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Abstract Last closed drift shell (LCDS) has been identified as a crucial parameter for investigating the
magnetopause shadowing loss of radiation belt electrons. However, drift orbit bifurcation (DOB) effects

have not been physically incorporated into the LCDS calculation. Here we calculate event-specific LCDS

using different approaches to dealing with the DOB effects, that is, tracing field lines ignoring DOB, tracing
test particles rejecting field lines with DOB, and tracing particles including field lines with DOB, and then
incorporate them into a radial diffusion model to simulate the fast electron dropout observed by Van Allen
Probes in May 2017. The model effectively captures the fast dropout at high L* and exhibits the best agreement
with data when LCDS is calculated by tracing test particles with DOB more physically included. This study
represents the first quantitative modeling of the DOB effects on radiation belt magnetopause shadowing loss via
a more physical specification of LCDS.

Plain Language Summary Magnetopause shadowing has been recognized as a significant loss
mechanism contributing to the rapid dropouts of radiation belt electrons. The last closed drift shell (LCDS),
a critical input in modeling the magnetopause shadowing loss, is typically calculated by tracing magnetic
field lines with constant second adiabatic invariant and magnetic field strength at particle's mirror point (B,,).
However, the effects of drift orbit bifurcation (DOB) have not been realistically incorporated into the LCDS
estimation for dropout modeling. DOB occurs when the local maximum of the magnetic field strength on

the equator exceeds B, , causing particles to be trapped in one hemisphere and leading to the violation of the

second adiabatic invariant. To evaluate the effects of DOB on shadowing loss, we implemented three different
LCDS calculations, that is, tracing field lines ignoring DOB, tracing test particles rejecting field lines with
DOB, and tracing test particles including field lines with DOB, in a one-dimensional radial diffusion model.
By reproducing the electron dropout observed at high L* during the geomagnetic storm in May 2017, we
discovered, for the first time, that physically incorporating DOB effects into the LCDS calculation via test

particle tracing can best capture the observed electron loss at high L*.

1. Introduction

Studies on Earth's radiation belts are becoming increasingly important since energetic particles trapped in the
belts (Van Allen et al., 1958, 1959) can damage the electronic systems in space (Baker et al., 2018). Observations
have shown that the MeV radiation belt electron flux can drop by several orders of magnitude within a few hours,
which are called radiation belt dropouts (Shprits et al., 2016; Tu et al., 2009, 2010, 2014; Turner et al., 2012, 2014;
Xiang et al., 2017, 2018). Many studies on electron dropouts have suggested two main loss mechanisms for
MeV radiation belt electrons: magnetopause shadowing associated with outward radial diffusion (e.g., Katsavrias
et al., 2019; Shprits et al., 2006, 2012; Turner et al., 2012, 2014; Ukhorskiy et al., 2006; Xiang et al., 2017),
and precipitation into the atmosphere through the interaction with electromagnetic ion cyclotron (EMIC) waves
(Blum et al., 2015; Capannolo et al., 2019; Lyu et al., 2022; Shprits et al., 2016; Zhang et al., 2016).

Magnetopause shadowing, the focus of this work, is modeled and evaluated for radiation belt electron dropout
using the last closed drift shell (LCDS) (George et al., 2022; Olifer et al., 2018, 2021; Tu et al., 2014, 2019;
Wang & Shprits, 2019; Wang et al., 2020; Xiang et al., 2017; Yu et al., 2013). LCDS is defined as the largest
Roederer L* (Roederer & Zhang, 2014) for drift shells that do not intersect with the magnetopause or open field
lines. This is suggested as being more realistic than the magnetopause standoff distance in units of Earth radii
(Ry) from Shue et al. (1998) model (hereafter referred to as rShue) when assessing the magnetopause shadowing
losses (Olifer et al., 2018). However, Drift Orbit Bifurcation (DOB), violating the second adiabatic invariant
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K, should be carefully considered in the estimation of LCDS (George et al., 2022; Olifer et al., 2018, 2021;
Tu et al., 2014, 2019; Xiang et al., 2017; Yu et al., 2013). DOB occurs when the dayside magnetosphere is
compressed by the solar wind, resulting in a W-shaped magnetic field strength profile with two minima off the
magnetic equator and a maximum at the equator. A particle bouncing between two hemispheres becomes trapped
on one hemisphere if it crosses the W-shaped field strength region with its B,, (the magnetic field intensity at
the particle's mirror points) smaller than the equatorial magnetic field maximum (Huang et al., 2022; Oztiirk &
Wolf, 2007; Ukhorskiy et al., 2011). DOB violates both second and third adiabatic invariants of electrons, and the
third invariant L* becomes undefined. Therefore, the traditional method of obtaining LCDS by tracing magnetic
field lines with constant second invariant (hereafter referred to as TF) cannot physically include DOB. To test the
DOB effects in the LCDS calculation, Albert et al. (2018) utilized a guiding center test particle code to compute
the LCDS through two approaches to addressing DOB: rejecting and including field lines with DOB (hereafter
referred to as TPR and TPIL, respectively). The former TPR approach assumes that electrons with a bifurcated drift
shell are all lost within one drift, which could lead to an overestimation of the electron loss since results show
that electrons can remain trapped in the radiation belt after the transport due to DOB (e.g., Huang et al., 2022).
In the latter TPI approach of including field lines with DOB, the test particle code continues to trace the full drift
trajectory of electrons after bifurcation and a pseudo-L* is calculated based on the magnetic flux enclosed by the
drift shell (even though it is not closed). Then Albert et al. (2018) compared the LCDS values calculated from
these two approaches with the LCDS calculated using the traditional TF approach, and suggested that the LCDS
calculated by these three different approaches can be very different during geomagnetic storms.

Even though previous work has shown that DOB can have significant effects on the electron LCDS, its effects on
the dropout of radiation belt electrons have not been quantified. In this paper, for the first time, we implement the
event-specific LCDS calculated using three different approaches to dealing with DOB, that is, tracing field lines
ignoring DOB, tracing test particles rejecting field lines with DOB, and tracing test particles including field lines
with DOB, into a radial diffusion model, to quantify the DOB effects on the observed magnetopause shadowing
loss of radiation belt electrons during the May 2017 dropout event.

2. Event Analysis

The event we studied is an intense geomagnetic storm during May 27-28, 2017 with SYM-H reaching ~—150 nT
as shown in Figure le (black line for SYM-H, blue for Kp). The solar wind dynamic pressure P, and the inter-
planetary magnetic field (IMF) B, during the event are plotted in Figure 1d. Figures 1a and 1b plot the Phase
Space Density (PSD) of the electrons with first and second invariants of g = 912 MeV/G and K = 0.11 G'*R,
(corresponding to ~2.2 MeV electrons at L ~ 5), u = 2290 MeV/G and K = 0.11 G'?R (corresponding to
~5.5 MeV electrons at L ~ 5) respectively, as a function of time and L*. The PSD is calculated based on the flux
measurements from the Relativistic Electron Proton Telescope (REPT) (Baker et al., 2013) and the Magnetic
Electron lon Spectrometer (MagEIS) instruments (Blake et al., 2013) onboard Van Allen Probes, using the TS04
magnetic field model (Tsyganenko & Sitnov, 2005). The PSD observations show some initial electron loss start-
ing near the end of May 27 at L* ~ 4.5-5. Then more significant dropout in PSD was observed at high L* regions
around 03 UT of May 28 for a wide range of u values, which indicates loss of electrons through magnetopause
shadowing. Figure 1c illustrates the 2.1 MeV electron fluxes as a function of local pitch angle and time, observed
by Van Allen Probe A along its orbit. The observed fluxes at approximately 23 UT of May 27 near the apogee
exhibit a distinct butterfly pitch angle distribution (PAD), which is a typical feature of the magnetopause shadow-
ing loss due to drift shell splitting effect (Roederer & Zhang, 2014; Tu et al., 2019). The observed loss features
discussed above suggest that magnetopause shadowing loss could be the dominant loss mechanism contributing
to the dropout of outer radiation belt electrons during the 27 May 2017 storm, especially at high L* regions.

3. Simulation and Results

3.1. Radial Diffusion Simulation

To simulate the magnetopause shadowing loss associated with the outward radial diffusion of electrons during
the May 2017 dropout event, we employ a one-dimensional radial diffusion model that solves the Fokker-Planck
equation (Schulz & Lanzerotti, 1974):

of _ .2 0 (D of S
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Figure 1. PSD of (a) 4 =912 MeV/G, (b) u = 2290 MeV/G, and K = 0.11 G'?R,, electrons as a function of time and L*. (c)
2.1 MeV electron fluxes versus local pitch angle and time observed by Van Allen Probe A along its orbit. (d) Solar wind Py,
in black, IMF B_ in blue, and (¢) SYM-H (black line) and Kp (blue line) indices during May 27-28, 2017.

Here, frepresents the electron PSD at a fixed y and K. D, denotes the radial diffusion coefficient, and 7 stands for
the electron e-folding lifetime. The D, is obtained from the empirical radial diffusion coefficient from Brautigam
and Albert (2000), which was derived up to Kp = 6 and for equatorially mirroring electrons. Here it is also applied
to Kp > 6 intervals and to electrons at all pitch angles due to the unresolved pitch angle dependence of D, (e.g.,
Li et al., 2016; Miyoshi et al., 2006; Sarris et al., 2022). To represent the magnetopause shadowing loss, electron
lifetimes outside the LCDS are assumed to be on the order of electron drift periods. The model outer boundary,
a Neumann boundary condition (9f/0L* = 0) defined at L* = 11, remains outside the LCDS during this event.

The event-specific LCDS, calculated using the TS04 magnetic field model, employs three approaches to address-
ing DOB effects following Albert et al. (2018) (discussed in Section 1). The results are shown in Figure 2al
for K = 0.05 G2R,,. The first approach is the traditional approach by tracing magnetic field lines with constant
second invariant using the International Radiation Belt Environment Modeling (IRBEM) library (Boscher
et al., 2022). The calculated LCDS has a time resolution of 5 min and is depicted as the green line in Figure 2al
and labeled as LCDS(TF), which is not physical when DOB occurs since DOB violates the second invariant. The
remaining approaches utilize the guiding center test particle code, solving the guiding center equations by Brizard
and Chan (1999).

In the second approach, tracing test particles while rejecting field lines with DOB, electrons with a bifurcated
drift shell are assumed to be lost within one drift. This approach could be an “overkill” since electrons suffering
from DOB may still be trapped in the radiation belt. This LCDS is shown as the orange line in Figure 2al, labeled
LCDS(TPR). The third approach, including field lines with DOB, calculates the magnetic flux enclosed by the
bifurcated drift shells, creating a pseudo-L* in the presence of DOB (Albert et al., 2018; Ukhorskiy et al., 2014).
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Figure 2. (al) Different LCDS results of K = 0.05 G'2R,, electrons as a function of time. (a2-a5) Electron PSD data and
simulation results for 4 = 2290 MeV/G, and K = 0.05 G'”R,, with the white curves in (a3-a5) representing the LCDS
locations calculated by different approaches. (b1-b4) Observed and simulated PSD versus L* profiles from panels (a2—a5)
averaged over four time intervals. Panels (b2-b4) correspond to the model results shown in (a3-a5), respectively. The green
lines in (b2-b4) with hollow square symbols are copied from the data shown in panel (bl). (c1-c2) Blue and black curves:
equatorial crossings of the electrons' trajectories from the test particle simulation for the LCDS from the TPR approach in
blue, and TPI approach in black. The colors in the region with radial distances of 5-12 R, represent the number of local
magnetic field minima along the field lines: blue for one, green for two, red for at least three, and white region for open field
lines. Panels (c1) and (c2) are plotted for the two times marked by the two red dashed vertical lines in (al).

Initiated at MLT = 3, test particles are traced back to this MLT. Their northern mirror points over the traced drift
shell are mapped to a sphere of 1 R, radius to calculate the enclosed magnetic flux (Roederer & Zhang, 2014).
This approach could more physically include the DOB effects than the second approach. The LCDS from this
approach is the purple line in Figure 2al, labeled LCDS(TPI). Due to the test particle simulation's computational
intensity, we set the time resolution of both LCDS(TPR) and LCDS(TPI) at 10 min. The black line in Figure 2al
is the rShue values. We find that if rShue were used as the approximation for LCDS, it could not lead to direct
electron losses below L* = 6 (Figure 2a2), since the minimum rShue value is greater than 6. Albert et al. (2018)
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suggested that a shifted magnetopause, rShue — 2, may approximate the LCDS. However, for this event, rShue — 2
is around 4.2 at the end of interval #2, smaller than the other LCDS values across all Ks. Simulations using rShue
— 2, which are not shown here, indicate an overestimation of electron loss at L* > 4.2 during intervals #2, #3,
and #4. Thus, neither rShue nor rShue — 2 serves as an effective LCDS proxy for this event. Comparatively, the
LCDS values from the three different approaches in Figure 2al decrease to low L* values during the storm main
phase. Before 23 UT of May 27 and after 16 UT of May 28, LCDS(TPI) is generally the largest, LCDS(TPR) the
smallest, and LCDS(TF) in between, aligning with Albert et al. (2018). This LCDS difference between the two
test particle approaches could be understood using Figure 2c1, which is at 20 UT of May 27 marked by the first
dashed vertical line in Figure 2al. The colors in Figure 2c1 in the region with a radial distance of 5-12 R from
Earth represent the number of local magnetic field minima along the local field line, with blue for one minimum,
green for two minima, and red for at least three minima, respectively, while white color represents open field
lines. We can see that the open field lines cover a wide region on the dayside due to the high solar wind P, at this
time. In addition, the high Py,
maximum at equator, which is favorable for DOB to occur. Consequently, a wide bifurcation region with two local

compresses the dayside magnetosphere and leads to an increased local magnetic

magnetic field minima (green area) appears on the dayside, which leads to considerable differences between the
LCDS(TPI) and LCDS(TPR) values as shown in Figure 2al at this time (marked by the first dashed vertical line).
These two LCDS are also plotted in Figure 2c1 with TPR in blue and TPI in black. Specifically, these curves
illustrate the equatorial crossings of the test electrons' trajectories at the LCDS. The gap in the black curve on the
dayside is due to the bifurcated drift shells not crossing the equator. We can see that the LCDS(TPR) is located a
lot closer to Earth than the LCDS(TPI), corresponding to the large difference between them.

However, between 23 UT of May 27 and 16 UT of May 28, the difference among the three LCDS values becomes
much smaller. To understand this, in Figure 2c2 we create a similar magnetic configuration plot for the time of

00 UT on May 28 (marked by the second dashed vertical line in Figure 2al). Lower solar wind P, results in

dyn
fewer open field lines (white) on the dayside and weaker magnetic fields in bifurcation maxima thanyFigure 2cl
shows. Additionally, a more southward IMF B, causes a slimmer bifurcation region (green) due to enhanced
reconnection. These factors cause smaller differences in LCDS values from the two test particle approaches,
TPR (blue curve in Figure 2¢2) and TPI (black curve). The gaps in both curves on the nightside result from the
stretched asymmetric magnetic field lines with a complicated configuration. Furthermore, in Figure 2¢c2 we see a
small red blob (with at least three local magnetic field minima) in the post-dusk region between 6 and 8 R, which
is possibly related to a partial ring current on the nightside (Tsyganenko et al., 2021) but its physical cause and
validity remain to be explored. This anomaly could cause unphysical open trajectories of electrons in between
physical and closed drift shells of electrons. In our test particle approaches of calculating LCDS, we bypass this
region for more physical LCDS values. From 23 UT of May 27 to 00 UT of May 28 (as shown in the zoomed-in
plot on the right side of Figure 2al), LCDS(TPR) remains the lowest, while LCDS(TF) is slightly higher than
LCDS(TPI). This occurs when the tracing field lines approach can obtain an L* value for a certain drift shell (by
assuming constant second adiabatic invariant) while the test particle including DOB approach cannot since the
particles are lost due to DOB.

3.2. Simulation Results in PSD

With the LCDS calculated by the three different approaches described above, we implement them into the radial
diffusion model to quantify their effects on reproducing the observed electron losses. Figures 2a3—2a5 present the
simulation results for the same y and K values as the PSD data in Figure 2a2, with the white curves representing
the LCDS values from the three different methods shown in Figure 2al. Model 1 is with LCDS(TF), Model 2
is with LCDS(TPR), and Model 3 is with LCDS(TPI). We find that the models with different LCDS could all
generate fast magnetopause shadowing loss of electrons at higher L*, owing to the low LCDS values during the
storm main phase. For detailed comparisons with data and examine the differences among the three approaches,
we select four consecutive time intervals to investigate the detailed evolution of PSD versus L* profiles. The time
coverage for each interval is represented by a horizontal color bar above Figures 2al-2aS5. These intervals are: #1
(09 UT to 17 UT of May 27), #2 (17 UT to 23 UT of May 27), #3 (23 UT of May 27 to 00 UT of May 28), and
#4 (00 UT to 09 UT of May 28). Figures 2b1-2b4 exhibit the comparison between data (Figure 2b1) and model
results (Figures 2b2-2b4) in the evolution of PSD versus L* profiles. We have assessed the uncertainty in the PSD
values calculated from flux observations using the PSD matching method (Chen et al., 2005, 2007) following
Reeves et al. (2013), and found an average uncertainty of a factor of 1.3 which is small. The profiles for intervals
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Figure 3. Observed (a) and modeled (b)—(d) PAD of electron fluxes at
2.1 MeV along Van Allen Probe A's orbit. Models 1-3 in panels (b)—(d)

model results in Figures 2b1-2b4, we find that all three models well capture
the observed electron dropout at high L* regions. This is because the LCDS
calculated by different approaches are close to each other during this interval

correspond to the different model settings depicted in Figure 2 (a3-a5). Panel as shown in Figure 2al. By further looking at the PSD evolutions in all three
(e) presents the normalized differences between observations and modeled models (Figures 2b2-2b4), we find the PSD profiles exhibit fast loss at large
flux from Model 3.

L* and an internal PSD peak at low L*, which are typical magnetopause
shadowing loss features (Shprits et al., 2006; Turner et al., 2012).

3.3. Simulation Results in Flux

For a comprehensive comparison with data, we further convert the modeled PSD to electron flux in energy and
pitch angle to directly compare with flux observations. Figure 3a presents the observed PAD of electron fluxes
at 2.1 MeV along the orbit of Van Allen Probe A (identical to Figure 1c), and Figures 3b—3d display the modeled
PAD of electron fluxes along the same orbit. The comparison shows that all models successfully reproduce the
observed flux dropout between 5 and 9 UT of May 28 and the butterfly distribution near the apogee of Probe A
around 23 UT of May 27, confirming the dominant effect of magnetopause shadowing loss in this dropout event
at high L*. Nevertheless, for the modeled butterfly PAD, Model 1 with LCDS(TF) underestimates the electron
loss for pitch angles from approximately 65° to 115° (comparing Figures 3a—3b). Model 2 with LCDS(TPR),
on the contrary, overestimates the electron loss at high pitch angles between ~65° and 115° (Figure 3c), while
Model 3 with LCDS(TPI) exhibits the best agreement with the data. Moreover, to validate the modeled results
against observations, we follow Wang et al. (2020) and calculate their difference normalized by the maximum
average of the observed flux and simulated flux for each 8 hr (ND_, ), which is shown in Figure 3e. The ND,, in
Figure 3e indicates that Model 3 reproduces the observed flux well at high L* and large pitch angles. Therefore,
in addition to the modeled PSD results comparison, the PAD comparison in flux also demonstrates that modeling
the magnetopause shadowing loss with the LCDS obtained by tracing particles and physically including DOB
could better capture the electron loss at high L* and outperforms the other two approaches. We note that all three
models do not capture the observed electron loss at low L* regions (L* < 4.8 in Figures 2b1-2b4, red region in
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Figure 3e), which could be due to other loss mechanisms such as the scattering by interactions with waves (e.g.,
EMIC waves). Additionally, the model underestimation after 12 UT on May 28 (blue regions in Figure 3e) may
result from the lack of acceleration mechanisms in the model. Overall, our results show that Model 3 utilizing the
LCDS obtained through tracing test particles and physically including DOB agrees the best with observations.

4. Conclusions and Discussion

During the May 2017 geomagnetic storm event, Van Allen Probes data show fast loss in electron PSD at large
L* across a wide range of u values, and a butterfly pitch angle distribution in electron fluxes. These features
highlight the significant role of magnetopause shadowing loss in the observed electron dropout. In this study, for
the first time, we introduce an event-specific and K-dependent LCDS that physically includes the DOB effects,
in comparison with two other LCDS that are less physical in addressing DOB, into a 1D radial diffusion model
to quantitatively model the effects of DOB in the magnetopause shadowing loss of outer radiation belt electrons.
Our major findings can be summarized below:

1. The fast dropout of outer radiation belt electrons at high L* are dominated by magnetopause shadowing
loss during this event. The shadowing loss is effectively reproduced by our radial diffusion model utiliz-
ing event-specific and K-dependent LCDS, suggesting that the inclusion of event-specific and K-dependent
LCDS is crucial for accurately replicating the detailed features of magnetopause shadowing loss.

2. The differences among the calculated LCDS using the three approaches could vary depending on the geomag-
netic conditions. During most of the storm, LCDS(TPR) (rejecting DOB) is smaller than LCDS(TF) (ignoring
DOB), and both are smaller than LCDS(TPI) (physically including DOB). But for part of the storm main
phase, the differences between the LCDS values become smaller.

3. Byimplementing the different LCDS into our radial diffusion model, we find that using LCDS(TF) underestimates
the electron dropout during the initial storm main phase (interval #3) at high L*, while using LCDS(TPR) over-
estimates the loss during that interval as well as the pre-storm interval (interval #2). However, using LCDS(TPI)
that physically includes DOB well captures the shadowing loss during both the pre-storm and storm main phases
and agrees the best with observations, in both the PSD versus L* profiles and the flux pitch angle distributions.

Our results demonstrate the important role of DOB effects on the magnetopause shadowing loss of radiation
belt electrons. Note that we have also tried using the LANLGeoMag (LGM) library (Henderson et al., 2018) to
calculate the LCDS by tracing field lines with a constant second adiabatic invariant. Interestingly, the LCDS(TF)
calculated using the LGM library is quite different from that using the IRBEM library. Instead, before the storm
main phase, we find that LCDS(TF) using LGM mostly overlaps with the LCDS(TPR), which is consistent with
the findings from Albert et al. (2018). Additionally, during the storm main phase, LCDS(TF) using LGM shows
much lower values than those from the other methods shown in this paper, which is because the LCDS calcu-
lation using the LGM library often cannot bypass the region with the abnormal magnetic field lines illustrated
in Figure 2¢2 and discussed near the end of Section 3.1, leading to open drift shells at lower L* values. These
suggest that the filed line tracing approach assuming constant second adiabatic invariant does not work well with
DOB, at least in the TS04 model for this event. Furthermore, there is still more future work to further improve
the LCDS calculation and physically include the DOB effects. First, our results show that the DOB effects are
dependent on the geomagnetic field conditions, thus their effects on magnetopause shadowing loss could vary
among different storms. Future investigations examining various storms are necessary to better understand the
effects of DOB on electron shadowing loss. Furthermore, it would be worthwhile to explore different magnetic
models in the LCDS calculation such as the TSO07 model (Tsyganenko & Sitnov, 2007) since the LCDS values can
differ significantly among different field models (Albert et al., 2018). Finally, in this work we explore the DOB
effects on the LCDS of electrons using a 1D radial diffusion model. To comprehensively include the electron
transport due to DOB in both electron pitch angle and radial distance, a 3D diffusion model like DREAM3D (Tu
et al., 2013) is needed and will be utilized in the future.

Data Availability Statement

The geomagnetic indices utilized in this study are obtained from OMNIWeb and can be accessed from https://
cdaweb.gsfc.nasa.gov/. The data from the MagEIS and REPT instruments onboard Van Allen Probes can be
obtained from https://rbsp-ect.newmexicoconsortium.org/science/DataDirectories.php. The model inputs and
outputs used in this study are publicly available at Zenodo (Huang et al., 2023).
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