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Key points: 11 

1. A bi-particle model is established for simultaneously modeling both electron and proton 12 

energy-dependent deep penetration to low L (<4). 13 

2. Relativistic effect leads to stronger diffusive and convective radial transport of electrons 14 

than protons of the same energy. 15 

3. Scattering due to EMIC waves can prevent penetration of 100s of keV protons to low L 16 

while likely not affecting electrons of the same energy. 17 

Abstract 18 

During active geomagnetic periods both electrons and protons in the outer radiation belt have 19 

been frequently observed to penetrate to low L (<4). Previous studies have demonstrated 20 

systematic differences in the deep penetration of the two species of particles, most notably that 21 

the penetration of protons is observed less frequently than for electrons of the same energies. A 22 

recent study by Mei et al. (2023, https://doi.org/10.1029/2022GL101921) showed that the time-23 

varying convection electric field contributes to the deeper penetration of low-energy electrons 24 

and that a radial diffusion-convection model can be used to reproduce the storm-time penetration 25 

of lower-energy electrons to lower L. In this study, we analyze and provide physical explanations 26 

for the different behaviors of electrons and protons in terms of their penetration depth to low L. A 27 

radial diffusion-convection model is applied for the two species with coefficients that are 28 

adjusted according to the mass-dependent relativistic effects on electron and proton drift velocity, 29 

and the different loss mechanisms included for each species. EMIC wave scattering losses for 30 

100s of keV protons during a specific event are modeled and quantified; the results suggest that 31 

EMIC waves interacting with protons of lower energies than electrons can contribute to prevent 32 

the inward transport of the protons. 33 

 34 

1. Introduction 35 

Earth’s radiation belts are two donut-shaped regions surrounding Earth where energetic charged 36 

particles are trapped by the magnetic field. The outer belt, centered at L ~4 (L represents the 37 

radial distance in Earth radii where the dipole magnetic field line crosses the equatorial plane), 38 

normally consists of 10s of keV to several MeV electrons, while the inner belt, centered near 39 

L~1.5, is made of 10s – 100s of keV, sometimes up to MeV, electrons and multiple MeV to GeV 40 

protons. In between the two belts is the slot region, normally devoid of energetic electrons. 41 



2 
 

During active geomagnetic periods, outer belt electrons become more dynamic and may 42 

penetrate to lower L to refill the slot region. Previous studies have shown that such frequently 43 

observed inward transport of outer belt electrons is closely associated with plasmasphere 44 

reduction or erosion (e.g., Baker et al., 2004; Califf et al., 2017, 2022; Khoo et al., 2018, 2021; 45 

Li et al., 2006; Zhao & Li, 2013). In particular, lower energy electrons tend to penetrate to lower 46 

L more frequently than higher energy electrons (e.g., Reeves et al., 2016). These observations 47 

suggest that an energy-dependent mechanism is responsible for the inward transport of lower 48 

energy electrons more efficiently. The characteristics of the electron deep penetration 49 

phenomenon also include frequent occurrence and relatively rapid time response (e.g., Turner et 50 

al., 2017; Zhao et al., 2023). Therefore, the non-diffusive radial transport due to electrostatic 51 

large-scale electric fields are believed to be a potential mechanism (Califf et al., 2017; Zhao et 52 

al., 2017). To quantify the inward transport of electrons due to storm-time enhanced large-scale 53 

electric fields, Mei et al. (2023) added an energy-dependent convection term to the classic radial 54 

diffusion model and used this model to study an electron deep penetration event of June 2015. 55 

Such inward transport is shown to be most effective for 10s to 100s of keV electrons, whose 56 

effect gradually becomes weaker as energy increases, and eventually becomes negligible for > 1 57 

MeV electrons. 58 

Zhao et al. (2023) studied the penetration of energetic electrons and protons to L<4 statistically 59 

and showed that there are systematic differences between the deep penetration of electrons and 60 

protons. More specifically they showed that, while the general trend that lower energy particles 61 

can more readily penetrate inward to lower L still holds true for protons, electrons penetrate to 62 

L<4 more deeply, more frequently, and more quickly than protons. While the drift direction of 63 

electrons and protons are different, both species should experience the same large-scale electric 64 

field as they are drifting around Earth. Motivated by the statistical results of Zhao et al. (2023), 65 

we aim to further investigate whether the radial diffusion-convection model can be used to 66 

describe simultaneously the behavior of both electron and proton populations, while accounting 67 

for the systematic differences as listed above. In particular, this study focuses on investigating 68 

the physical mechanisms responsible for the different penetration depths of electrons and 69 

protons. 70 

Numerous studies have suggested that injection and radial diffusion are the two major transport 71 

and acceleration mechanisms of 10s to 100s of keV protons in near-Earth space (e.g., Gkioulidou 72 

et al., 2014, 2015, 2016; Lyu & Tu, 2022; Sheldon & Hamilton, 1993; Zhao et al., 2015). By 73 

analyzing long-term proton pressure evolution, Gkioulidou et al. (2016) concluded that injection 74 

is the dominant transport and acceleration mechanism for lower energy (<80 keV) protons, while 75 

radial diffusion plays a more important role for higher energy (>100 keV) protons. On the other 76 

hand, charge exchange and Coulomb scattering are regarded as two major loss mechanisms for 77 

protons. Charge exchange is normally seen as the dominant loss mechanism over a wide energy 78 

range for ring current protons (Fok et al., 1991; Hamilton et al., 1988; Keika et al., 2006; Kistler 79 

et al., 1989). In this study, we consider the charge exchange as one loss mechanism that is 80 

continuously active for protons. 81 

Electromagnetic ion cyclotron (EMIC) waves can interact with electrons and protons, causing 82 

rapid pitch angle scattering (Summers et al., 2007). Multi-MeV electrons that satisfy resonance 83 

conditions can also be scattered by EMIC waves leading to rapid local loss and “bite-out” 84 

features (Baker et al., 2021; Engebretson et al., 2018; Ni et al., 2023; Qin et al., 2019; Shprits et 85 

al., 2016, 2017; Xiang et al., 2017). Previous studies analyzed and modeled that EMIC waves 86 
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during geomagnetic storms can lead to precipitation of tens to hundreds of keV protons 87 

(Jordanova et al., 2001, 2008; Lyu et al., 2022; Usanova et al., 2010). In this study, we compute 88 

the proton lifetime due to EMIC wave scattering for a specific storm event, during which EMIC 89 

wave activity has been observed, as reported by Hogan et al. (2023). Proton lifetimes are 90 

estimated by a pure pitch angle diffusion simulation based on observed wave properties, and are 91 

then implemented as a loss term to the radial diffusion-convection model in addition to other 92 

transport and loss mechanisms.  93 

The results point to the following explanations regarding the systematic difference between 94 

electron and proton penetration to low L: 1. The relativistic effect is less significant for protons 95 

than for electrons of the same µ (magnetic moment or the first adiabatic invariant), which leads 96 

to weaker radial transport of the protons in both the diffusive and the convective transport 97 

mechanisms. The weaker radial transports of protons result in the smaller penetration depth for 98 

protons than for electrons. 2. EMIC waves can potentially scatter 100s of keV protons rapidly 99 

and prevent their inward transport to a lower L than where the local scattering loss happens, 100 

while they do not affect electrons of the same energies. 101 

 102 

2. Data and Observations 103 

In this study, we use electron differential flux data from the Magnetic Electron Ion Spectrometer 104 

(MagEIS) instrument (Blake et al., 2013) and proton differential flux data from the Radiation 105 

Belt Storm Probes Ion Composition Experiment (RBSPICE) instrument (Mitchell et al., 2013) 106 

onboard the Van Allen Probes (also known as Radiation Belt Storm Probes, or RBSP) (Mauk et 107 

al., 2013). Both particle instruments provide pitch angle resolved particle fluxes. 108 

Two geomagnetic storm events are selected as case studies to quantitatively investigate the 109 

differences in the penetration depth of electrons and protons: the first event is a storm with 110 

minimum Dst=-67 nT that occurred on June 8, 2015, whereas the second event is a storm with 111 

minimum Dst=-44 nT that occurred on November 4, 2014. Figures 1 and 2 present the particle 112 

flux observations for the two events, respectively, at selected energies from ~80 to 500 keV 113 

combining RBSP A&B data as a function of time and L before, during, and after the two storms. 114 

Electron fluxes are shown on the left-hand side and proton fluxes are on the right. The central 115 

energy of each electron channel is given in the upper left corner of each panel. It is noted that for 116 

electrons the central energy is slightly different between RBSP A and B. It is also noted that the 117 

electron and proton energy channels from the MagEIS and RBSPICE instruments do not exactly 118 

overlap; we thus choose to display the energy channels with the closest corresponding energy 119 

ranges. The color scale showing the flux levels is the same for both the electron and proton 120 

energy channels. The Dst index, provided by the WDC for Geomagnetism Kyoto, is plotted on 121 

the bottom (http://wdc.kugi.kyoto-u.ac.jp/wdc/Sec3.html). For electrons, all four energy channels 122 

show a similar trend, with fluxes that are largely enhanced during the storm main phase and 123 

remain elevated after the storm. Electron fluxes at lower energies increased faster and extended 124 

to lower L than those at higher energies. While the pre-storm electron fluxes in the outer belt for 125 

Event 1 were at a lower level than Event 2, the enhanced fluxes looked similar at the end of the 126 

selected period for both events. For protons, only the 82 keV channel shows a clear flux 127 

enhancement at L>~3.5 for the two events. There is no enhancement of higher energy proton 128 

fluxes at L<4, while fluxes at L>4 slightly decreased or remained the same as the pre-storm 129 

http://wdc.kugi.kyoto-u.ac.jp/wdc/Sec3.html
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levels. Thus, as shown in Figures 1 and 2, electrons and protons of the same energies respond 130 

very differently during both storms. 131 

 132 

Figure 1. Electron and proton flux measurements by RBSP A & B during a geomagnetic storm on 133 

June 8, 2015. (left) Electron fluxes measured by the MagEIS instrument at selected energies as a 134 

function of time and L. (right) Proton fluxes measured by the RBSPICE instrument at similar 135 

energies in the same format. Dst index is provided by Kyoto University. 136 
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 137 

Figure 2. Electron and proton flux measurements by RBSP A & B in the same format as Figure 1 138 

during a geomagnetic storm on November 4, 2014. 139 

 140 

In order to better understand the mechanisms that govern particle dynamics and the different 141 

behavior to the two particle species, in the following we further investigate the two events by 142 

simulating the evolution of phase space density (PSD) of the two species. We convert both 143 

electron and proton differential fluxes 𝑗𝑠(𝐸𝑖 , 𝛼, 𝐿) to PSD 𝑓𝑠(𝜇, 𝐾, 𝐿∗) using flux data from RBSP 144 

A&B based on the relation 𝑓𝑠(𝜇, 𝐾, 𝐿∗) =
𝑗𝑠(𝐸𝑖,𝛼,𝐿)

𝑃2 , where f is the PSD of the trapped particles, 𝑃 145 

is the particle momentum, 𝐸𝑖 is the particle energy, 𝛼 is the pitch angle, subscript s represents the 146 

particle species (p for protons or e for electrons), L is the McIlwain L, 𝜇 =
𝑃⊥

2

2𝑚0𝐵
, 𝐾 =147 

∫ √𝐵𝑚 − 𝐵(𝑠)𝑑𝑠
𝑠𝑚

′

𝑠𝑚
, L* is the Roederer L: 𝐿∗ =

2𝜋𝑀

|Φ|𝑅𝐸
 (Roederer, 1970), where Φ is the third 148 

adiabatic invariant and M is the Earth’s dipole magnetic moment. K and L* are calculated based 149 

on the TS04 model (Tsyganenko & Sitnov, 2005) provided by the Van Allen Probes Magnetic 150 

Ephemeris files (Spence et al., 2013); μ is calculated using the local magnetic field strength. For 151 

this study, we focus on near-equatorial particles, therefore a relatively small K value, 𝐾 =152 

0.12 𝐺1/2𝑅𝐸, is selected for both electron and proton PSD. Since the PSD depends on the rest 153 

mass of particles, the electron PSD will be orders of magnitude greater than proton PSD for 154 

similar flux values of the two species. 155 

 156 

3. Methodology and Model Description 157 
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Based on the energy-dependent radial diffusion-convection model by Mei et al. (2023), we 158 

further developed a bi-particle model for electrons and protons: 159 

𝜕𝑓𝑠

𝜕𝑡
= 𝐿∗2 𝜕

𝜕𝐿∗
[
𝐷𝐿∗𝐿∗,𝑠

𝐿∗2

𝜕𝑓𝑠

𝜕𝐿∗
] + 𝑉𝑅,𝑠(𝑅, 𝑡)

𝜕𝑓𝑠

𝜕𝑅
+ 𝑆𝑠 −

𝑓𝑠

𝜏𝑠
 

( 1 ) 160 

where, further to the variables defined above, R is the radial distance in Earth’s radii, 𝐷𝐿∗𝐿∗ is the 161 

radial diffusion coefficient, VR,s is the convection coefficient representing the transport due to 162 

time-variant large-scale electric fields, Ss is the source rate for each species due to local heating 163 

or injection, and τs is the particle lifetime for each species. This 1-D diffusion-convection model 164 

is then used to quantify the radial transport of trapped particles due to enhanced large-scale 165 

electric fields by assuming: 1. a dipole magnetic field configuration, 2. a symmetric large-scale 166 

electric field which linearly changes within a 1-hr interval, 3. the presence of outward radial 167 

gradients in PSD.  168 

The PSD radial profile derived from flux measurements before the storm is used as an initial 169 

condition for the model. The observed PSD at the highest available L* is regarded as the outer 170 

boundary condition throughout the model. Relatively small values of PSD, 1 × 10−8 (𝑐/𝑀𝑒𝑉/171 

𝑐𝑚)3 for electrons and 1 × 10−10 (𝑐/𝑀𝑒𝑉/𝑐𝑚)3 for protons are respectively set as the inner 172 

boundary condition at L*=1.1 for the two species. For the two moderate storm events that are 173 

simulated in this study local heating effects are not considered. The source term 𝑆𝑠 is set to 0 in 174 

the model, while part of the local heating or injection effects might be implicitly implemented to 175 

the model as the observed PSD at the highest available L* is used as the outer boundary 176 

condition. 177 

In the rest of this section, we discuss in further detail the various parameters of the model, 178 

namely the radial diffusion coefficient, the time-varying electric field model, the electron loss 179 

term and the proton loss terms. 180 

 181 

3.1 Radial diffusion 182 

A μ-dependent empirical radial diffusion coefficient model 𝐷𝐿𝐿,𝐿𝑖𝑢 (Liu et al., 2016) has been 183 

extended to low μ (10-400 MeV/G) as a modified radial diffusion coefficient, 𝐷𝐿𝐿,𝐿𝑖𝑢−𝑚𝑜𝑑 for 184 

electrons (Mei et al., 2023). Based on 𝐷𝐿𝐿,𝐿𝑖𝑢−𝑚𝑜𝑑  for electrons, we analyze the difference 185 

between electron and proton drift periods to estimate the corresponding radial diffusion 186 

coefficients for protons, by assuming that the ULF waves are symmetrically distributed and 187 

propagating in the azimuthal coordinate during the storm. Under this assumption, electrons and 188 

protons will interact accordingly with the ULF waves of the same power spectrum, and radial 189 

diffusion coefficient will be the same for electrons and protons of the same drift frequency.  190 

Due to the lower mass of electrons, they will be affected more significantly by the relativistic 191 

effect than protons of the same kinetic energy, thus drifting slower than the protons. A bounce-192 

averaged relativistic drift period formula in dipole field is given by (Schulz & Lanzerotti, 1974): 193 

𝜏𝐷 =
2𝜋|𝑞|𝐵0𝑅𝐸

2

3𝑚0𝑐2𝛾𝛽2𝐿

𝑇(𝛼𝑒)

𝐷(𝛼𝑒)
 

( 2 ) 194 
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where 𝑚0 is the rest mass of the trapped particle, 𝐵0 = 31000 𝑛𝑇 is the equatorial magnetic 195 

field strength at the Earth’s surface, 𝑅𝐸 = 6370 𝑘𝑚 is the Earth’s radius, q is particle charge, γ is 196 

the Lorentz factor, β is the ratio of particle velocity to the speed of light, and T and D are pitch 197 

angle-dependent functions. 198 

As an illustration, Figure 3 shows the difference between electron and proton drift speeds at L=3 199 

and L=4. The left column of Figure 3 compares their drift velocities as a function of energy. The 200 

drift velocity of a 1 MeV electron is about 30% slower than a 1 MeV proton. The middle column 201 

of Figure 3 shows the ratio between the electron and proton drift period at the same μ for L=3 202 

and L=4. Converting to the μ coordinate, we can see that the background magnetic field strength 203 

plays a role and thus the drift difference of the two species becomes L-dependent. The value of 204 
𝜏𝐷,𝑒

𝜏𝐷,𝑝
 increases to 1.7 for L=4 and to 2.35 for L=3 when μ increases to 100 MeV/G (corresponds to 205 

~0.36 MeV at L=4 in dipole field). As electrons and protons are transported inward to lower L 206 

the drift period difference increases. In addition, we show the relation between the μ of electron 207 

and proton that result in the same drift period in the right column of Figure 3. Based on equation 208 

(2), electrons and protons of the same drift period should obey the following equation: 209 

𝜇𝑒
2𝐸0,𝑒

2𝜇𝑒𝐵(𝐿) + 𝐸0,𝑒
=

𝜇𝑝
2𝐸0,𝑝

2𝜇𝑝𝐵(𝐿) + 𝐸0,𝑝
 

( 3 ) 210 

where E0,e and E0,p are, respectively, the rest energy of an electron and a proton, and μe and μp are 211 

the corresponding magnetic moments of an electron and a proton with the same drift period. The 212 

right column of Figure 3 shows the correspondence of μe and μp at different L. At L=4 an electron 213 

of μ=100 MeV/G approximately has the same drift period as a 60 MeV/G proton, while this 214 

drift-period alignment shifts to μ ~42 MeV/G protons at L=3. 215 

 216 

  217 
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Figure 3. The drift differences between electrons and protons at L=3 (top panels) and L=4 218 

(bottom panels). (left) Drift velocities of electrons and protons as a function of kinetic energy. 219 

(middle) The ratio between electron and proton drift period as a function of μ. (right) 220 

Correspondence of electron and proton magnetic moment μ with the same drift period. 221 

 222 

For electrons, the 𝐷𝐿𝐿,𝐿𝑖𝑢−𝑚𝑜𝑑 is used as the radial diffusion coefficient (Mei et al., 2023): 223 

𝐷𝐿∗𝐿∗,𝑒 = 𝐷𝐿𝐿,𝐿𝑖𝑢−𝑚𝑜𝑑 = 1.115 ∙ 10−6 ∙ 10𝑎×𝐾𝑝+𝑏 ∙ 𝐿8.184 ∙ 𝜇𝑐 ∙ 𝑑 

𝑎 = 0.35;  𝑏 = −0.414; 

𝑐 = −0.57;  𝑑 = 0.796 
( 4 ) 224 

For protons, a corresponding radial diffusion coefficient according to our assumptions of the 225 

ULF perturbations can be expressed as: 226 

𝐷𝐿∗𝐿∗,𝑝(𝜇) = 𝐷𝐿∗𝐿∗,𝑒(𝜇′) = 1.115 ∙ 10−6 ∙ 10𝑎×𝐾𝑝+𝑏 ∙ 𝐿8.184 ∙ 𝜇′𝑐
∙ 𝑑 

( 5 ) 227 

where the 𝜇′ meets the condition 𝜏𝐷,𝑒(𝜇′) = 𝜏𝐷,𝑝(𝜇). The value of 𝜇′ is given by the positive 228 

root of a polynomial equation: 𝐸0,𝑒𝜇′2
−

2𝐵(𝐿)𝜇2𝐸0,𝑝

2𝜇∙𝐵(𝐿)+𝐸0,𝑝
𝜇′ −

𝜇2𝐸0,𝑝𝐸0,𝑒

2𝜇∙𝐵(𝐿)+𝐸0,𝑝
= 0. 229 

 230 

3.2 Time-varying electric field induced convection 231 

The energy-dependent convection coefficient 𝑉𝑅,𝑠  follows the same formulation as the one 232 

introduced by (Mei et al., 2023): 233 

𝑉𝑅,𝑠(𝑅, 𝑡) = |
𝑬𝑛𝑒𝑡,𝑠 × 𝑩

𝐵2
| 

( 6 ) 234 

with 235 

𝑬𝑛𝑒𝑡,𝑠 =

∫ 𝐸𝜙(𝑅, 𝜙, 𝑡)𝑑𝜙
3𝜋
2

𝜋
2

𝜋
∙

𝜏𝐷,𝑠

4𝜏𝐸
 

where 𝑩 is the magnetic field strength, 𝐸𝜙 is the azimuthal component of the large-scale electric 236 

field, which in this case is the modified Volland-Stern model based on Mei et al. (2023), 𝑅 is the 237 

radial distance, 𝜙  is the azimuthal angle, 𝜏𝐷,𝑠  is the particle drift period, and 𝜏𝐸  is the 238 

characteristic timescale of the electric field time-variation: 𝜏𝐸(𝑅, 𝑡) =
∫ 𝐸𝜙(𝑅,𝜙,𝑡)𝑑𝜙

3𝜋
2

𝜋
2

|
|
𝜕 ∫ 𝐸𝜙(𝑅,𝜙,𝑡)𝑑𝜙

3𝜋
2

𝜋
2

𝜕𝑡 |
|

. 239 
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Since the coefficient 𝑉𝑅,𝑠  is proportional to the particle drift period 𝜏𝐷,𝑠 , the drift period 240 

difference of the same μ electron and proton shown in Figure 3 will result in different strength on 241 

the convective transport. As discussed before, the ratio of 𝜏𝐷,𝑒

𝜏𝐷,𝑝
 increases more significantly at 242 

lower L, which suggests that for electrons and protons of the same μ, the convection coefficient 243 

for proton will decrease faster than that of electron as they are being transported inward to lower 244 

L. 245 

 246 

3.3 Electron loss 247 

The dominant loss mechanism for 10s to 100s of keV electrons is pitch angle scattering due to 248 

interactions with plasma waves including chorus and plasmaspheric hiss. In this study, we use 249 

empirical models of electron lifetime due to the chorus and hiss wave scattering (Orlova & 250 

Shprits, 2014; Zhu et al., 2021). Using realistic chorus wave parameters, Orlova and Shprits 251 

(2014) established a parameterized electron lifetime model as a function of geomagnetic activity, 252 

electron energy, and locations. Specifically, in their model, lifetimes for 1 keV-2 MeV electrons 253 

can be calculated in four MLT sectors, including the night, dawn, prenoon, and postnoon, can be 254 

calculated with a given Kp index and radial distance R. Zhu et al. (2021) developed an empirical 255 

model for the lifetime of slot region electrons due to plasmaspheric hiss waves using a 256 

statistically averaged spectrum of RBSP observations. The energy range of the model is from 257 

0.01 to 10 MeV, and model inputs include L and the AE index. 258 

We use the electron lifetime model τchorus by Orlova and Shprits (2014) outside the plasmapause 259 

to account for chorus wave scattering loss and the electron lifetime model τhiss by Zhu et al. 260 

(2021) inside the plasmapause to quantify hiss wave scattering loss. The overall electron lifetime 261 

can be written as: 262 

𝜏𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛 = {
𝜏𝑐ℎ𝑜𝑟𝑢𝑠, 𝐿 > 𝐿𝑃𝑃

𝜏ℎ𝑖𝑠𝑠, 𝐿 < 𝐿𝑃𝑃
 

( 7 ) 263 

where LPP is the L of the plasmapause location, which is considered here as a boundary 264 

separating the two types of electron losses. LPP is calculated herein based on the Carpenter and 265 

Anderson (1992) empirical model. Since the diffusion-convection model we use in this study is 266 

dependent only on the radial distance, and not on MLT, we use the minimum electron lifetime 267 

among four MLT sectors as calculated by the Orlova & Shprits (2014) model to represent the 268 

drift-averaged lifetime for electrons, considering that the drift periods of outer belt electrons at 269 

100s of keV are ~ 1 hour while their lifetimes are several hours to days. It is noted that the 270 

empirical model of Zhu et al. (2021) for electron loss timescales due to plasmaspheric hiss wave 271 

scattering is applicable in the range 1.8<L<3, while the plasmapause location is sometimes 272 

higher than L=3, as, for example, during geomagnetically quiet times before a storm. In such 273 

cases, we interpolate the electron loss timescale in the logarithmic scale when there is a gap in 274 

the τhiss model between L=3 and LPP during quiet time. 275 

3.4 Proton loss 276 

Charge exchange and EMIC wave scattering are the two main loss mechanisms considered in 277 

this study. Unlike the almost ubiquitous loss mechanism of charge exchange which protons are 278 

continuously undergoing, EMIC wave scattering loss largely depends on the spatial presence, 279 
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magnitude, and frequency range of EMIC waves, which differ from case to case. Thus, the 280 

computation of loss timescale is nontrivial due to limited spatial and temporal coverage of the 281 

wave measurements. For this study, we only compute the proton loss due to EMIC wave 282 

scattering for Event 1, the June 8 storm in 2015, during which He+ band EMIC wave activities 283 

have been observed and studied by Hogan et al. (2023), to elaborate the contribution of EMIC 284 

wave to the deep penetration difference. 285 

Charge exchange loss: 286 

A bounce-averaged lifetime expression by Smith et al. (1976) is used to obtain the charge 287 

exchange lifetime for protons: 288 

𝜏𝐶𝐸 = 𝜏𝑒𝑞 cos3.5±0.2 𝜆𝑚 
( 8 ) 289 

with 290 

𝜏𝑒𝑞 =
1

𝜎𝑛𝜈
 

where 𝜏𝑒𝑞 is the estimated mean lifetime of protons evaluated at the equatorial plane (Smith & 291 

Bewtra, 1978), λm is the mirror latitude, σ is the charge exchange cross section, n is the number 292 

density of neutral atoms, and 𝜈 is the velocity of the incident particle. The charge exchange cross 293 

section σ depends on energy and on the type of charge transfer process. We use the parameterized 294 

cross sections as a function of energy as provided by Lindsay and Stebbings (2005). The 295 

experimentally determined relation between hydrogen atom energy and cross-section area 296 

applies for <250 keV protons. We extrapolate the relation for higher energy. We use the 297 

exospheric density model by Chamberlain (1963) to estimate the neutral density in the inner 298 

magnetosphere: 299 

𝑛(𝑟) = 𝑁𝑐𝑒−(𝜆𝑐−𝜆(𝑟))𝜁(𝜆) 
( 9 ) 300 

where λ represents the potential energy: 𝜆(𝑟) =
𝐺𝜇𝐸𝑀

𝑘𝑇𝑐𝑟
, 𝐺 is the gravitational constant, μE is the 301 

planetary mass (Earth’s mass in this case), M is the atomic mass, k is the Boltzmann constant, r is 302 

radial distance, and Nc and Tc are respectively the neutral density and temperature at the exobase 303 

which is assumed to be at 500 km, ζ is a partition function. Knowing that the charge exchange 304 

lifetime depends on the neutral atom species, we compared two main types of charge exchange 305 

in Earth’s magnetosphere, H+-H and H+-O, with typical exospheric neutral hydrogen and oxygen 306 

densities. Our results show that the lifetime due to H+-H interaction is orders of magnitude 307 

shorter than that of H+-O type interaction (shown in Supporting Information Figure S1). 308 

Therefore, we use the bounce-averaged lifetime of proton charge exchange with neutral 309 

hydrogen as the dominant charge exchange loss mechanism for protons. The top of Figure 4 310 

shows the charge exchange lifetime of proton interacting with neutral hydrogen atoms as a 311 

function of radial distance and μ, assuming that 𝑁𝑐 = 4 × 104 #/𝑐𝑚3 and 𝑇𝑐 = 1000 𝐾. We can 312 

see that typically the lifetime is shorter for the same μ protons at distances farther away from 313 

Earth. 314 
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During storm times, the two primary parameters determining proton lifetime, namely neutral 315 

hydrogen density and temperature in the exosphere, may experience dynamic changes. To 316 

quantify the influence of exospheric variations, we use the NRLMSIS 2.0 model (Emmert et al., 317 

2021) to obtain neutral hydrogen density and exospheric temperature at 500 km height for the 318 

two selected storms. Since the exospheric density model by Chamberlain (1963) follows the 319 

assumption of spherical symmetry, we averaged the hydrogen density and exospheric 320 

temperature at different local times to obtain Nc and Tc for the selected events, which are 321 

presented at the bottom of Figure 4 (see Figures S2 & S3 in Supporting Information for details). 322 

 323 

 324 

Figure 4. (top) Charge exchange lifetime for protons due to H+-H interaction as a function of 325 

radial distance and magnetic moment μ assuming fixed density and exospheric temperature at 326 

500 km exobase. (bottom) Averaged hydrogen density and exospheric temperature over 327 

longitudes and latitudes at 500 km during the two selected events provided by the NRLMSIS 2.0 328 

model (Emmert et al., 2021). 329 

 330 

EMIC wave scattering loss (only applied to Event 1): 331 

As shown in Figure 3 of Hogan et al. (2023), He+ band EMIC wave signatures were observed by 332 

RBSP near L*=4.1 to 4.3 around 4:45 UT on 8 June 2015. The frequency range of the observed 333 

EMIC wave signatures is ~1.29fO+ to ~1.77fO+, where fO+ represents the local oxygen 334 

gyrofrequency. 335 
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The proton lifetime in the presence of EMIC wave scattering can be estimated by conducting a 1-336 

D pitch angle diffusion simulation (Meredith et al., 2006; Ni et al., 2015; Thorne et al., 2013): 337 

𝜕𝑓𝑝

𝜕𝑡
=

1

𝑇(𝛼𝑒𝑞) sin(2𝛼𝑒𝑞)

𝜕

𝜕𝛼𝑒𝑞
[𝑇(𝛼𝑒𝑞) sin(2𝛼𝑒𝑞)〈𝐷𝛼𝛼〉

𝜕𝑓𝑝

𝜕𝛼𝑒𝑞
] 

( 10 ) 338 

where αeq is the equivalent equatorial pitch angle, <Dαα> is the bounce-averaged pitch angle 339 

diffusion coefficient, T(αeq) is the bounce period approximated by: 𝑇(𝛼𝑒𝑞) = 1.3802 −340 

0.3198 [sin(𝛼𝑒𝑞) + √sin(𝛼𝑒𝑞)] (Lenchek et al., 1961). 341 

The bounce-averaged pitch angle diffusion coefficient <Dαα> is computed using the full 342 

diffusion code (Ni et al., 2011; Ni et al., 2008; Shprits & Ni, 2009) at L=4.1, 4.2, and 4.3, based 343 

on assumptions of cold plasma and dipole magnetic field. We use the density model by Sheeley 344 

et al. (2001): 𝑁0 = 1390 (3/𝐿)4.83 𝑐𝑚−3 for determining the electron density at the selected L. 345 

A Gaussian fit is used to provide the power spectra of the EMIC wave. The local plasma 346 

composition is assumed to be 94% H+, 5% He+, and 1% O+ as found by Kersten et al. (2014). 347 

Top left of Figure 5 shows <Dαα> for proton computed at L=4.2. The <Dαα> for proton at L=4.1 348 

and 4.3 can be found in the Supporting Information Figure S4. 349 

With the calculated <Dαα>, we conducted pitch angle diffusion simulations based on equation 350 

(10) for L=4.1-4.3. The right-column panels of Figure 5 show the three examples of the 351 

simulated time variations of proton flux at 136.8, 273.5, and 444.4 keV at L=4.2. The estimation 352 

of proton lifetime is taken after reaching equilibrium and will not be affected by the initial 353 

distribution. Normalized flat pitch angle distribution of proton fluxes is used as the initial 354 

condition. We assume that the EMIC waves with the observed power spectra are evenly 355 

distributed over MLT for simplicity. In reality, EMIC waves might be confined in narrower MLT 356 

ranges, but waves with stronger wave power can still result in similar scattering effect 357 

considering the spatial and temporal uncertainties of observations. The upper boundary condition 358 

is set as 𝜕𝑓𝑝(𝛼𝑒𝑞=90°)

𝜕𝛼𝑒𝑞
= 0, while the lower boundary condition is set as 𝑓𝑝(𝛼𝑒𝑞 < 𝛼𝐿𝐶) = 0, αLC is 359 

the equatorial bounce loss cone given by sin(𝛼𝐿𝐶) = [𝐿5(4𝐿 − 3)]−1/4 (Summers et al., 2007), 360 

which is around 4.95° at L=4.2 for Event 1. The simulation is conducted for 5000 seconds, and 361 

the proton fluxes reach equilibrium before the end of the simulation. From the right column 362 

panels of Figure 5, we can see that as the proton energy increases, the resonant region shifts to a 363 

higher pitch angle, while diffusion becomes weaker as the <Dαα> decreases. 364 

By assuming 𝜕𝑓𝑝

𝜕𝑡
= −

𝑓𝑝

𝜏𝐸𝑀𝐼𝐶
, the lifetime of K=0.12 G1/2RE protons is estimated by: 365 

𝜏𝐸𝑀𝐼𝐶 =
Δ𝑡

ln (
𝑗𝑝(𝛼𝐾 , 𝑡𝑛)

𝑗𝑝(𝛼𝐾 , 𝑡𝑛 + Δ𝑡)
)

 

( 11 ) 366 

where 𝑗𝑝 is the proton flux converted from proton PSD 𝑓𝑝, 𝛼𝐾 is the corresponding pitch angle of 367 

K=0.12 G1/2RE protons, Δt is the time step of the pitch-angle diffusion simulation, and tn denotes 368 
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a simulation time stamp after reaching the equilibrium state. At L=4.2, 𝛼𝐾  is around 51° for 369 

Event 1. For protons outside of the resonant region with EMIC waves, τEMIC is infinite. 370 

 371 

Figure 5. Estimations of proton lifetime due to EMIC wave scattering loss during Event 1 (2015 372 

June 8 storm) based on wave observations of Hogan et al. (2023). (Top left) The bounce-373 

averaged pitch angle diffusion coefficient <Dαα> at L=4.2; (Middle left) Minimum resonant 374 

energy of the EMIC wave with electron (in blue) and proton (in red) at L=4.2; (Right) From top 375 

to bottom we show the pitch angle diffusion simulation results of protons at the selected energies 376 

at L=4.2; (Bottom left) The estimated proton lifetime at L=4.1, 4.2, and 4.3 as a function of 377 

magnetic moment for K=0.12 G1/2RE protons. 378 

 379 

The bottom left panel of Figure 5 shows our estimate of the μ-dependent proton lifetimes 380 

considering EMIC wave scattering effects at L=4.1, 4.2, and 4.3 during Event 1. Protons of μ 381 

<35 MeV/G are outside of the resonant region for the observed EMIC waves; for >35 MeV/G 382 

protons, τEMIC increases from ~0.1 to >0.5 day as μ increases. The difference between τEMIC at 383 

different Ls is not obvious. Additionally, the middle-left panel of Figure 5 compares the 384 

minimum resonant energies of electrons and protons with the observed EMIC waves, showing 385 
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that the minimum resonant energy for electrons is higher than 10 MeV. Thus, there is no EMIC 386 

wave scattering loss for <100 MeV/G electrons that we focus on in this study. 387 

 388 

To summarize, the proton lifetime model we use in this study is expressed as: 389 

𝜏𝑝𝑟𝑜𝑡𝑜𝑛 = {
min(𝜏𝐸𝑀𝐼𝐶 , 𝜏𝐶𝐸) , 4.1 ≤ 𝐿 ≤ 4.3 𝑓𝑜𝑟 𝐸𝑣𝑒𝑛𝑡 1

𝜏𝐶𝐸 , 𝑜𝑡ℎ𝑒𝑟
 

( 12 ) 390 

where the minimum between τEMIC and τCE is taken as the proton lifetime for the L range of 4.1 to 391 

4.3 from 04:30 to 19:00 on June 8, 2015. In the absence of EMIC wave effects, only charge 392 

exchange loss contributes to the loss of protons. 393 

4. Results 394 

4.1 Event 1 (2015 June 8 storm) 395 

We first present the results of radial diffusion and convection modeling conducted for μ=10-100 396 

MeV/G, K=0.12 G1/2RE electrons and protons for the 2015 June 8 storm. Figure 6 and Figure 7 397 

respectively compare the observed and modeled results for 20 MeV/G and 50 MeV/G electrons 398 

(left) and protons (right). The top row shows the PSD converted from RBSP A & B flux 399 

observations. The second row of panels displays the modeled PSD of the bi-particle model. 400 

Black dashed curves indicate the empirical plasmapause location (Carpenter & Anderson, 1992). 401 

The third to fifth panels respectively present the radial diffusion coefficient DLL, radial 402 

convection coefficient VR, and particle lifetime during the simulated period for electrons and 403 

protons. The last four panels at the bottom of Figure 6 display comparisons between observed 404 

(blue circle) and simulated (orange curve) 20 MeV/G electron and proton PSD at L=3, 3.5, 4, and 405 

4.5. In Figure 7, comparisons for 50 MeV/G and 0.12 G1/2RE particle PSD at L=3.5, 4, and 4.5 406 

are shown in the same format.  407 

Overall, the bi-particle model captures the rapid inward penetration feature for both electrons and 408 

protons. The radial diffusion coefficient DLL and convection coefficient VR for electrons and 409 

protons significantly enhanced at the storm main phase. The timescale of the loss process is 410 

largely different for the two particle species. For low μ (e.g., 20 MeV/G) protons not resonating 411 

with the observed EMIC waves, charge exchange dominates their losses. Generally, electron 412 

lifetimes are >1 order of magnitude shorter than those of protons without the presence of EMIC 413 

waves. Considering EMIC wave scattering loss, proton lifetime can be shortened to the order of 414 

hours. The line plots at the bottom of Figures 6 & 7 display detailed different deep penetration of 415 

the two particle species reproduced by the model. For 20 MeV/G, a relatively low μ, both species 416 

show similar deep penetration characteristics at L=4 & 4.5, in which PSD rapidly enhanced for 417 

nearly 2 orders of magnitude. At L=3 & 3.5, the relativistic effects on the radial diffusion and 418 

convection of electrons are more significant, resulting stronger radial transport of them. Modeled 419 

electron PSD there showed consistently more enhancements than the proton PSD, which matches 420 

the observation. When μ increases to 50 MeV/G, the difference between electron and proton 421 

deep penetrations enlarges as both the relativistic effect and EMIC wave scattering play 422 

significant roles. Across a wide L range from 3.5 to 4.5, while electron PSD largely increased for 423 

more than two orders of magnitude, the proton PSD remained at the same level as pre-storm. 424 
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 425 

Figure 6. Modeled results for 20 MeV/G electrons (left column) and protons (right column) 426 

during Event 1. From top to bottom, we display the observed PSD, modeled PSD, radial 427 

diffusion coefficients, convection coefficients, particle lifetime, and comparisons between 428 

observation and model at selected L as a function of time. 429 

 430 

 431 
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 432 

Figure 7. Modeled results for 50 MeV/G electrons (left column) and protons (right column) 433 

during Event 1 in the same format as Figure 6. 434 

To quantitatively show the impact of relativistic effect on the radial transport of electrons and 435 

protons, we compare the maximum radial diffusion and convection coefficients for the two 436 

species during Event 1 in Figure S5. As indicated by the dashed lines in the third and fourth 437 

panels of Figure 6, diffusion coefficients DLL reach their maximum values around 07:30 UT, 438 

while the convection coefficients VR peak at around 05:30 UT. In Figure S5, the ratio of the 439 

convection coefficient of proton over that of electron, 𝑉𝑅,𝑝/𝑉𝑅,𝑒, is shown by the left panel, while 440 

the ratio of the diffusion coefficient, 𝐷𝐿𝐿,𝑝/𝐷𝐿𝐿,𝑒, is plotted on the right. The coefficients for 10, 441 

20, and 50 MeV/G are compared and presented as a function of L. A general trend for both 442 

DLL,p/DLL,e and VR,p/VR,e is that the ratios continuously decrease when moving to lower L. For 10 443 

MeV/G, at L=5, the ratios of diffusion and convection coefficients are close to 1, which is 444 

consistent with the observation that ~80 keV electrons and protons experience flux enhancement 445 

at a similar level. As μ increases from 10 to 50 MeV/G, 𝑉𝑅  and 𝐷𝐿𝐿  for protons become 446 

significantly smaller than those for electrons at all Ls. For μ=50 MeV/G, VR,p drops from 80% of  447 

VR,e to 35% moving from L=5 to 2, while DLL,p is consistently lower, less than 40% of DLL,e 448 

across the L range from 1.5 to 5. Note that the values of DLL,e and VR,e also experience a dramatic 449 

decrease moving to lower L. This indicates that as μ increases the radial diffusion and convection 450 

processes for protons decrease faster than those for electrons. Thus, protons cannot be radially 451 

transported to a low L as electrons. 452 
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 453 

 454 

Figure 8. Comparison between the observed and modeled μ=10–100 MeV/G proton phase space 455 

density (PSD) during Event 1. Proton PSD is displayed as a function of L* and μ for a specific 456 

period or epoch. For proton PSD observations on the left, the period marker corresponds to the 457 

shaded area in the bottom panel, while the epoch marker for the modeled proton PSD 458 

corresponds to the dashed line during the shaded period. 459 

 460 

EMIC wave scattering loss contributes to weakening the deep penetration of ~40-100 MeV/G 461 

protons while the same μ electrons are not affected. In Figure 8, we present the comparison 462 

between observed and modeled proton PSD of multiple µ values from 10-100 MeV/G before, 463 

during and after the June 8 storm. In each subplot, the proton PSD is displayed as a function of 464 

L* and µ. The time of the observations and simulations proceeds from top to bottom panels. The 465 

left column shows the observed proton PSD variations, the middle and right columns present the 466 

simulated proton PSD without or with EMIC wave losses, respectively. The Dst index is shown 467 

in the bottom panel. The labels ‘t1’ to ‘t4’ denote the averaged period for proton PSD 468 

observations, which are indicated by the shaded region in the bottom panel; ‘t1*’ to ‘t4*’ 469 

represent the simulation instants selected within the period of observations, which are marked by 470 

the black dashed lines. From t2 to t3, lower μ protons experience stronger inward transport than 471 

higher μ protons. The ‘no-EMIC-loss’ model performed well reproducing the μ-dependent storm-472 

time enhancement and inward transport of proton PSD. However, as shown by the ‘t2’ and ‘t3’ of 473 
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the observed proton PSD, there are some ‘bite-out’ losses for >60 MeV/G protons happening at 474 

L* ~4.2 on 8 June 2015, which cannot be explained by the ‘no-EMIC-loss’ model. With the 475 

EMIC wave effects included, the right column of Figure 8 reproduces such local losses. While 476 

<35 MeV/G protons still undergo significant inward transport, the scattering loss due to EMIC 477 

waves becomes effective for protons > 35 MeV/G. PSD of >35 MeV/G protons decreased 478 

rapidly at L*~4.2 from t2* to t3* and a clear local ‘bite-out’ feature formed for >60 MeV/G 479 

protons, which matches the observation well. As the modeling results suggest, in the absence of 480 

EMIC wave scattering loss, ~70 MeV/G protons might still experience inward deep penetration 481 

to L*<4; while EMIC scattering effect leads to rapid local loss for relatively high μ protons that 482 

deter the deep penetration from extending to L*<4. 483 

 484 

4.2 Event 2 (2014 November 4 storm) 485 

A second event, the 2014 November 4 storm, is also selected and modeled to verify that the bi-486 

particle model can reproduce the different deep penetration of electrons and protons during other 487 

periods. Unlike Event 1, He+ band EMIC wave activities were not observed by RBSP during the 488 

November 4 storm. Therefore, EMIC wave scattering loss is not considered for this event and 489 

charge exchange loss is treated as the only loss mechanism for protons. Figure A1 in the 490 

appendix shows the model results for 20 MeV/G electrons and protons in the same format as 491 

Figure 6. The model captured the electron and proton inward penetrating dynamics to L<4 during 492 

the storm main phase. Distinctly from Event 1, the electron and proton PSD values at the 493 

beginning of the storm were at a relatively higher level, while the PSD radial profiles at the end 494 

of the modeled period became similar for both events. The different deep penetration of electrons 495 

and protons is clear from both observation and modeling results at L=3-3.5. In this L range, the 496 

electron PSD is enhanced by more than one order of magnitude, while proton PSD is not 497 

affected. This shows that the modeled 20 MeV/G electrons can penetrate inward to L<3.5 while 498 

protons at the same μ stop inward penetration at L>4. Figure A2 presents the proton model 499 

results from 10 to 100 MeV/G in a similar format as Figure 8. Observed PSD is shown in the left 500 

column and modeled PSD without EMIC scattering loss is on the right side. The deeper 501 

penetration of lower μ protons is well reproduced by the radial diffusion-convection model.  502 

 503 

5. Discussion 504 

In this study, we extend the energy-dependent convection-diffusion model for electrons by Mei et 505 

al. (2023) for protons using the same model but with different coefficients considering the 506 

relativistic effect and different loss mechanisms on electrons and protons. The bi-particle model 507 

performs well for both electrons and protons for the same events, capturing not only the μ-508 

dependence of each species, but also the difference between the two species. To quantitatively 509 

compare how the relativistic effect will affect electrons and protons and lead to different inward 510 

transport, we assume that the ULF perturbations interacting with electrons or protons through 511 

drift resonance and leading to radial diffusion, are at the same level of intensity. Tong et al. 512 

(2024) statistically studied m>0 (eastward propagating) and m<0 (westward propagating) ULF 513 

waves based on GOES 13 and 15 measurements: their results showed that the peak values of 514 

power spectral density of the two waves are similar. We also considered the relativistic effect on 515 

radial convectional transport caused by time-varying large-scale electric fields. In Mei et al. 516 

(2023), such electric-field-induced inward transport was quantified by assuming symmetric 517 



19 
 

large-scale electric fields, like the Volland-Stern model. We mainly discussed the contribution of 518 

symmetric large-scale electric fields to the different deep penetration of electrons and protons. 519 

More localized DC electric fields, like Subauroral Polarization Streams (SAPS) electric fields in 520 

radial direction (Califf et al., 2016; Califf et al., 2022; Lejosne et al., 2018; Lin et al., 2022; Zhao 521 

et al., 2017), might influence electrons and protons differently and are beyond the scope of this 522 

study. 523 

Charge exchange and EMIC wave scattering are the two major loss mechanisms considered in 524 

the bi-particle model for protons. Charge exchange loss depends on the type of charge exchange, 525 

cross section area of protons as a function of energy, and neutral density in exosphere. We 526 

compared two types of charge exchange loss, H+-H and H+-O, and showed that the former 527 

dominates for radiation belt protons. We used the NRLMSIS 2.0 model to obtain the average 528 

hydrogen density at the exobase. Our results suggested that the neutral density variation during 529 

storm time does not significantly influence the loss timescales of proton at a fixed μ since the 530 

energy-dependence of charge exchange cross section dominates. Loss due to EMIC wave 531 

scattering is analyzed and quantified for a particular storm event, during which a localized ‘bite-532 

out’ feature is clearly observed. EMIC wave activity at the same L range have been observed and 533 

reported by Hogan et al. (2023), thus we calculated the corresponding pitch angle diffusion 534 

coefficients and estimated proton lifetime to quantify the timescale of EMIC wave induced loss. 535 

Results suggest that EMIC waves play a significant role in scattering relatively higher μ (>60 536 

MeV/G) protons, which prevent them from further penetrating to lower L, while lower μ (<30 537 

MeV/G) protons below the minimum resonant energy are not affected. This is consistent with the 538 

decreased occurrence of events where deep penetration of protons is observed as μ increases 539 

revealed by Zhao et al. (2023), which showed that while ~70 deep penetration events of 10 540 

MeV/G protons to L<4 were observed over 6 years, very few deep penetration events could be 541 

identified for μ > 20 MeV/G. Such a drastic decrease does not exist in electron observations at 542 

the same μ, which is consistent with our results that these electrons are outside the resonant 543 

region with the observed EMIC waves. Therefore, EMIC wave scattering loss contributes to the 544 

sudden drop of proton deep penetration occurrence at high μ. 545 

 546 

6. Conclusion 547 

As suggested by previous statistical studies, electrons and protons respond differently to 548 

geomagnetic storms in terms of their inward penetration depth, time scale and energy-549 

dependence. Considering that the radial transport due to enhanced large-scale electric fields is a 550 

significant mechanism for trapped particles to penetrate to L<4, one would expect that the 551 

electrons and protons will equally respond to the electric fields and behave similarly. In this 552 

study, we considered the relativistic effects on radial transport and different loss mechanisms for 553 

electrons and protons in a bi-particle convection-diffusion model and showed that this model can 554 

be used to reproduce both deep penetrations of electrons and protons. Based on our modeling 555 

results, here we provide explanations for the different dynamic variations for electrons and 556 

protons: 557 

1. Due to the relativistic effect, electrons drift slower than protons at the same energy, which 558 

results in stronger radial diffusion and convection that the protons experience. The drift period 559 
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difference becomes greater as μ increases or L decreases, thus protons at μ>50 MeV/G tend to 560 

stop their inward transport at higher L than the electrons, while 10 MeV/G electrons and protons 561 

have more similar dynamics. This is consistent with the statistical results from a previous study 562 

which showed that 10 MeV/G proton deep penetration to L<4 is less frequently than electron but 563 

still happens, while >20 MeV/G proton deep penetration to L<4 is very rare (Zhao et al., 2023). 564 

2. EMIC wave scattering loss is quantified and applied to the model for a specific event, during 565 

which EMIC wave activity has been observed by RBSP and reported by previous studies. 566 

Modeling results suggest that during the event, EMIC waves can rapidly scatter 100s of keV 567 

protons at L~4.2 on timescales of ~0.1-0.7 day. Such a rapid local loss process prevents the high-568 

energy protons from being inward transported to lower L and creates a local ‘bite-out’ feature. 569 

On the other hand, 100s of keV electrons are shown to be outside of the resonant region with the 570 

observed EMIC wave, based on computed minimum resonant energies. 571 

 572 

Appendix 573 

 574 

 575 

Figure A1. Modeling results for 20 MeV/G electron (left column) and proton (right column) 576 

during event 2. 577 
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 578 

 579 

Figure A2. Comparison between the observed and modeled proton phase space density (PSD) for 580 

μ=10–100 MeV/G during Event 2 in the same format of Figure 8. Modeled PSD < 10-8.5 581 

(c/MeV/cm)3 is not shown. 582 

 583 

 584 
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