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Abstract The Electricand Magnetic Field Instrument Suite and Integrated Science (EMFISIS) instrument on
the Van Allen Probes provides a vast quantity of fully resolved wave measurements below L=5.5, a critical
region for radiation belt acceleration and loss. EMFISIS data show that plasmaspheric hiss waves can be
observed at frequencies as low as 20 Hz and provide three-component magnetic field measurements that
can be directly used for electron scattering calculations. Updated models of hiss properties based on
statistical analysis of Van Allen Probes data were recently developed. We use these new models to compute
and parameterize the lifetime of electrons as a function of kinetic energy, L shell, Kp index, and magnetic local
time. We present a detailed analysis of the electron lifetime sensitivity to the model of the wave intensity
and spectral distribution. We also compare the results with previous models of electron loss, which were
based on single-component electric field measurements from the sweep frequency receiver on board the
CRRES satellite.

1. Introduction

Observations from the OGO satellite series first showed persistent incoherent whistler mode emissions in the
ELF/VLF frequency range in the near-Earth space environment, and these waves are commonly referred to as
plasmaspheric hiss [e.g., Russell et al., 1969; Thorne et al., 1973]. The origin of plasmaspheric hiss remains an
active topic of scientific research [e.g., Thorne et al., 1979; Sonwalkar and Inan, 1989; Meredith et al., 2006a;
Bortnik et al., 2008; Chen et al., 2012a, 2012b, 2012c]. Quantification of the quasi-linear scattering rates [e.g.,
Kennel and Engelmann, 1966; Lerche, 1968] by these waves [Lyons et al., 1972] showed that hiss waves play
a dominant role for the loss of the radiation belt electrons and are responsible for the formation of the slot
region [Lyons and Thorne, 1973]. Scattering by hiss waves also affects ring current electrons, and Chen and
Schulz [20014a, 2001b] created the first models, which at higher L shells had a smooth transition to the strong
diffusion lifetime. Shprits et al. [2005, 2006a] provided a parametrization of electron loss in the radiation belts
based on the visual comparison of radial diffusion modeling with observations. To reproduce observations,
Shprits et al. [2005, 2006] used parameterizations of lifetime of 7 =3/Kp for simulations with a constant outer
boundary and 7= 5/Kp for a variable outer boundary. The electron lifetimes inside the plasmasphere due to
hiss waves were modeled with a constant decay rate of 10 days. Physics-based modeling of electron lifetimes
requires detailed knowledge of how wave amplitude depends on geomagnetic activity, radial distance,
magnetic latitude and magnetic local time (MLT), and also detailed knowledge of the wave spectral and wave
normal distributions.

Statistical analysis of hiss wave distributions have shown that waves are present for a broad range of MLT but
are more intense on the dayside, extend to high latitudes above 30°, and that wave amplitudes are activity
dependent [e.g., Meredith et al., 2004; Golden et al., 2012; Agapitov et al., 2013; Li et al., 2015]. Orlova et al.
[2014] provided empirical parameterizations of wave activity and also derived a parametric model of electron
lifetimes based on Sweep Frequency Receiver measurements from the CRRES mission. The analytical model
of electron lifetimes from Orlova et al. [2014] can be incorporated into convective simulations and particle
tracing codes and can be also used to estimate the precipitating flux of kiloelectron volt electrons that control
ionospheric conductivity. A number of studies showed that conversion of power from electric wave measure-
ments to magnetic field quantities, as is done with the CRRES data, may be rather inaccurate due to uncer-
tainties in wave normal distributions of waves [e.g., Ni et al., 2011; Spasojevic et al., 2015]. Van Allen Probes
observations also revealed the presence of non-Gaussian spectral distribution and low-frequency waves at
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frequencies below 100 Hz that were not accounted for by the previously developed models [Li et al., 2013,
2015]. Spasojevic et al. [2015] recently presented an improved empirical model of plasmaspheric hiss intensity
obtained using statistical analysis of Van Allen Probes measurements for 2 years. By performing statistics over
the large data set, Spasojevic et al. [2015] parameterized the hiss intensity as a continuous function of
geomagnetic activity including storm time conditions.

To incorporate this knowledge gained from the Van Allen Probes mission, new parameterizations of electron
loss should be developed and compared to the previously developed model to provide a framework for
analysis of previous results and to understand how models are improved by introducing the newly
developed parameterizations. In this study, we present a new loss model based on Van Allen Probes observa-
tions that is capable of accurately predicting loss during disturbed geomagnetic conditions. Next, we
compare the newly developed model with a previously developed model based on CRRES wave data. We also
examine the sensitivity of the scattering rates to the assumed spectral distribution and the assumed distribu-
tion of wave intensity.

2. Electron Lifetimes

2.1. Calculation and Parameterization of Lifetimes

Loss of particles due to pitch angle diffusion can be presented as a superposition of exponentially decaying
normal modes [Schulz and Boucher, 1982]. As the lowest normal mode decays slower than other modes, it is
customarily assumed that the particles decay to some equilibrium (lowest normal mode) quickly, then distri-
bution continues to decay with a rate constant at all pitch angles [e.g., Schulz and Lanzerotti, 1974; Shprits
et al.,, 2008]. If scattering rates as a function of pitch angle are relatively monotonic or at least do not show
significant minimums of 1 order of magnitude or more, the loss time can be estimated by taking an inverse
of the pitch angle scattering rates near the edge of the loss cone [Lichtenberg and Lieberman, 1983; Shprits
et al.,, 2006b]. If the pitch angle diffusion coefficients have a deep local minimum for a wide range of pitch
angles, they can create bottleneck and slow down the overall rate of pitch angle scattering. In this study
we use the expression of Albert and Shprits [2009] that utilizes pitch angle diffusion rates at all values of equa-
torial pitch angle to calculate electron lifetime, z:
7/2
7= [ daeq(2 < Dus> tan(oeg)) M
Alc

where 0.4 is the equatorial pitch angle and a is the equatorial loss cone angle. <D, > is the bounce-
averaged pitch angle diffusion coefficient computed in the dipole field using an approach of Glauert and
Horne [2005] and Albert [2005]. For the hiss intensity below the magnetic latitude of 20°, we took the
simplified model of Spasojevic et al. [2015] obtained using Van Allen Probes measurements and used < B2, >
= 1Q0-05894L-0.7768L243.163L-1.036  (\alid for 1.2<L<6.1 and latitudes less than 20° for the averaged
MLT = 18.007 and Kp = 2.683 values in our computations. Note that we first develop a simple model with just
L and electron energy and then later use the results of Spasojevic et al. [2015] to extend to other MLT and Kp
values. Since Spasojevic et al. [2015] showed that hiss wave intensity is almost independent of magnetic lati-
tude, we extended the hiss amplitude model up to 45° following previous studies [e.g., Agapitov et al., 2013].
The wave normal angle distribution, plasma density, and number of resonances are the same as in Orlova
et al. [2014] and are based on Agapitov et al. [2013], Denton et al. [2004, 2006], and Mourenas and Ripoll
[2012]. For the hiss spectrum, we used a realistic distribution obtained from the statistical analysis of the
Electric and Magnetic Field Instrument Suite and Integrated Science (EMFISIS) measurements on Van Allen
Probes by Li et al.[2015] ranging between 20 Hz and 4000 Hz. The maximum of spectrum of Li et al. [2015]
f.nis dependent on L, for example, atL=2f,,=82Hzand at L =5 f,, = 142 Hz. The previous conventional spec-
tral model assumed f,,, = 550 Hz. Since Li et al. [2015] presented the spectral model for discrete L =2, 3, 4, and
5, we considered that it is valid for the range of L +0.5. At the junction of spectral models L =2.5, 3.5, and 4.5
we computed the diffusion coefficients for both models and average them.

Figure 1a shows calculated lifetimes z,, for the averaged MLT and Kp values as a function of electron kinetic
energy E, from 1 keV up to 10 MeV and L shells from 1.5 to 5.5. The dark red color represents the regions with
lifetimes larger than 1000 days. Lifetimes tend to decrease with increasing L from 1000 days to the values of
several days or even less than a day at L > 4 for tens of keV electrons. There is also a strong dependence of
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Figure 1. (a) Computed and (b) parameterized lifetimes logygzay, in days, and (c) parameterization accuracy as a function of
electron kinetic energy and L shell. White line in Figure 1a illustrates energies above which parameterization of lifetimes is valid.

lifetimes on energy. At a given L, a slice in energy has a local minimum in z,,. With increasing L, the value of
the minimum lifetime becomes shorter and moves to lower energy. For example, the minimum lifetime at
L=3.1is 1.4days at E,=630keV and at L=5.1 is around 7.5 h at £, =40 keV. It should be noted that the inner
belt lifetimes are larger than a thousand days for almost all the nonrelativistic energies.

Electron lifetimes are parameterized as a function of L and kinetic energy by applying linear regression for
values less than 1000 days, which are most physically meaningful:

logyoTav (L, E) = a1+ aoL + a3E 4 aal?® + asLE + agE? + a713 + agl®E + aolE? + a1oE® + anL* + a3
+ a13L2E2 + G14LE3 + a15E4 + 016LE4 + 017L2E3 + 018L4E + 0191_5 + azoES7 (2)

where E =log,oE, for E; from 1 keV up to 10 MeV taken in MeV units and L is in the range from 1.5 up to 5.5. The
parameterization in equation (2) is valid for energies £>f(L), where fiL) = 0.1328 L2—2.1463 L + 3.7857 (above the
white line in Figure 1a). Coefficients of parameterization, a,, in equation (2) are presented in Table 1. We illus-
trate the parameterized lifetimes in Figure 1b where white areas correspond to E < f(L). Figure 1c shows the
accuracy of parameterization, which is defined as (75, — 78,) /75, where 75, is the computed lifetime and 75,
is the parameterized lifetime. While for most energies and L shells the parameterization error is less than £25%,
the mean value is 17.8%, and the maximum parameterization error reaches 75.7%. Most likely the error of the

Table 1. Coefficients for Electron Lifetime Parameterization in Equation (2)

Values
a 77.323
ar —92.641
a3 —55.754
as 44.497
as 48981
as 8.9067
ay —10.704
ag —15711
do —33326
aio 1.5189
al 1.294
aio 2.2546
ans 0.31889
di4 —0.85916
s —0.22182
die 0.034318
aiz 0.097248
g ~0.12192
are —0.062765
a2 0.0063218

parameterization is less than uncer-
tainty associated with the assumed
plasma and wave models.

Since the simplified model of hiss
intensity of Spasojevic et al. [2015]
has a separate dependence on mag-
netic local time and geomagnetic
activity, for the chosen MLT and Kp
values lifetimes of electron can be
obtained as

tav(L, E)
g(MLT)h(Kp)’
(3)

t(L,E,MLT, Kp) =

where functions g(MLT) and h(Kp) are
given in equations (4) and (6) of
Spasojevic et al. [2015], respectively,
and are valid for 1.5<L<5.5. Note
that equation (3) was derived for Kp
values up to 5.
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2.2. Comparison of the Global loss Models

There are two differences between the global loss model of Orlova et al. [2014] and the new one presented
here. To compute the lifetimes, Orlova et al. [2014] considered the conventional hiss frequency model based
on CRRES data [e.g., Shprits et al., 2009; Thorne et al., 2013] with the following Gaussian spectrum parameters
fn =550 Hz, f=300 Hz, fi. = 100 Hz, and f,. = 2000 Hz. For the hiss intensity Orlova et al. [2014] developed and
used an empirical model based on single-component electric field measurements from the sweep frequency
receiver on board the CRRES satellite. For the new loss model presented in section 2.1, we used the hiss
intensity model of Spasojevic et al. [2015] based on three-component magnetic field measurements of the
EMFISIS instrument on Van Allen Probes. We also used a realistic spectrum model based on statistical analysis
of Van Allen Probes measurements of Li et al. [2015] for which the maximum frequency and the lower and
upper cutoffs are less than in the conventional frequency model.

To compare the two loss models, we examine L shells in the range of 3 to 5.5 where both empirical wave
models are valid. We focus on the dayside local time sector 6 <MLT <21 where hiss activity is strongest
and performed MLT averaging of the new loss model for the considered sector. Below we denote ty as the
new lifetimes presented in section 2.1 and 7o the old ones from Orlova et al. [2014]. Figures 2a-2f illustrate
the lifetimes 7o and zy, respectively, for various levels of geomagnetic activity Kp=0.75, 3, and 4.5. The
dark red color corresponds to lifetimes larger than 1000 days. The difference in loss models (zy — 70)/7y is
presented in Figures 2g-2i and is dependent on energy and distance. Areas with deep blue color have a
difference less than —400%. For relativistic energies the difference between two loss models is 2.5 times or less
(from —40% to 60%). For £, < 100 keV at L > 4.1 and for energies of tens and hundreds keV at L < 4.1 the old
model shows significantly longer lifetimes 57y < zo. It should be noted that the old model of Orlova et al.
[2014] did not match the observed electron decay rates of several days [Meredith et al., 2006b; Benck et al,
2010] for energies 150-400 keV at 3 < L < 3.6 where the computed lifetimes reached the values of tens or
hundred days. The new model is capable of reproducing the observations at these distances and energies.

2.3. Sensitivity of Lifetimes to Hiss Properties

Figure 3 shows how the introduction of more accurate models of hiss waves influence electron lifetimes at
L =3 (Figure 3a) and L =4 (Figure 3b) on the dayside (6-21 MLT) for Kp = 3. The lifetimes computations using
CRRES hiss wave intensity and conventional frequency models [e.g., Meredith et al., 2007; Orlova et al., 2014]
are presented by the solid blue color in Figure 3. The dashed black line shows the results of the calculations
using the same amplitude model but with the realistic frequency based on Van Allen Probes data, as
discussed above. Electron lifetimes computed using the new hiss intensity model of Spasojevic et al. [2015]
based on Van Allen Probes measurements and the conventional frequency model are shown by the dashed
green color. Finally, the solid red color corresponds to calculations of the lifetimes using the Van Allen Probes
intensity model and Van Allen Probes frequency model.

The introduction of the new spectral distribution of waves not only extends the range of hiss frequencies but
also redistributes the power. Lifetimes computed using the realistic spectrum are shorter than those
calculated for conventional frequency model (compare dashed black curve to blue curve, dashed green curve
to red curve). While at multi-MeV energies the difference is no more than 2.5 times, at lower energies the
lifetimes can differ by several orders of magnitude.

Next, we consider calculations using the same frequency model but with different intensity models (compare
blue curve to dashed green curve, dashed black curve to red curve). The use of the Van Allen Probes < B, >
model increases the lifetimes of electrons at keV and tens of keV energies and at relativistic energies
E,>1MeV by a factor up to 3.5. For the middle energies of hundreds of keV lifetimes computed for CRRES
intensity model are similar to those calculated for Van Allen Probes < B2, > model.

Lastly, the total effects of using the new models of hiss intensity and frequency distribution are not as straight-
forward as from separately changing hiss frequency and amplitude and are dependent on both energy and
distance (compare blue and red curves). At some energies, for example, 20 keV-1 MeV at L =3 and 2-200 keV
at L =4, the total difference in lifetimes is mainly caused by the change of frequency model. At multi-MeV
energies the effects of changing each property work in the opposite directions and the lifetimes computed
for the CRRES intensity model and conventional frequency model are shorter than those computed for the
Van Allen Probes < B2, > model and Van Allen Probes frequency model by less than a factor of 2.5.
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Figure 2. Comparison of MLT-averaged electron lifetimes on the dayside (MLT=6-21) computed (a—-c) using CRRES
amplitude model and conventional frequency model [Orlova et al., 2014] and (d-f) using Van Allen Probes intensity
model and Van Allen Probes frequency model as a function of L shell and electron kinetic energy for various Kp indices.
(g-i) The percent difference between the two models.

3. Summary

We present the updated global electron loss model based on the recent models from Van Allen Probes mea-
surements of hiss wave intensity of Spasojevic et al.[2015] and realistic spectral distributions of Li et al. [2015].
The loss model is strongly dependent on electron kinetic energy and L shell and lifetimes can be less than a
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Figure 3. Sensitivity of MLT-averaged electron lifetimes on the dayside (MLT=6-21) to hiss amplitude and frequency
models at (a) L =3 and (b) L =4 as a function of electron kinetic energy for Kp = 3.

day at large distances for tens of keV electrons. The computed lifetimes are parameterized as a function of L in
the range of 1.5 to 5.5 and kinetic energy in the range of £, =1 keV to 10 MeV and can differ up to 4 times from
the calculated losses. The dependence of lifetimes on geomagnetic activity (for Kp <5) and MLT (0-24) can be
taken from the simplified model of hiss intensity of Spasojevic et al. [2015], and thus, the new loss model can
be widely implemented in convection and particle tracing codes.

We compared the newly obtained global loss model with the previous lifetimes model of Orlova et al. [2014],
which was based on the CRRES hiss intensity model and conventional frequency distribution. It was shown
that the difference between two loss models at nonrelativistic energies is several orders of magnitude.
Note that the new loss model also covers the slot region and inner belt, which was not available from
Orlova et al. [2014].

We investigated the sensitivity of electron lifetimes to the change of hiss properties such as wave intensity
and frequency distribution. We computed the lifetimes for two hiss intensity models, from CRRES [Orlova
et al., 2014] and Van Allen Probes [Spasojevic et al., 2015], and two frequency models, one conventional
and one obtained from Van Allen Probes measurements [Li et al, 2015]. The effect of more accurately
modeling hiss properties can be small, on the order of several times at relativistic energies, or can provide
a difference of several orders of magnitude to the resulting lifetimes at lower energies. Thus, the wave
parameters used in calculations of electron lifetimes play an important role, and future research is needed
to explore the extension of hiss intensity to high latitudes as well as obtain global models of wave normal
angles for a wide range of distances.
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