L* where the loss is observed since the LCDS does not drop below
L*∼ 5. However, in the presence of steep gradients in phase space density and strong storm main phase ULF
wave power (Dimitrakoudis et al., 2015; Murphy et al., 2015) the time scales in the modeling of Mann and
Ozeke (2016) suggest that outward radial diffusion to the LCDS could be sufficient to explain the observed
rapid losses and radiation belt extinction.

Arguably, the March 2015 event shows even faster loss. As described by Baker et al. (2016) and as can be seen
from Figure 1, a solar wind shock arrives around 04:40 UT and the magnetopause position moves in by ≈2 L.
This shock arrival was discussed in detail by Baker et al. (2016, their Figure 7) who emphasized the generation
of drift echoes following the shock impact. However, the GPS data do not show any signs of loss until after
06:00 UT. This is the time that the interplanetary magnetic field (IMF) turns southward, and the LCDS moves
inward with the loss starts immediately after (Figure 1 top right plot). For the March 2013 event, which was
discussed by Baker et al. (2014), the IMF turns southward almost immediately at storm onset which causes
the LCDS and the magnetopause to move inward at the same time. This implies that the governing factor of
the loss in both of these events is the location of the LCDS. Note, however, that it is crucial to take the LCDS
location into consideration as a function of L* rather than regarding the Shue et al. (1998) magnetopause
location in units of Earth radii as being equivalent to the LCDS position in L*.

Additionally to GPS flux data for 3 MeV electrons, we present data for a wider range of GPS energies in the sup-
porting information for this paper. Figure S1 shows that similar dropouts also happened for different energy
populations, and all of them follow the same trend as the LCDS. The fact that a wide range of energies show
similar behavior is consistent with the response expected for magnetopause shadowing but is most likely
inconsistent with the hypothesis that plasma wave-particle scattering into the atmosphere was the dominant
loss process. The very fast, ≲ hour time scale, losses of at least an order of magnitude in flux revealed by the
GPS satellites suggest that these losses might be described in terms of radiation belt extinction, consistent
with the characteristics of the very fast losses reported by Ozeke et al. (2017) for the September 2014 storm.

3.2. September 2014 and September 2012 Storms
Similar to the previous subsections we show the data from Van Allen Probes A and B for the September 2014
and September 2012 events in Figure 4. Figure 4c shows the last predepletion outbound pass of Probe A and
the first postdepletion inbound pass of Probe B. As discussed by Ozeke et al. (2017) and shown in Figure 4
here, the loss in the September 2014 event (Figures 4a–4c) can also be characterized in terms of radiation belt
extinction. In contrast, losses in the September 2012 event (Figures 4d–4f ) are more gradual.

GPS data for the September 2014 and September 2012 storms are shown in Figure 5 in the same format as
Figure 3. Note that here we analyze events not in chronological order since the loss characteristics during the
September 2014 event are closer to those also seen for the March 2013 and March 2015 events; in all three
cases the depletion happened very fast (≲0.5–2 hr). In contrast, the September 2012 event has a more gradual
loss. For the September 2014 event, the top panel of Figure 5 shows that despite the sudden inward motion
of the magnetopause at 16:00 UT on 12 September 2014, the loss does not start until the IMF turns southward
at 20:15 UT and when the LCDS rapidly moves inward to L*≈ 5. Even this short inward excursion of the LCDS
is sufficient to cause the fast losses and belt extinction.

For the September 2012 event (bottom panel of Figure 5) the IMF turns southward at the beginning of the
storm but only gradually increases in its magnitude over the next 48 hr. The LCDS gradually moves inward
during this interval to reach L*≈ 6. Significantly, the magnetopause remains at a standoff distance of ≳10
Earth radii throughout this interval until the shock arrival at around 12 UT on 3 September. Note that this
event, although characterized by the generation of a third radiation belt, was only a moderate storm with
SYM − H only reaching a minimum of −77 nT. Figure 4 shows that the Van Allen Probes reveal a period of
rather gradual loss in September 2012, in advance of the arrival of the interplanetary shock. This is consistent
with the analysis by Mann et al. (2016) who asserted that outward ULF wave radial diffusion was responsi-
ble for the losses during this storm and which began in advance of the shock arrival. Interestingly, as shown
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Figure 4. Summary of the Van Allen Probes A (red) and B (blue) data for the September 2014 and 2012 storms: (top row)
Van Allen Probes’ L*; (middle row) measured flux of 2.6 MeV electrons; (bottom row) L* dependence of the flux during
the fast loss. For the September 2014 storm we show the last outbound pass of Probe A when the radiation belt is still
present and the first inbound pass of Probe B after the dropout. For 2012 storm we show gradual loss with different
colors, which happened through multiple orbits of Van Allen Probe A.

in Figure 5 (bottom panel), at GPS altitudes the shock does not seem to be associated with additional fast
losses, although as the LCDS moves in further the fluxes at GPS gradually are further reduced in concert with
the proximity of the LCDS.

Overall, Figure 5 emphasizes the importance of the proximity of the calculated LCDS as a function of L*
for assessing radiation belt losses, as opposed to merely regarding Shue et al. (1998) magnetopause loca-
tion in units of RE as an approximation for the L* of the LCDS. Consistent with the analysis of the LCDS in
Alves et al. (2016), the September 2014 storm is characterized by fast outward losses through the LCDS. During
this event, the LCDS remains at L*≈ 6 for a couple of hours, presumably low enough in L* for fast outward ULF
wave transport to create the observed extinction. This contrasts with the September 2012 event where, con-
sistent with the calculations of Mann et al. (2016), a more distant LCDS appears to lead to a more gradual rate
of loss for the belts. For these September storm events, we also present data for additional GPS energy chan-
nels in the supporting information to this paper (Figure S2). Data from this wider range of energy channels
again support the conclusion that outward transport to the LCDS was responsible for the observed losses.

3.3. Loss Time Scales
It is also relevant to analyze the time dependence of the mean GPS flux as a function of McIlwain L-shell to
study the morphology of the dropouts from a different perspective. These data are shown in Figure 6 for
the March 2013 and 2015 events, and in Figure 7 for September 2014 and 2012. Each of the plots shows the
average flux measured by the GPS satellites, which are present in the specified L-shell bins. Figure 6 shows
that for both the March 2013 and March 2015 events the dropouts happened first at high L-shell and then
later at lower L-shell. Note that on 17 March 2015, following the dropout, the data on the higher L-shells are
close to the noise floor and not shown. Figure 6 shows the same picture for both March storms with depletion
on higher L-shells happening earlier than on the lower L-shells. Very significantly this indicates an inward
propagation of loss consistent with magnetopause shadowing.

What is also very clearly seen in Figures 6 and 7, at least for the March 2013, March 2015, and September 2014
events, is that the time scale of the loss is very short, only ∼0.5–2 hr, depending on the storm and L-shell bin.
In all of these cases, the fastest losses occurred at the highest L-shells, while more gradual losses happened
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Figure 5. The 3 MeV electron flux from the Global Positioning System satellite constellation as a function of L* (left axis)
for the September 2012 and September 2014 storms. Last closed drift shell L*, calculated using LANL* neural network, is
shown with a red line. The magnetopause standoff distance in units of Earth radii, calculated using Shue et al. (1998)
model, is shown with a green line and should be read from the right-hand axis. Note that for the September 2014
event the Shue et al. (1998) model gives a magnetopause position >12 L for an extended period of time.

at lower L-shells but still within a short∼2 hr time scale. The same overall pattern is also seen for the September
2012 storm, again with faster losses at higher L-shells and overall inward propagation of losses—consistent
with magnetopause shadowing as proposed by Mann et al. (2016)—just on relatively slower time scales.

The September 2012 storm was characterized by losses at higher L-shells, which left the remnant belt at the
inner edge of the outer zone. Following subsequent flux recovery on higher L-shells, this resulted in a third belt
morphology with a flux gap between the remnant belt and the newly recovered outer belt (Baker, Kanekal,
Hoxie, Henderson, et al., 2013). Shprits et al. (2013) introduced localized EMIC wave losses in the gap region
into their modeling in order to reproduce the observed third belt morphology. More recently, Mann et al.
(2016) argued that the remnant belt could be produced by outward ULF wave radial diffusion to the mag-
netopause and that the third belt morphology did not require the action of EMIC waves. Shprits et al. (2018)
argue that the conclusions of Mann et al. (2016) are incorrect and reiterate that in their view EMIC waves
are necessary to create the third belt. In their reply to the Shprits et al. (2018) comment, Mann et al. (2018)
present phase space density profiles which decrease with L* during the loss period consistent with their earlier
hypothesis that magnetopause shadowing explains the creation of the third belt. The GPS and LCDS data
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Figure 6. Time dependence of mean 3 MeV electron flux observed from the Global Positioning System satellite
constellation binned in three L-shell ranges for the March 2013 and March 2015 storms.

in Figure 5 appear to be consistent with the conclusion of Mann et al. (2016, 2018) that gradual outward
ULF wave transport and magnetopause shadowing losses played a large role in creating the third radiation
belt morphology.

4. Discussion and Conclusions

It is worthwhile to compare the results presented here to the results presented by Morley et al. (2010). These
authors compared the GPS electron flux as a function of dipole L observed in 61 sudden impulse events
and superposed them with Shue et al. (1998) magnetopause location. The Morley et al. study hence clearly
suggested a substantial role for solar wind compressions, a result which has also been reported in subse-
quent studies. However, for the sudden impulse events in the Morley et al. superposition, the magnetopause
remained ∼2–3 L-shells away from the location of the observed GPS losses. However, as we show here, when
the location of the LCDS is calculated as a function of L* it lies much closer to the radiation belt where the
losses are observed. As discussed by Mann et al. (2016), the remaining separation between the LCDS and the
radiation belt can also be bridged by ULF wave outward radial diffusion. Our results imply that fast outward
diffusion to a proximal LCDS can not only result in fast losses but under the appropriate conditions dur-
ing intense storms, that such losses can create radiation belt extinctions and which can have a global effect
on very fast time scales. As we showed here, such loss time scales are much shorter than the orbital periods
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Figure 7. Time dependence of mean 3 MeV electron flux observed from the Global Positioning System satellite
constellation binned in three L-shell ranges for the September 2014 and September 2012 storms. Note that only 24 hr
of data is shown for September 2014, while 48 hr is shown for September 2012.

of the Van Allen Probes. As we further demonstrated here, combining electron flux data for the constellation
of GPS satellites allows such very fast radiation belt losses to be resolved, at least at the altitudes and L-shell
ranges covered by the GPS satellite constellation.

Overall, Morley et al. (2010) showed that there is a correlation between the radiation belt loss patterns in a
geomagnetic storm and the dynamics of the magnetopause (classically calculated using the Shue et al., 1998,
model). Similar patterns are present in some of the events from this paper. However, a much stronger corre-
lation exists between the loss trends and the LCDS when calculated as a function of L*. This LCDS correlation
holds even for the rapid radiation belt extinction events of March 2015 and September 2014, and for these
events, the inward motion of the magnetopause standoff is inconsistent with the timing of the actual dropout.
This implies that the crucial factor governing the loss in these events is the location of the LCDS. As the outer
boundary in those events, losses at the LCDS will produce steep gradients in particle phase density in much
closer proximity to the heart of radiation belt than implied by assuming it occurs on L-shells equal to the
standoff distance in the Shue et al. (1998) magnetopause model. In our view in order to accurately model ULF
wave outward transport, which is mostly governed by steep gradients in phase space density, the calculated
L* location of the LCDS is likely the key.
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Studies of the temporal evolution of electron fluxes on different L-shells (Figures 6 and 7), as well as across
a wide range of energies (see supporting information), reinforce our conclusion that transport to the LCDS
and related magnetopause shadowing were the primary cause of the loss in the four storms studied here. In
particular, the fact that the loss moves inward and happens first on high L-shells and later on lower L-shells
is consistent with outward ULF wave transport to an outer boundary determined in our case by calculation
of the LCDS. Additionally, the observed loss patterns are the same for different energies from 1 to 5 MeV
(see supporting information for this paper), and all of them are strongly correlated with the LCDS. Our analysis
was done using high-resolution data from all available GPS satellites. This allows us to study electron flux
dynamics with ≈30 min temporal and ≈ 0.25 Earth radii spatial resolution, as opposed to the ≈9 hr orbital
period of the Van Allen Probes.

In this study, we used the LANL* neural network to perform the calculation of the LCDS. This approach has
a tremendous advantage over the full calculation method in terms of the required computational resources.
However, the neural network itself does not have any knowledge of the governing physics. Nevertheless, it
was shown that the LCDS calculated using the LANL* neural network agreed well with the full LCDS calcula-
tion, at least for the March 2013 storm where we completed a validation. All of the above implies that when
assessing magnetopause shadowing losses in the Van Allen radiation belts analyzing the LCDS and working
in L* space is more reasonable than regarding a classical Shue et al. (1998) model of magnetopause standoff
distance in terms of Earth radii as the L-shell where shadowing losses will occur.
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