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Abstract Recently, Van Allen Probes data have revealed the interesting energy-dependent dynamics of
energetic protons in Earth's inner magnetosphere. To quantify the role of radial diffusion and charge exchange
to the observed energy-dependent dynamics of ring current protons, a 1D radial diffusion model with charge
exchange loss is implemented. The observed proton flux over the long-term period of November 2012 to
September 2013 is first converted to phase space densities, which are then simulated by our model driven by
an outer boundary condition at L* = 5.5 derived from the data. The simulation results show that our model
generally captures the transport and acceleration of energetic protons at u = 30, 50, and 80 MeV/G and

K =0.11 G2 R, suggesting that radial diffusion is the dominant source mechanism for >75 keV protons at
L* =3.5-5.5. In addition, the observed fast decay of protons at lower u and slow decay at higher u are well
captured by the model, demonstrating the dominant role of charge exchange in explaining the observed energy-
dependent proton decay. For higher u protons, prompt losses of protons on the time scale of hours are observed
over a wide range of L*, which is too fast to be explained by charge exchange. Some of the prompt losses at
high L* regions are reproduced by the model with outward radial diffusion to the outer boundary. However,
many prompt losses observed at lower L* regions are not captured by the model, which could be due to other
loss mechanisms including electromagnetic ion cyclotron wave scattering and field line curvature scattering.

1. Introduction

The ring current, an electric current flowing toroidally in near-Earth space, plays a crucial role in the morphology
and dynamics of the Earth's magnetosphere (Daglis et al., 1999). Changes in this current are responsible for the
decreases of the Earth's surface magnetic field and can be characterized by the Dst index (e.g., Berko et al., 1975;
Daglis et al., 1993; Sugiura, 1964; Williams, 1981). Energy density of the ring current is mainly carried by
~1 keV to a few hundred keV ions, most of which are protons during quiet times (i.e., prestorm and poststorm
phases) (e.g., Krimigis et al., 1985; Zhao et al., 2015). Thus, modeling the long-term evolution of energetic
protons is critical to obtaining a physical understanding of the ring current dynamics.

Previous studies have shown that injection (or convection) and radial diffusion are the two major source mecha-
nisms for the transport and acceleration of ring current ions, but it is still under active debate which mechanism is
more dominant. For example, Sheldon and Hamilton (1993) used the standard radial diffusion model combined
with two non-adiabatic loss mechanisms to study the transport of ring current particles observed by Active
Magnetospheric Particle Tracer Explorers/Charge Composition Explorer spacecraft. Their results showed good
agreement with the data at ion energies greater than 30 keV and at L > 4, which suggests that for energetic ions
radial diffusion is the main transport and acceleration mechanism that leads to the flux enhancement of ring
current ions. Meanwhile, Gkioulidou et al. (2014, 2015) investigated small-scale ion injections using data from
the Van Allen Probes/RBSPICE instrument during ring current buildups and found that injections could make a
substantial contribution to the enhancement of ring current. Recently, Gkioulidou et al. (2016) studied the long-
term pressure evolution of ring current protons using Van Allen Probes data and found that the proton dynamics
are quite energy-dependent. They concluded that for lower energy protons (<80 ke V) convection is the dominant
mechanism for transport and acceleration, while for higher energy protons (>100 keV) radial diffusion is more
dominant.

Several different mechanisms could also contribute to the loss of ring current protons. The major ones during
geomagnetically quiet periods include coulomb scattering and charge exchange. Among these two mechanisms,
charge exchange is the dominant loss process for ring current protons over most of the ring current energy range
and it has been widely studied (e.g., Fok et al., 1991; Hamilton et al., 1988; Kistler et al., 1989). The charge
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exchange lifetimes for ring current protons are strongly energy dependent, which are of about 1 day for equa-
torially mirroring protons at energies <75 keV and increasing rapidly to around hundreds of days at 200 keV
(Liemohn, 1961, Jordanova et al., 1996; Smith & Bewtra, 1978). Other non-adiabatic mechanisms such as pitch
angle scattering by the electromagnetic ion cyclotron (EMIC) waves (e.g., Jordanova et al., 2001; Khazanov
et al., 2007), loss to the magnetopause by outward radial diffusion (e.g., Keika et al., 2005; Tu et al., 2019; Turner
et al., 2014), field line curvature (FLC) scattering (e.g., Ebihara et al., 2011; Eshetu et al., 2021), and by bounce-
drift resonant interaction with ULF waves (selectively for oxygen ions) (e.g., Li et al., 1993) could also play
an important role in the fast loss of ring current ions during storm times. For example, Jordanova et al. (2001)
modeled the proton precipitation caused by EMIC waves during a geomagnetic storm of 14—-16 May 1997. The
global pattern from their results shows that the precipitation was first located at higher L shells during prestorm
conditions, moving to lower L shells in the storm main phase, and then receding back to higher L shells during the
recovery phase. Turner et al. (2014) examined the evolution of flux versus L* profiles for both MeV electrons and
>100s keV protons during the 30 September 2012 storm and found concurrent dropout of energetic electrons and
protons at L* > 4 with features that are highly consistent with loss to the compressed magnetopause combined
with outward radial diffusion. Eshetu et al. (2021) quantified the effect of the FLC scattering on ring current
ions using test particle simulations under the T89c magnetic field model and found that for Kp = 6 the lifetime
of 100 keV protons can be <10 hr at L > 5, while for 300 keV ions, the lifetime can be <10 hr at L < 3.8, and
for stronger storms it could lead to fast loss even further inside. All these three mechanisms could lead to losses
on timescales of hours, which are much faster than the loss by charge exchange especially for 100s keV protons.

Based on our discussions above, radial diffusion can play an important role in both the transport, acceleration,
and loss of ring current protons, but its relative role compared to other mechanisms has not been well quantified.
Using the unprecedented Van Allen Probes data with high energy resolution, we will apply a simple radial diffu-
sion model with charge exchange loss to quantify the relative contribution of radial diffusion and charge exchange
to the energy-dependent transport, acceleration, and loss of ring current protons (e.g., as reported in Gkioulidou
etal. (2016)). In Section 2, we discuss the long-term observations of proton flux variations observed by Van Allen
Probes and analyze the observed timescales of both decay and fast drop of energetic protons. Then, in Section 3
we introduce the 1D radial diffusion model and discuss the simulation results of the proton phase space densities
(PSDs) at different u values. Finally, conclusions and discussions on the results and future work are summarized
in Section 4.

2. Observations and Data Analysis
2.1. Long-Term Variations of Ring Current Proton Fluxes

ITon fluxes (with no composition discrimination) measured by the Magnetic Electron Ion Spectrometer (MagEIS)
instrument (Blake et al., 2013; Claudepierre et al., 2021) on Van Allen Probes with energies of ~60 keV—-1 MeV
from November 2012 to September 2013 (a 10-month period) are used in this study. Since previous works show that
protons serve as the main carrier of ring current energy density during quiet times and small geomagnetic storms
(e.g., Daglis et al., 1993; Krimigis et al., 1985), in this work we assume the measured ion fluxes are dominated by
protons which is reasonable for long-term studies (e.g., Zhao et al., 2015). Issues with the MagFEIS proton data have
been reported on the RSBP ECT data website (https://rbsp-ect.newmexicoconsortium.org/science/DataQualityCa-
veats.php), but the energetic proton fluxes during the period studied in this work are generally in agreement with the
RBSPICE data from Van Allen Probes (e.g., Gkioulidou et al., 2016; Zhao et al., 2015).

Figure 1 shows the proton fluxes at different energies of 70, 100, 190, 300, and 480 keV in the top five panels
as a function of time and dipole L, measured by MagEIS on the Van Allen Probe-A from November 2012 to
September 2013, along with the Dst index in the bottom panel. The observed proton fluxes exhibit energy-de-
pendent dynamics during storm time. For lower energy protons (70-100 keV), the fluxes show fast transport
across a wide range of L, followed with fast decay. While for higher energy protons (>100 keV), the fluxes are
gradually enhanced at lower L, followed with slow decay. In addition, some prompt losses of higher-energy
protons (>100 keV) are observed at both high and low L regions. The energy-dependent acceleration and loss
timescales can be seen more clearly in Figure 2, where the observed flux at given L shells of L = 5.0, 4.5, 4.0, and
3.5, respectively are shown in the top five panels. In each panel, the fluxes are plotted versus time with different
colors corresponding to different energies. By comparing to the Dst index variation in the bottom panel, we find
the lower energy protons (70-100 keV) show fast increases in the storm main phase and then fast decay during
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Figure 1. Proton fluxes (in units of (cm? s sr keV)~!) at energies of 70, 100, 190, 300, and 480 keV from November 2012 to
September 2013, measured by Magnetic Electron Ion Spectrometer instruments onboard Van Allen Probe A, along with the
Dst index.

the recovery phase. On the other hand, higher energy protons (>100 keV) often illustrate prompt losses during
the main phase especially at higher L regions, and gradual recovery or even enhancement in the storm recovery
phase. This energy-dependent dynamic is consistent with the findings of Gkioulidou et al. (2016), who suggest
that for lower energy protons injection is the dominant transport and acceleration mechanism, while for >100 keV
protons radial diffusion is more dominant. Here we would like to quantify how much of the observed transport
and acceleration of energetic protons can be reproduced by radial diffusion and the role of charge exchange in
explaining the observed energy-dependent decay of ring current protons.

2.2. Decay Analysis

To investigate the contribution of charge exchange to the fast decay of lower energy protons and slow decay of
higher energy protons, we analyze the observed decay timescales of 70 and 300 keV protons by calculating the
e-folding lifetimes of protons at these two energies at given L shells with results shown in Figure 3. Panel (a) plots
the daily averaged fluxes of 70 keV (left column) and 300 keV (right column) protons from Van Allen Probes
A for the 10-month period, and with panels (b—e) showing fluxes versus time at given L shells of L = 5.0, 4.5,
4.0, and 3.5, respectively. The observed decay interval of protons at a given L is then fitted with a function of
f = f.e7"/7, where fis the proton flux at given energy and L which starts at value f, and decay in time with e-fold-
ing lifetime 7. The best-fit exponential decay curve for each decay interval is marked as a red line in the figure
with the fitted value of e-folding lifetime in unit of days denoted as a red number by each curve. To compare the
observed decay lifetimes with the proton lifetimes due to charge exchange, we used the empirical formula given
as (e.g., Fok et al., 1991; Liemohn, 1961):
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Figure 2. Proton fluxes (in units of (cm? s sr keV)™!) at energies of 70 keV (black), 100 keV (magenta), 190 keV (green),
300 keV (red), and 480 keV (blue) at given L shells of (a) L=15.5, (b) L=5.0, (c) L=4.5,(d) L=4.0, and (¢) L = 3.5 from
November 2012 to September 2013, measured by Magnetic Electron Ion Spectrometer instruments onboard Van Allen Probe
A, with the Dst index (nT) in panel (f).

T, = (aniﬂ)v)ﬁl 9]

where 7, is the charge exchange lifetime for proton mirroring at the equator, o is the charge exchange cross section,
n is the number density of neutral hydrogen, and v is the velocity of the ring current species. Among these,
the neutral hydrogen density is obtained by Chamberlain model with the expression in terms of density at the

exobase, N_, and a partition function, {, as follows (Smith & Bewtra, 1978):
nMr) = N. e (2 (1) 2)

where N, and the _ are expressed by assuming the exobase to be at 500 km with N, =4 x 10* cm~ and 4, = 5.82.

Ar) = & s A‘ where R, is the Earth radius, and the partition function is given by:

Zr(34) £<><—>(£<>) ®

where y, = A%/(1 + 2_) and y is the incomplete I'-function.

() =

Our calculation shows that the charge exchange lifetime ranges from 1 to 2.6 days from L = 3.5 to 5 for 70 keV
protons and ranges from 229 to 525 days from L = 3.5 to 5 for 300 keV protons. Therefore, our analyses show that
the observed decay timescales for both 70 and 300 keV protons shown in Figure 3 are generally consistent with the
empirical values of charge exchange lifetimes, suggesting that charge exchange plays a dominant role explaining
the observed energy-dependent decay of energetic protons. However, a more detailed comparison between the
observed and empirical lifetimes shows that the observed decay lifetimes for lower energy protons (e.g., 70 keV
here) are two to four times longer than the empirical charge exchange lifetimes, while the observed decay life-
times at higher energy (e.g., at 300 keV) are two to five times shorter. This also indicates that the empirical model
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Figure 3. (a) Daily averaged fluxes (in units of (cm? s sr keV)~!) of ~70 keV (left column) and 300 keV (right column) protons
from November 2012 to September 2013, measured by Magnetic Electron Ion Spectrometer instrument on Van Allen Probe A.
(b—e) Fluxes of 70 keV (left column) and 300 keV (right column) protons at given L = 5.0, 4.5, 4.0, and 3.5, respectively, red
numbers are the fitted e-folding lifetimes (in days) for the decays (red solid lines). (d) Dst index (nT) for the time period.

for charge exchange lifetimes may have some uncertainties, which motivates us to introduce a free parameter in
the charge exchange loss term in our model as discussed in Section 3.1.

2.3. Fast Drop Analysis

For higher energy protons (>100 keV), prompt losses of proton fluxes are observed during storm main phase as
shown in Figure 2 and discussed therein. Here we pick two storms to analyze the loss timescales for the fast drop
of high-energy protons with results shown in Figure 4. For the long-term flux variations and decay analysis, we
have only used flux data from Van Allen Probe-A; to estimate the timescales more accurately for the fast drop,
fluxes data from both Van Allen Probes are included in the analysis. Figures 4a—4d show the observed proton
fluxes for the two storms at given L shells of L = 5.0, 4.5, 4.0, and 3.5, respectively, with different colors in each
panel showing fluxes at different energies of 190, 300, and 480 keV. Flux data from both probes are used, with
the plus signs representing data from Probe A, and the asterisk signs denoting data from Probe B. Panel (e) shows
the L variation of Probe A (in black) and B (in red) during Strom 1 (left column) and Storm 2 (right column), and
with the Dst index for both storms shown in panel (f). The proton loss timescales for the observed fast drop during
both storms are estimated using the e-folding lifetime fitting described in Section 2.2 over the intervals between
the two dash lines marked in each panel for different L and energies. The estimated values of fast drop timescales
are listed in the tables at the bottom of the figure.

Overall, the results in the two tables show that the observed fast drop for both storms occurs on the timescale of
hours which is too fast to be explained by charge exchange. The energy and L dependence of the estimated life-
times may shed some lights on the potential loss mechanisms. For example, for storm #1 the fast drop at a fixed
energy is shown to be generally faster at higher L, which is consistent with the loss by outward radial diffusion
to the magnetopause. The drop timescale of storm #1 also shows an interesting energy dependence at fixed L
values with faster loss at higher energies. This energy dependence is opposite to the energy dependence of radial
diffusion coefficient suggested by Liu et al. (2016), with lower diffusion rate for higher energy particles (whose
drift frequencies are higher corresponding to less power of the ULF waves that can be drift-resonant with the
particles). However, the loss rate due to outward radial diffusion is not only related to the diffusion coefficient,
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E=300keV 4.1 6.7 8.4 7.8 E=300keV 3.4 3.1 3.8 73
E=480keV 2.6 3.9 5.1 5.6 E=480keV 2.0 1.9 25 42
Figure 4. Fluxes (in units of (cm? s sr keV)™!) of 190 keV (black), 300 keV (red), and 480 keV (blue) protons at L = (a) 5.0,
(b) 4.5, (c) 4.0, and (d) 3.5, measured by Magnetic Electron Ion Spectrometer on Van Allen Probe A (“+7) and B (“+”) for
storm 1 (left column) and storm 2 (right column). (e) L values of Van Allen Probe A (black) and B (red). (f) Dst index (nT) of
two storms. Two vertical dashed lines in each panel indicate the time intervals used to estimate the fast drop timescales show
in the bottom table.
but also dependent on the L* gradient of the proton PSDs. Therefore, it is interesting to investigate how much
of the observed fast drop during storm #1 could be accounted for by outward radial diffusion, which will be
discussed in Section 3.3. Other loss mechanisms could also contribute to the fast drop observed in storm #1, such
as FLC scattering which is more efficient for higher energy protons at higher L regions (Eshetu et al., 2021). For
storm #2, the estimated drop timescales shown in the right table suggest that the drop is observed to be faster at
higher energies, but with the fastest loss at a localized L (L = 4.5), which is consistent with the picture of localized
particle scattering loss by EMIC waves.
3. Simulations
3.1. Model Description
To quantitatively study how much radial diffusion and charge exchange can reproduce the dynamics of energetic
protons in the ring current, here we implement a 1-D radial diffusion model based on the Fokker-Planck equation
(Schulz & Lanzerotti, 1974):
0 0
of = L2i Duof\_f )
ot oL\ L? oL T
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where L is Roederer L* which is inversely proportional to the third adiabatic invariant (Roederer, 1970), f(L,?) is
the proton PSD in unit of (¢/MeV/cm)? at fixed u and K values, D, is the radial diffusion coefficient, and 7 is the
proton lifetime which only includes the charge exchange loss in this model. For the radial diffusion coefficient,
we adopt the empirical formula of the electric diffusion coefficient D}, from Liu et al. (2016) shown in Equa-
tion 5 below, since many studies have suggested the electric diffusion coefficient is dominant over the magnetic
diffusion coefficient (e.g., Ozeke et al., 2014; Tu et al., 2012):

Dip = Ag-1.115-107° . 100280Kp | p8184 ) ~0608 5)

A free parameter A is introduced in Equation 5 of D,, to account for the uncertainties of the empirical model,
following the method in Tu et al. (2009). The unit of 4 in Equation 5 is MeV/G and the diffusion coefficient D,
is in unit of day~!. The charge exchange proton lifetime 7 is constructed based on the empirical formula from
Smith and Bewtra (1978), specified as:

T =10 7, c0s7E02 4, (6)

where 7, is the charge exchange lifetime for protons mirroring at the equator (given by Equation 1 above), 4, is
the mirror latitude of protons, and 7, is another free parameter introduced to account for the uncertainties of the
empirical lifetime model. 7 is in unit of days.

Simulations using our model are performed for the entire period from November 2012 to September 2013. The
model outer boundary is set at L* = 5.5, and the proton PSD data observed by Van Allen Probes A and B
(discussed in detail in Section 3.2 below) are used to derive the time-dependent outer boundary condition. The
initial condition of the model is also specified using the proton PSD data averaged over the first day of the simu-
lation interval for L* = 3.5-5.5. The free parameters in the model, A, and 7, are determined by maximizing the
prediction efficiency (PE) from the model defined as (Li et al., 2001):

> (di — pi )
% (d - d)’
where d, and p; are the observed and modeled proton PSD, respectively, and d is the average value of all d. PE =0

means the model results are as good as the averaged data, and PE = 1 means perfect modeling. The model has
better performance as PE gets closer to one.

PE=1- @)

3.2. Long-Term Variations of Proton PSD Data

The observed variations of proton fluxes are controlled by both adiabatic (i.e., Dst effect (Li et al., 1997)) and
non-adiabatic processes. To focus on the non-adiabatic variations of energetic protons, we convert the long-
term proton flux data measured by the MagEIS instrument aboard Van Allen Probes A and B into PSDs (Chen
et al., 2005) as a function of the three adiabatic invariants (¢, K, and L*) in the Tsyganenko 04 storm time
model (TS04) (Tsyganenko & Sitnov, 2005). Figure 5 shows the calculated PSD as a function of time and L* at
K =0.11 G'?R and u = 30, 50, and 80 MeV/G respectively in the top three panels, with the Dst index shown
in the bottom panel. ¢ = 30, 50, and 80 MeV/G correspond to proton energies of ~120 keV, 200 and 330 keV at
L* = 4.5 respectively and correspond to overall >75 keV protons over the range of L* = 3.5-5.5. It is clear that
the PSD data in all the three panels show a generally positive gradient versus L* which suggests the important
role of radial diffusion in the observed dynamics. Similar to the flux dynamics discussed in Section 2, fast decay
in proton PSD is observed at y = 30 MeV/G, with slower decay for higher y protons, which is consistent with
the energy dependence of charge exchange loss. In addition, prompt losses in proton PSD are observed at both
higher and lower L* for higher y protons (e.g., # = 50 and 80 MeV/G). Using these PSD data to specify the outer
boundary and initial conditions of the model, we perform the long-term simulations of proton PSD variations at
1 =30, 50, and 80 MeV/G with the results shown in the next section.

3.3. Model Results

Figure 6 shows the model results at ¢ = 30 MeV/G and K = 0.11 G2 R... Panel (al) plots the PSD data versus
time and L*, which is identical to the top panel of Figure 5. Panel (a2) plots the model results with the maximum
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Figure 5. Proton phase space densities data (in unit of [¢/MeV/cm]?) for u = 30, 50, and 80 MeV/G and K = 0.11 G2 R,
from November 2012 to September 2013 along with the Dst index (nT) at the bottom panel.

PE value and the corresponding best-fit free parameters shown in the first row of Table 1. We have also calcu-
lated the linear correlation coefficient between the data and model results which is shown as the LC value in the
table. The log difference between the model and the data are presented in panel (a3), with an overplotted black

M=30MeV/G,K=0.11 G2 R, PSD Comparison at fixed L’

L'=5.5 b1)
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Figure 6. (al and a2) Proton phase space density data in unit (¢/MeV/cm)? and simulation results at z = 30 MeV/G and

K =0.11 G2 R,.. (a3) Log difference between model and data, Ig (model)-Ig (data), with the black line showing the location
of the plasmapause. (b1-b4) Comparison between data (black curve) and model results (red curve) at given L* = 5.5, 5.0, 4.5,
and 4.0, respectively. (a4 and a5) radial diffusion only model results and the log difference of it to data. (b5-b7) Comparison
between data and radial diffusion only results at each given L*. (a6 and b8) Dst index (nT).
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Table 1 curve showing the location of the plasmapause calculated using the empirical
Best Fitting Parameters for Runs of u = 30, 50, and 80 MeV/G model from O’Brien and Moldwin (2003):
Run (RD + CE) Ay T PE LC L,, = —1.57log,,|Dst*| + 6.3 ®)
n=30MeV/G 2.98 0.76 0.83 0.91

ST S 5 50 i where Dst* is the minimum value of Dst (in unit of nT) during the previous
H= ¢ ' ' ’ ’ 24 hr. The generally good match between panels (al) and (a2) and the higher
u=80MeV/G 1.02 0.06 0.70 0.84

PE and LC values suggest that our model very well captures the transport,
acceleration, and decay of energetic protons across all L* at u = 30 MeV/G,
even though panel (a3) shows that there are overestimations from the model
inside the plasmapause. A, = 2.98 and 7, = 0.76 in the table means that to best reproduce the observed PSD
dynamics, the model needs a radial diffusion coefficient that is ~3 times stronger than what is provided by the
empirical model in Liu et al. (2016) and a charge exchange lifetime that is ~1.3 times faster than the value from
the Smith and Bewtra (1978) empirical model. To better illustrate the model performance at different L* shells,
we take cuts of the data and model results at L* = 5.5 (outer boundary), L* = 5.0, 4.5, and 4.0, respectively, and
plot the comparison in panels (b1-b4). Again, our model performs very well in capturing the fast enhancement
and slow decay of protons at y = 30 MeV/G over a wide range of L*, even though for L* = 4.0 (panel (b4)) the
model misses a couple of strong enhancements that penetrate deeply in L* (e.g., during the intense 17 March 2013
storm) and slightly overestimates the data during some decay intervals (e.g., after the major storm in November
2012).

Given that the observed decay of protons at 4 = 30 MeV/G is well reproduced by our model with radial diffusion
and charge exchange loss, it is useful to distinguish the relative contribution of charge exchange and outward
radial diffusion to the data-driven outer boundary to the observed decay at different L* regions. That is investi-
gated here by turning off the charge exchange loss in the simulation and only keeping the radial diffusion (with
the same value of A, = 2.98). Model results with radial diffusion only (RD only) and their comparison to the data
are shown in panels (a4, a5 and b5—b7) for more detailed comparison at different L* shells. We see that without
charge exchange loss the model could not reproduce the fast decay of protons at 4 = 30 MeV/G, leading to over-
estimation of the model at all L* regions. These suggest that for 4 = 30 MeV/G charge exchange is the dominant
loss mechanism for the fast decay of protons, while radial diffusion is the dominating mechanism for the observed
proton transport and acceleration.

Similar simulations are performed for higher y protons at 4 = 50, 80 MeV/G with results shown in Figure 7.
Panels (al-a3) show the PSD data, model results, and log difference between model and data versus time and
L* at y = 50 MeV/G and K = 0.11 G R, while panels (b1-b4) on the right exhibit the comparison at each
given L*. The same configurations for 4 = 80 MeV/G protons are plotted in panels (c1-c3 and d1-d4). The
best fitting parameters for these two runs are also included in Table 1 (bottom two rows). From the compari-
sons to the data, we find that our model generally reproduces the transport and acceleration of protons over a
wide range of L*, suggesting the dominant role of radial diffusion in controlling these observed proton dynam-
ics at higher u values. Similar to the lower p case shown in Figure 6b4, the higher y results in Figures 7b3,
7b4, 7d3 and 7d4 show that some of the fast enhancements observed at low L* regions are not well captured
by the model (e.g., during the 17 March 2013 storm), potentially due to strong injections of proton which are
not included in the model. The slower decay of higher i protons observed in the data is also generally captured
by the model with charge exchange, even though there is slight overestimation at low L* regions similar to the
lower u results (e.g., Figure 7b4).

A notable difference in the PSD data as u increases from Figures 6 and 7 is that prompt losses in PSD start to
show up at both high and low L* regions at higher u values, which is clearly shown in the black PSD data curves
in the right panels of Figure 7. Some of the prompt losses at high L* are captured by the model, e.g., the PSD
drop during the 14 November 2012 storm (storm #1 analyzed in Section 2.3 and marked in panels (b5) and (d5))
at L* = 5.0 shown in panels (b2) and (d2), which suggests outward radial diffusion can somewhat account for
the fast PSD drops observed at high L* regions. However, many other PSD drops at lower L* regions as shown
in panels (b3, b4, d3, and d4) are not captured by the model, for example, the drop during the 1 June 2013 storm
(storm #2 analyzed in Section 2.3 and marked in panels (b5 and d5)), which may be caused by other loss mecha-
nisms such as EMIC wave scattering or FLC scattering not yet included in the model. It is also possible that due to
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Figure 7. (al and a2) Proton phase space density (PSD) data and simulation results at = 50 MeV/G and K = 0.11 G2 R,..
(a3) Log difference between model and data. (b1-b4) Comparison between data (black curve) and model results (red curve)
at given L* = 5.5, 5.0, 4.5, and 4.0, respectively. (c1 and ¢3) PSD data and model result 4 = 80 MeV/G and the log difference
between them. (d1-d4) Comparison between data and simulation results at each given L*. (a4, c4, b5, d5) Dst index (nT).

imperfection of the TS04 magnetic field model, the adiabatic Dst effect was not completely removed in the PSD
data calculation during the storm main phases when fast proton losses were observed.

Even though the model does not capture some of the fast PSD drops observed at low L* regions, radial diffusion
in the model still performs well in reproducing the general levels of proton PSD at lower L* regions, including
those recovered after the fast PSD drops (e.g., the boxed interval in Figure 7d3). An interesting question to ask
is: if the fast drop was captured by the model, is radial diffusion still sufficient to enhance the proton PSD to
the observed level? To investigate this, we pick the interval boxed in Figure 7d3 for u = 80 MeV/G protons at
L* =4.5 and zoomed in the data model comparison in Figure 8a (with the data shown in plus symbols and model
still in red). For comparison, we redo the simulation for this interval by manually inserting a drop in the modeled
PSD over all L* at the observed drop time with the observed drop level while keeping the radial diffusion at the
same rate. Then the model is re-initialized at the observed drop time. The new model results in panel (b) show
that even with the PSD drop included radial diffusion is still fast enough to transport and accelerate the protons
to the observed level, well capturing the observed recovery of proton PSD.

Due to the miss of prompt losses at low L* regions in the model, in Table 1 we see that the PE at higher u values
is generally lower than that at lower u value. But they are still above 0.7 suggesting the general good performance
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Figure 8. (a) Proton phase space density (PSD) data (“+”) versus model results (Radial Diffusion + Charge Exchange, red
curve) at L* = 4.5 during 14-31 May 2013 (boxed in Figure 7d3). Panel (b) same as panel (a), but with the modeled PSD
including a manually inserted fast drop. (c) Dst index (nT).

of the model over all the i values and the dominant role of radial diffusion and charge exchange in explaining the
transport, acceleration, and decay of energetic protons in the ring current. The best-fit values of A, are between
1 and 3 for all three runs and the best-fit values for 7, are all smaller than but generally close to 1, except for the
highest y run returning a best fit with a much smaller 7, value to try accounting for some of the observed prompt
losses. These results suggest that to best match the observed PSD variations, a radial diffusion coefficient slightly
higher than what is given by the Liu et al. (2016) empirical model and a charge exchange loss slightly faster than
what is provided in the Smith and Bewtra (1978) empirical model is needed. But these two empirical models
perform generally well in specifying the radial diffusion and charge exchange rates of ring current protons over
the long-term period.

4. Conclusions and Discussions

Energy-dependent dynamics of energetic protons in Earth's inner magnetosphere were observed by the MagEIS
instrument of Van Allen Probe A over the long-term period from November 2012 to September 2013. Lower
energy proton (70-100 keV) exhibits fast enhancements across a wide range of L during the storm main phase,
followed with fast decay in the recovery phase. On the other hand, higher energy protons (>100 keV) illustrate
prompt losses during the main phase, followed with gradual recovery or increase during the recovery phase which
then undergoes slow decay. By calculating the e-folding lifetimes of protons observed at different energies, we
find that the observed decay timescales for both 70 and 300 keV protons are generally consistent with the empir-
ical values of charge exchange lifetimes, showing that charge exchange plays a dominant role in the observed
energy-dependent decay of energetic protons. We have also selected two storms to analyze the loss timescales for
the observed prompt losses of high-energy protons (>100 keV) using fluxes observed by both Van Allen Probes.
The results show that the observed prompt losses for both storms occur on the timescale of hours which is too fast
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to be explained by charge exchange. The L and energy dependence of the estimated timescales suggests that the
fast drop during storm #1 could be potentially caused by outward radial diffusion to the magnetopause, which is
also confirmed by our modeling results discussed later in the paper (Section 3.3), while the fast drop during storm
#2 is more consistent with the picture of EMIC wave scattering loss.

To quantitatively study the role of radial diffusion and charge exchange to the observed energy-dependent trans-
port, acceleration, and loss of energetic protons, we calculated the proton PSD as a function of the three adiabatic
invariants based on the flux data and implemented a 1-D radial diffusion model with charge exchange loss to
simulate the proton dynamics. The calculated proton PSD at K = 0.11 G2 Ry, and u = 30, 50, and 80 MeV/G
(which correspond to >75 keV protons at L* = 3.5-5.5) generally shows a positive gradient versus L*, which
suggests the important role of radial diffusion in the observed transport and acceleration of protons. Similar to the
energy-dependent loss shown in the flux data, lower i proton PSD (4 = 30 MeV/G) show fast decay in time, while
higher y protons (1 = 50 and 80 MeV/G) decay at a slower rate but often illustrate prompt losses at both higher
and lower L* regions. The time-dependent proton PSD data at L* = 5.5 is then used as the outer boundary condi-
tion to drive our long-term simulations of protons at K = 0.11 G'2 R, and y = 30, 50, and 80 MeV/G, respectively.
Two free parameters, A, and 7, are introduced to the empirical formulae of radial diffusion coefficient and charge
exchange loss used in the model, whose values are determined by best fitting the model results to the observed
PSD variations (i.e., maximizing PE). Overall, the general good match between the data and the model results
and the higher PE and LC values for all three u values suggest that our model very well captures the transport,
acceleration, and decay of energetic protons at y = 30, 50, and 80 MeV/G over L* = 3.5-5.5. Specifically, our
simulation results show that:

1. Radial diffusion from the data-driven outer boundary could generally well explain the transport and accelera-
tion of these energetic protons inside L* = 5.5, even though some occasional strong enhancements of protons
at low L* regions are not captured by the model which may be caused by fast injections. Our results do not rule
out the potentially importance of injections to the proton enhancements observed at the model outer boundary
of L* = 5.5. The best-fit values of A are in the range of 1-3 for the three x runs, which suggests that the radial
diffusion coefficient from the Liu et al. (2016) empirical model performs generally well in specifying the
radial diffusion coefficients of ring current protons over the long term, even though a slightly faster diffusion
rate is preferred by the best fits.

2. Charge exchange loss in the model could generally account for the observed fast decay of low u protons and
slower decay of higher y protons, even though there was some overestimation from the model at low L*
regions (generally inside the plasmapause). The best-fit values of z, for the three y runs are generally close to
1, which suggests that the charge exchange proton lifetimes specified by the Smith and Bewtra (1978) empir-
ical model perform generally well over the long-term period, even though loss rates slightly faster than the
empirical values are preferred by the best fits.

3. For higher u protons (¢ = 50 and 80 MeV/G), some of the prompt losses at higher L* could be explained by
the model (e.g., storm #1), which suggests the important role of outward radial diffusion to the fast PSD drops
observed at high L* regions. Many prompt losses at lower L* are not captured by the model (e.g., storm #2),
which are potentially caused by other loss mechanisms including EMIC wave scattering and FLC scattering.
To study the influence of the prompt losses that are missed by the model, we have manually inserted a fast
drop in the model for a selected interval. The simulation results show that radial diffusion is still sufficient to
enhance the proton PSD to the observed level after the drop, which further demonstrates the dominant role of
radial diffusion to the transport and acceleration of energic protons at even low L* regions. To better capture
the fast proton drops in our model, the effects from the EMIC wave scattering (e.g., Jordanova et al., 2001) and
FLC scattering loss (e.g., the empirical model from Eshetu et al. (2021)) will need to be included in the future.

Data Availability Statement

Van Allen Probes MagEIS data used in this paper are available from the ECT Science Operations and Data Center
(https://www.rbsp-ect.lanl.gov/data_pub/). Geomagnetic activity indices were obtained from the NASA OMNI-
Web (http://cdaweb.gsfc.nasa.gov). PSD data used in the study are deposited on the data repository https://doi.
org/10.5281/zenodo.5721475, which is publicly available.
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