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1. Introduction

The Deliverable D5.2 entitled “The incorporation of diffusion coefficients from
VERB into IMPTAM” is the second Deliverable of the WP5 “Low energy electrons
model improvements to develop forecasting products”. The second objective of
this WP is to adapt the IMPTAM to include proper diffusion coefficients provided
by VERB radiation belts model. During the work under the Deliverable D5.2, the
main focus was set at the Task 5.2 “Incorporating the proper diffusion
coefficients into IMPTAM provided by VERB radiation belts model”.

Electrons with energies less than 100 keV are one of the important
constituents of the inner Earth’s magnetosphere. The electron fluxes at these keV
energies vary significantly with the current activity on the scale of minutes or
even shorter [Ganushkina et al., 2013, 2014]. Electron losses occur on the time
scales of minutes or hours which is much shorter than those times for ions. The
dominant loss process is pitch angle scattering with due to interactions with
waves (see, for example, the reviews by Shprits et al. [2008a,b] and references
therein) which results in the precipitation of electrons into the ionosphere.
Lower band chorus (LBC) and upper band chorus (UBC) waves contribute
significantly to the scattering processes of keV electrons outside the
plasmapause. Inside the plasmasphere, electron pitch angle scattering occurs
due to interactions with the plasmaspheric hiss. It is difficult to quantify globally
the electron losses due to pitch angle scattering, since the rate of pitch angle
diffusion for a given electron energy depends on the wave amplitude, wave
frequency, and wave normal distributions, as well as the plasma density and
background magnetic field.

Wave-particle interactions have to be incorporated into the IMPTAM model
via diffusion coefficients. The proper incorporation of wave-particle interactions
was possible due to the existence of Full Diffusion Code (FDC) model [Shprits and
Ni, 2009], which provided the diffusion coefficients calculated in a non-dipole
field [Orlova et al., 2012]. The matrix of diffusion coefficients as a function of L-
shell, pitch-angle, and energy for various levels of geomagnetic activity was
computed by FDC. Using the diffusion coefficients, the losses were
parameterized. The model for the electron lifetimes due to interactions with
chorus waves was parameterized by kinetic energy, distance, and Kp for night,
dawn, prenoon, and postnoon MLT sectors [Orlova and Shprits, 2014]. For hiss
waves, two models were developed, one based on CRRES observations [Orlova et
al.,, 2014] and another on Van Allen Probes measurements [Orlova et al., 2016],
both computed lifetimes parameterized as a function of L, kinetic energy, Kp and
MLT. These computed lifetimes were included in to the IMPTAM code.

The modeling results are presented for one example storm event on February
28 - March 2, 2013. Data on low energy electron fluxes from several satellites in
the inner magnetosphere were available for this storm period. We primarily
used the electron fluxes with energies from 1 to 50 keV for our analysis. These
energies are most important for surface charging. We focused on the results for
AMC 12 measurements at geostationary orbit and for Van Allen Probes inside
geostationary orbit. AMC12 CEASE electrostatic analyzer measured low energy
electron fluxes in 10 channels, covering the range 5 - 50 keV. The Van Allen
Probes mission consists of two spacecraft in near-equatorial elliptical orbits
around Earth, traversing the inner magnetosphere at distances from 1.1 Rg to 5.8
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Re at a 9-hour period. The two satellites have slightly different orbits, with one
lapping the other every 2.5 months. We use measurements from HOPE
instrument which measures the pitch angle distribution of electrons over the
energy range from 1 keV up to 45 keV and from MagEIS instrument with electron
measurements over the energy range of 30 keV to 200 keV.

The results of data-model comparison are presented in the paper "Losses of
keV electrons in the inner Earth’s magnetosphere” by N. Ganushkina, I. Sillanpaa,
S. Dubyagin, Yu. Shprits (draft for submission), below as a part of the
Deliverable D5.2 report.

2. Conclusions

The losses are taken into account by incorporating the electron lifetimes into
IMPTAM following several models. The modeling results are presented for one
example storm event on February 28 - March 2, 2013. The data-model
comparison are made for observations at geostationary orbit by AMC12 satellite
measuring electron fluxes with energies from 5 to 50 keV and inside
geostationary orbit by Van Allen Probes instruments covering the energy range
from 1 to 200 keV. It was demonstrated that in the absence of electron losses, all
variations which can be seen in the modeled low energy electron fluxes at
geostationary orbit are caused by the variations in IMPTAM’s parameters which
are the solar wind and IMF parameters and Dst index included in background
magnetic and electric field models and boundary conditions. The inclusion of the
strong diffusion resulted in flux drops to almost zero values at and inside
geostationary orbit at day- and duskside. Taking into account the electron losses
by electron lifetimes for strong and weak diffusion (following Chen et al. [2005]),
led to somewhat reasonable agreement between the observed and modeled
fluxes with the modeled fluxes being one order of magnitude higher than the
observed ones. The fluxes with electron energies from 15 to 50 keV are better
modeled. The detailed dynamics of the observed fluxes was not reproduced.
When the electron losses due to interactions with chorus waves [Orlova and
Shprits, 2014] and with hiss waves [Orlova et al., 2014, 2016] were introduced,
the observed geostationary electron fluxes were well reproduced during the
storm maximum. The fluxes of electrons with energies from 15 to 50 keV were
closer to the observed ones than those with lower energies between 5 and 15
keV. The discrepancy between the modeled and the observed fluxes is due to the
way how the electron lifetimes were parameterized for low energies. Although,
the detailed dynamics of observed fluxes was not fully reproduced, the
representation for electron lifetimes for keV electrons obtained from the VERB
code is the best available model at present. The keV electron fluxes vary
significantly on the time scales of tens of minutes. The electron lifetimes
parameterized by 3-hour Kp index do not reflect the full picture of shorter time
variations. Further IMPTAM validation will lead to better understanding of the
necessity to develop the model for electron lifetimes with more detailed
dependence on energy and other than Kp geomagnetic indices.

3. Future tasks and connection to other WPs
The IMPTAM with the incorporated losses as electron lifetimes in Deliverable
D5.2 will be used further with more detailed validation throughout the project
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and for future Deliverables of WP5. Since it was shown that it is necessary to
further develop the model for electron lifetimes with more detailed dependence
on energy and other than Kp geomagnetic indices, the steps towards this will be
taken during the work under Task 5.3. In Task 5.3, maps in (L, MLT, pitch angle,
energy) of low energy electrons will be constructed as output from the improved
IMPTAM. Both quiet and disturbed events will be selected for modelling
according to data availability, and the model output will be compared to the
observed electron fluxes to further model verification. The low energy electron
maps for the modelled events will be provided to the VERB code as seed keV
population for further accelerations to MeV energies. The results of the IMPTAM
will be validated against satellite observations and will be also compared with
the NARMAX predictions (Task 6.3 in WP6). Task 5.4 will result in developing
of a trial version of forecast model for low energy electrons which will be part of
Task 7.2 in WP7 for implementation of VERB-IMPTAM model in fusion of
forecasting tools.
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Key Points:

= Without losses, all variations in modeled electron fluxes are due to driving parame-
ters

» Combination of losses due to chorus and hiss waves results in best agreement be-
tween observed and modeled fluxes at geostationary orbit

= Detailed representation of electron lifetimes for below 15 keV electrons is needed
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Abstract

The role of the loss process of pitch angle diffusion for keV electrons in the inner
Earth’s magnetosphere is investigated. The losses are taken into account by incorporating
the electron lifetimes into Inner Magnetosphere Particle Transport and Acceleration Model
(IMPTAM) following several models. The modeling results are presented for one exam-
ple storm event on February 28 - March 2, 2013. The data-model comparison are made
for observations at geostationary orbit by AMC12 satellite measuring electron fluxes with
energies from 5 to 50 keV and inside geostationary orbit by Van Allen Probes instruments
covering the energy range from 1 to 200 keV. It was demonstrated that in the absence of
electron losses, all variations which can be seen in the modeled low energy electron fluxes
at geostationary orbit are caused by the variations in IMPTAM’s parameters which are
the solar wind and IMF parameters and Dst index included in background magnetic and
electric field models and boundary conditions. The inclusion of the strong diffusion only
(according to Chen and Schulz [2001b]) resulted in flux drops to almost zero values at and
inside geostationary orbit at day- and duskside. Taking into account the electron losses
by electron lifetimes for strong and weak diffusion (following Chen et al. [2005]), led to
somewhat reasonable agreement between the observed and modeled fluxes with the mod-
eled fluxes being one order of magnitude higher than the observed ones. The fluxes with
electron energies from 15 to 50 keV are better modeled. The detailed dynamics of the ob-
served fluxes was not reproduced. On the next step, instead of representing the strong and
weak diffusion in general form, pitch angle diffusion due to interaction with the specific
waves was introduced as the electron losses due to interactions with chorus waves [Orlova
and Shprits, 2014] and with hiss waves [Orlova et al., 2014, 2016]. The observed geosta-
tionary electron fluxes were well reproduced during the storm maximum. The fluxes of
electrons with energies from 15 to 50 keV were closer to the observed ones than those
with lower energies between 5 and 15 keV. The discrepancy between the modeled and the
observed fluxes is due to the way how the electron lifetimes were parameterized for low
energies. Although, the detailed dynamics of observed fluxes was not fully reproduced,
the representation for electron lifetimes for keV electrons obtained from the VERB code
is the best available model at present. The keV electron fluxes vary significantly on the
time scales of tens of minutes. The electron lifetimes parameterized by 3-hour Kp index

do not reflect the full picture of shorter time variations. Further IMPTAM validation will
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lead to better understanding of the necessity to develop the model for electron lifetimes

with more detailed dependence on energy and other than Kp geomagnetic indices.

1 Introduction

Electrons with energies less than 100 keV are one of the important constituents of
the inner Earth’s magnetosphere. Measurements of inner magnetosphere electrons are
sparse as compared to the ions. Based on OGO 3 satellite data, it was shown that low-
energy (<50 keV) electrons provide about 25% of the energy in the ring current region
during storm times [Frank, 1967]. Liu et al. [2005] analyzed Explorer 45 electron data
for energies from 1 to 200 keV and found the electron contribution of about 7.5% during

quiet time and about 19% during storm time.

The electron fluxes at these keV energies vary significantly with the geomagnetic
activity on the scale of minutes or even shorter, e.g. they react rather quickly to the ac-
tivity changes. The electrons with energies of 10’s of keVs do not penetrate deep into the
satellite materials but stay near the surface. They can be responsible for surface charging
effects which is a serious risk for satellites [Garrett, 1981; Lanzerotti et al., 1998; Davis et

al., 2008].

keV electrons constitute the seed population, being further accelerated to MeV ener-
gies by various processes in the Earth’s radiation belts. The acceleration process is due to
interactions with the VLF whistler-mode chorus waves, which grow as a result of a pres-
ence of the anisotropic population of electrons at energies of 10’s to 100’s of keVs [Helli-
well, 1967] caused by substorm injections [7Tsurutani and Smith, 1974]. Chorus waves in-
teract with seed electrons through cyclotron resonance and can accelerate electrons to very
high energies [Kennel and Petschek, 1966; Horne et al., 2005; Chen et al., 2007; Thorne,
2010]. Energetic charged particles trapped in the radiation belts are a major source of

damaging space weather effects on space assets.

Resonant interactions with different kind of waves in the magnetosphere violate the
first or second or both adiabatic invariants of the particle motion and result in pitch angle
scattering and in subsequent loss into the atmosphere (see, for example, the reviews by
Shprits et al. [2008a,b] and references therein). Due to pitch angle scattering, equatorial
pitch angle become small enough to be inside the loss cone. When the bounce-averaged

pitch angle scattering rate Dy, is much smaller than 4a2LC/ 7p (wWhere 7 is the bounce

_3_
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period for particles with equatorial pitch angle a.c), the equatorial loss cone remains
essentially empty. According to Kennel [1969] and Schulz [1974], the particles undergo
"weak diffusion" which cannot result in efficient depletion of magnetospheric particles by
diffusing the quasi-trapped population into the equatorial loss cone. Weak diffusion occurs
at L-shells where particle distribution is essentially anisotropic, such as, inside the plasma-
sphere. When the scattering due to wave-particle interactions is rapid enough to become
comparable to or above 4a’ic/7’3, particles diffuse across the equatorial loss cone in less
than a quarter bounce period and the particle distribution can maintain an essentially filled
loss cone that approaches isotropy, and this process is called "strong diffusion" [Kennel,
1969; Schulz, 1974]. Strong diffusion occurs at L-shells where the particle distribution is

very close to isotropic, such as, for example, in the near-Earth plasma sheet.

Electron losses occur on the time scales of minutes or hours which is much shorter
than those times for ions. Lower band chorus (LBC) and upper band chorus (UBC) waves
contribute significantly to the scattering processes of keV electrons outside the plasma-
pause. Inside the plasmasphere, electron pitch angle scattering occurrs due to interac-
tions with the plasmaspheric hiss [Lyons et al., 1972; Albert, 1994] which was observed
by OGO satellite series as incoherent whistler mode emissions in the ELF/VLF frequency
range [Russell et al., 1969; Thorne et al., 1973]. It was shown that hiss waves are respon-

sible for the formation of the slot region [Lyons and Thorne, 1973] in the radiation belts.

It is difficult to quantify globally the electron losses due to pitch angle scattering,
since the rate of pitch angle diffusion for a given electron energy depends on the wave
amplitude, wave frequency, and wave normal distributions, as well as the plasma density
and background magnetic field. Earlier representation of electron lifetimes due to strong
pitch angle scattering [Schulz, 1974, 1998] have been widely used when modeling inner
magnetosphere electrons. Chen and Schulz [2001a,b] formulated a combination of two
models for electron pitch-angle scattering, one of them corresponded to the limiting ide-
alization of strong pitch-angle diffusion everywhere and the other was based on the "less
than everywhere strong" (the term used by the authors) scattering with a prescribed depen-
dence on MLT. This combination allowed a smooth transition from strong pitch angle dif-
fusion in the plasma sheet to weak diffusion in the plasmasphere. Types of wave-particle
interactions due to certain waves were not specified. Using of this model resulted in a

good agreement between the simulated diffuse auroral electron distributions and observa-
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tions [Chen et al., 2005] but the disadvantage was the absence of activity dependence in

the model.

Quite recently, separate parameterizations of electron lifetimes for chorus and hiss
waves were developed. Several studies have recently examined the chorus wave proper-
ties [Haque et al., 2010; Li et al., 2011; Ni et al., 2011; Bunch et al., 2012; Meredith et
al., 2012; Bunch et al., 2013; Agapitov et al., 2013; Spasojevic and Shprits, 2013]. Ear-
lier studies on the calculations and parameterization of the electron lifetimes due to the
resonant interactions with chorus waves [Shprits et al., 2007; Gu et al., 2012; Mourenas
and Ripoll, 2012; Artemyev et al., 2013a] used the dipole field approximation. Orlova and
Shprits [2014] have developed a realistic chorus wave model and calculated the electron
lifetimes in the realistic Tsyganenko T89 [Tsyganenko, 1989] magnetic field model. The
model was parameterized by kinetic energy, distance, and Kp for night, dawn, prenoon,
and postnoon MLT sectors. At distances > 5 R, lifetimes of 10 keV electrons can be of
several hours for Kp = 2 and of 15 min for Kp=6. For fixed Kp and E > 10 keV, life-
times decrease by several times from 3 to 8 Rg. For energies < 50 keV, chorus waves
contribute to electron scattering mainly at night- and dawnside. At larger energies, domi-

nant scattering of electrons occurs on the dawn and prenoon MLT sectors.

There are number of effects which can influence the scattering rates and which are
not fully understood. The wave amplitude is one of the most important factors that deter-
mine the scattering rates. Currently, the detailed chorus wave statistical properties at high
latitudes are not known. Shprits et al. [2006] showed that the diffusion coefficients are
highly dependent on the plasma density and latitudinal distribution of waves. It was re-
cently shown that very oblique chorus waves with even small amplitude can substantially
influence electron scattering and strongly reduce the lifetimes [Mourenas et al., 2012;
Artemyevy et al., 2013b]. UBC waves mainly contribute to the lifetimes of 1-10 keV elec-

trons and their properties are still poorly known.

Plasmaspheric hiss is important for keV electrons inside the plasmapause. Statistical
studies of hiss wave distributions have demonstrated that waves are present at all MLTs
being more intense on the dayside, extend to latitudes above 30 degrees, and depend on
geomagnetic activity Meredith et al. [2004]; Golden et al. [2012]; Agapitov et al. [2013]; Li
et al. [2015]. Orlova et al. [2014] obtained the empirical parameterizations of wave activ-

ity and derived a parametric model of electron lifetimes based on the data from the CR-
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RES mission. Recently, Spasojevic et al. [2015] presented an improved empirical model of
plasmaspheric hiss intensity obtained using the Van Allen Probes measurements. New pa-
rameterizations of electron lifetimes was developed by Orlova et al. [2016] based on hiss
wave intensity model of Spasojevic et al. [2015] and realistic spectral distributions of Li et
al. [2015]. The computed lifetimes are parameterized as a function of L, kinetic energy,
Kp, and MLT. The wave parameters used in calculations of electron lifetimes are very im-
portant. What is missing at present are the extension of hiss intensity to high latitudes and

the global models of wave normal angles at different distances.

Recent attempts to incorporate electron lifetimes with the parameterizations de-
scribed above to represent the losses for keV electrons when modeling their transport
in the inner magnetosphere were made by Ganushkina et al. [2014]; Chen et al. [2015].
Ganushkina et al. [2014] used the Chen et al. [2005] electron lifetimes for strong diffusion
and the Shprits et al. [2007] electron lifetimes for weak diffusion. They studied the trans-
port and acceleration of the 5-50 keV electrons from the plasma sheet to geostationary
orbit for nonstorm event on 24-30 November 2011 with emphasis on the role of isolated
substorms present during this event. Chen et al. [2015] incorporated the parameterized
electron loss rates of chorus waves using Orlova and Shprits [2014] outside the plasmas-
phere and of hiss Orlova et al. [2014] inside the plasmasphere for simulations of 10 Au-
gust 2000 storm with RCM-E model. They showed that the Kp and MLT parameterized
electron lifetimes provide much better results compared to simple and static electron loss

models such as strong diffusion.

In the present paper we investigate the role of the loss process of pitch angle diffu-
sion for keV electrons in the inner Earth’s magnetosphere. The modeling results are pre-
sented for one example storm event on February 28 - March 2, 2013 (Section 2). We take
into account the electron losses by incorporating the electron lifetimes into Inner Magne-
tosphere Particle Transport and Acceleration Model (IMPTAM) [Ganushkina et al., 2013,
2014, 2015] which is decribed in Section 3 following several models for them. We start
with the case with no losses (Section 4) and, then, introduce first strong diffusion and add
weak diffusion following Chen et al. [2005] model (Section 5). Section 6 presents the re-
sults of incorporating the electron lifetimes due to interactions with chorus waves given
by Orlova and Shprits [2014] and hiss waves given by Orlova et al. [2014, 2016] obtained
from the VERB code developed by Ni et al. [2008] and Shprits and Ni [2009]. The data-

model comparison are made for observations at geostationary orbit by AMCI12 satellite
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measuring electron fluxes with energies from 5 to 50 keV and inside geostationary orbit
by Van Allen Probes instruments covering the energy range from 1 to 200 keV. In Sec-

tion 7 we summarize the obtained results.

2 February 28 - March 2, 2013 Storm: Event Overview

For modeling, we selected the very typical storm which occurred on February 28 -
March 2, 2013. Figure 1 shows the (a) IMF B, variations, (b) solar wind velocity Vi,,,
and (c) solar wind dynamic pressure Pg,,, observed at ACE spacecraft, (d) AE index and

(e) Dst-index as SYM-H component. We used the openly available ACE data at NOAA

SWPC (http://services.swpc.noaa.gov/text/) together with data from OMNIWeb (http://omniweb.gsfc.nasa.gov/)

and the geomagnetic indices from the World Data Center for Geomagnetism, Kyoto (http://wdc.kugi.kyoto-

u.ac.jp/wdc/Sec3.html). The storm was a CIR-driven storm with Dst index drop to about
80 nT at abut 1000 UT on March Ist. IMF B, oscillated a lot and dropped to -15 nT
at about 0830 UT on March Ist. Solar wind velocity increased from 350 to 650 kmy/s,
solar wind dynamic pressure peaked at 8 nPa at about 1100 UT on March 1st. AE in-
dex showed increased substorm activity reaching of 800- 1400 nT in peaks. Kp index
(not shown) was 1-2 during February 28th but quickly increased to 5 in the beginning of
March 1st and stayed at 4 from 12 UT until 03 UT on March 2nd. During March 2nd, it

was at the level of 3.

Data on low energy electron fluxes from several satellites in the inner magneto-
sphere were available for this storm period. It includes AMC 12, GOES 13 and GOES
15, LANL and Van Allen Probes satellites. AMC 12 geostationary satellite which was
at 322.5 Deg E has a CEASE-II (Compact Environmental Anomaly Sensor) instrument
[Dichter et al., 1998], which contains an Electrostatic Analyzer (ESA) and is a suite of
various sensors intended to measure the in-situ space environment at the host spacecraft.
The instrument contains a Lightly Shielded Dosimeter, a Heavily Shielded Dosimeter, a
Particle Telescope (measuring high energy electrons and protons) and an Electrostatic An-
alyzer for measuring low energy electron fluxes in 10 channels, covering the range 5 - 50
keV. On GOES-13 and GOES-15 satellites which are located at geostationary orbit at lon-
gitudes of 75 degrees and 135 degrees West, respectively, the MAGED (MAGnetospheric
Electron Detector) instrument is a set of nine collimated solid state detectors [Hanser,
2011; Rodriguez, 2014]. The detectors operate in five energy channels of 30-50 keV, 50—
100 keV, 100-200 keV, 200-350 keV, and 350-600 keV for electrons. The nine detec-
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tors, or telescopes, each with a full detection cone angle of 30 degrees, form two cross-
ing fans with the central telescope 1 pointing directly away from the Earth. Data from

six geosynchronous LANL spacecraft (1991-080, 1994-084, LANL-01A, LANL-02A,
LANL-04A, LANL-97A) were available from Magnetospheric Plasma Analyzer (MPA)
[Bame et al., 1993]. MPA instruments are electrostatic analyzers that measure the three-
dimensional energy-per-charge distributions of both ions and electron between 1 eV/q
and 40 keV/q. The Van Allen Probes mission [Mauk et al., 2013] consists of two space-
craft in near-equatorial elliptical orbits around Earth, traversing the inner magnetosphere at
distances from 1.1 Rg to 5.8 Rg at a 9-hour period. The two satellites have slightly dif-
ferent orbits, with one lapping the other every 2.5 months. The HOPE (Helium Oxygen
Proton Electron) instrument [Funsten et al., 2013], part of the Thermal plasma (ECT) suite
[Spence et al., 2013], measures the pitch angle distribution of electrons over the energy
range from 30 eV up to 45 keV. The Magnetic Electron Ion Spectrometer (MagEIS) in-
strument [Blake et al., 2013] uses magnetic focusing and pulse height analysis to provide
the cleanest possible energetic electron measurements over the critical energy range of 30

keV to 4 MeV.

We will primarily use the electron fluxes with energies from 1 to 150 keV for our
analysis. These energies are most important for surface charging. Measurements onboard
all available satellites overlap in this energy range which makes it very useful to compari-
son. Although we made the comparison with all available data, here we present the results
for AMC 12 measurements at geostationary orbit and for Van Allen Probes inside geosta-

tionary orbit to keep the number of figures reasonable.

3 Modeling approach: Inner Magnetosphere Particle Transport and Acceleration
Model

The IMPTAM [Ganushkina et al., 2013, 2014, 2015] traces distributions of electrons
in the drift approximation with arbitrary pitch angles from the plasma sheet to the inner
L-shell regions with energies reaching up to hundreds of keVs in time-dependent magnetic
and electric fields. We trace a distribution of particles in the drift approximation, and we
take into account the E x B drift, and magnetic drifts with bounce-average drift veloci-
ties [Roederer, 1970]. Relativistic effects for electrons are taken into account in the drift

velocities.
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To follow the evolution of the particle distribution function f and particle fluxes
in the inner magnetosphere dependent on the position R, time ¢, energy E;,, and pitch
angle «, it is necessary to specify: (1) particle distribution at initial time at the model
boundary; (2) magnetic and electric fields everywhere dependent on time; (3) drift ve-
locities; (3) all sources and losses of particles. The changes in the distribution function

f(R,d,t, Exin, @), where R and ¢ are the radial and azimuthal coordinates in the equa-

ar
dr

torial plane, respectively, are obtained by solving the equation = g—{; -V + % .

Vg + sources — losses, where V; and Vg are the azimuthal and radial components of
the bounce-average drift velocity. The model boundary can be set in the plasma sheet at
distances, depending on the scientific questions we are trying to answer, from 6.6 Rg to
10 Rg. Liouville’s theorem is used to gain information of the entire distribution function
by mapping the boundary conditions throughout the simulation domain, including loss

process attenuation, through the time-varying magnetic and electric fields.

For the obtained distribution we apply radial and pitch angle diffusion which play
significant roles in electron energization and loss. We solve the Fokker-Planck Equation
for radial diffusion [Schulz and Lanzerotti, 1974] for the obtained distribution function.
The modified Fokker-Planck Equation which also takes into account the pitch angle diffu-
sion can be written as:

df _ 20 1 of 1 P

of
= —Di 2L % L T(a0)sin(2ag)Dea~L 1,1, (
7 3L (1 2Py P +T(a/0)sin(2a/0) dag Ip, T(ap)sin(Lag) lp,L, (D

day
where L is the Mcllwain parameter, u, J are the first and second adiabatic invariants, re-
spectively, Dy, is the radial diffusion coefficient, @ is the equatorial pitch angle, p is

the relativistic momentum, D, are bounce and drift averaged diffusion coefficients, and
T (ap) is a function corresponding to the bounce frequency and is given by Schulz and
Lanzerotti [1974]. Energy diffusion can be neglected for lower energy electrons and in the

regions where the ratio of plasma to gyro-frequency is relatively high.

Kp-dependent radial diffusion coefficients Dy for the magnetic field fluctuations
are computed as Dy = 1(00-056Kp—9.3257 10 following Brautigam and Albert [2000]. Since
diffusion by the magnetic field fluctuations at L > 3 dominates diffusion produced by
electrostatic field fluctuations [Shprits and Thorne, 2004], we ignore the electrostatic com-

ponent of the radial diffusion coefficient.

The pitch angle diffusion due to wave-particle interactions can be incorporated solv-

ing Equation 1 and using D, directly as a matrix of pitch angle diffusion coefficients
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dependent on L-shell, pitch-angle, and energy for various levels of geomagnetic activity.
This matrix can be provided by radiation belts models, such as VERB code [Shprits et
al., 2008a,b]. The most important factor is the types of waves which are considered when
computing this matrix. Pitch angle diffusion coefficients D, are inversly proportional to
the electron lifetimes 7. Shprits et al. [2006] showed that when the pitch angle diffusion
coeflicient (as a function of the equatorial pitch angle) does not exhibit local minima be-
low 1/10th of the scattering rate near the edge of the loss cone, the electron lifetimes can

be estimated as the inverse value of the pitch-angle diffusion coefficient near the edge of

the loss cone as 7 = ——.
Dya (QLC)

In order to obtain 7, it is necessary to determine the loss
cone pitch angles @y ¢ at each L-shell and find the corresponding D, at the edge of loss
cones by interpolating the available D, at pitch angles around it. In IMPTAM we do not

use the pitch angle diffusion coefficients directly, but electron lifetimes computed from

them. Equation 1 will take the form:
df , 0 1 af f
A — Dy = -, 2
dt oL Ind pAPrLgp s =7 @
Convective outflow, Coulomb collisions and loss to the atmosphere are taken into
account. We assume strong pitch angle scattering at the distances where the ratio between
the radius of the field line curvature in the equatorial current sheet R. and the effective
Larmor radius p varies between 6 and 10 [Sergeev and Tsyganenko, 1982; Buchner and
Zelenyi, 1987; Delcourt et al., 1996]. Electron precipitation to the atmosphere is calculated
similarly to Jordanova et al. [2008] with a time scale of a quarter bounce period, and the

loss cone corresponds to an altitude of 200 km.

At the next time step we repeat the order of calculation: first we solve transport in-
cluding radial diffusion with all other losses and then apply the pitch angle diffusion to

the existing distribution function.

IMPTAM can utilize any magnetic or electric field model, including a self-consistent
magnetic field. In addition to the large-scale fields, transient fields associated with the
dipolarization process in the magnetotail during substorm onset were modeled (e.g., Ganushk-
ina et al. [2005]) as an earthward propagating electromagnetic pulse of localized radial
and longitudinal extent [Li et al., 1998; Sarris et al., 2002]. IMPTAM can take into ac-
count the self-consistency of the magnetic field by calculating the magnetic field produced
by the model currents and feeding it back to the background magnetic field. Realistic

model magnetic field such as Tsyganenko models [Tsyganenko, 2013] contain the pre-
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scribed ring and near-Earth tail currents. If they are used together with calculations of the
induced magnetic field to trace particles in them, the obtained results will be incorrect. To
be accurate, it is necessary to remove the model ring and near-Earth tail currents from the
background magnetic field model and consider self-consistent calculations of the magnetic
field. The Tsyganenko models produce a near-Earth nightside field that is relatively close
to the field distortions from self-consistent magnetic field calculations. Since we study

the electrons, their contribution to the ring current is no more than 10%, so their contri-
bution to the distortion of the background magnetic field is small. Taking into account

the electric field in a self-consistent way is of high importance when modeling the inner
magnetosphere particles [Fok et al., 2003; Liemohn and Brand, 2005]. In our study we fo-
cus on low-energy electrons which do not contribute significantly to the total pressure as
compared to ions, so therefore we consider this influence to be small beyond that already

included in the chosen field models and we neglect it in this study.

IMPTAM is driven by various solar wind, IMF and geomagnetic indices which are
used as inputs for the different components of IMPTAM. As was shown in our previous
validation studies [Ganushkina et al., 2015], the best models for magnetic and electric
fields used in IMPTAM which give close comparison to the observations are the Tsy-
ganenko T96 magnetic field model [Tsyganenko, 1995] which uses the Dst index, Psw,
and IMF By and By as input parameters and the electric field as the Boyle et al. [1997]
ionospheric potential mapped to the magnetosphere driven by the Vsw, the IMF strength

Biymr andBy and Bz (via IMF clock angle 0y F).

We set the model boundary at 10 Rg and use the kappa electron distribution func-
tion. We set k=1.5. Although it was found that the typical energy spectra fits best by a
kappa distribution with spectral slopes in the range k = 4-8 [Vasyliunas, 1968; Christon
etal., 1989, 1991], our previous results (presented as part of the review paper by Horne
et al. [2013]) indicated that decreasing the k parameter from 5 to 1.5 gave the best agree-
ment between the modeled and the observed electron fluxes with 50-150 keV energies at
geostationary orbit onboard the LANL satellites. Other k values lower than in earlier stud-
ies were recently obtained on Cluster (k = 2.89) [Walsh et al., 2013] and THEMIS (k =
2.5-3) [Gabrielse et al., 2014]. In our model, we assume that the distribution can be fitted
by the kappa shape only in the finite range of velocities. Parameters of the kappa distri-

bution function are the number density n and temperature 7 in the plasma sheet given by
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the Dubyagin et al. [2016] empirical model, constructed at distances between 6 and 11 Rg

based on THEMIS data.

4 Modeling of keV electrons at geostationary orbit with IMPTAM: Absence of
losses

To investigate the importance of wave-particle interactions in loss processes for keV
electrons in the inner Earth’s magnetosphere, we start with the modeling of February 28-
March 2, 2013 storm event without taking into account any of them. We do not intro-
duce any lifetimes for electrons due to pitch angle diffusion. Figure 2 presents the electron
fluxes at geostationary orbit observed by the CEASE II ESA instrument onboard the AMC
12 satellite for (a) 50-15 keV and (b) 15-5 keV (thick black lines) and modeled with
IMPTAM for 39.7-50.7 keV (thin black lines), 31.1-39.7 keV (blue lines), 24.3-31.1 keV
(green lines), 19.1-24.3 keV (red lines), 15.0-19.1 keV (pink lines), 11.8-15 keV (orange
lines), 9.27-11.8 keV (magenta lines), 7.29-9.27 keV (light pink lines), 5.74-7.29 keV
(light blue lines), and 4.81-5.74 keV (dark green lines) for February 28-March 2, 2013
storm. The satellite’s midnight (0230 UT) and noon (1430 UT) are marked with blue and
yellow vertical lines, respectively. The data are in the format of time-averaged differential
fluxes (1/(cm? - s - sr - €V)). The output from the model is integral flux (1/(cm? - 5))
produced by all electrons coming from all directions with energies in the ten given energy
ranges. In order to be able to compare the observed and modeled fluxes more properly, we
need to introduce the width of the energy channel and the solid angle 47. So, the model

electron fluxes are in model flux/(47A E).

All the variations which can be seen in the modeled low energy electron fluxes are
caused by the variations in model parameters which are the solar wind and IMF parame-
ters and Dst index included in background magnetic and electric field models and bound-
ary conditions. As can be noted, in average, the modeled fluxes are of 10*1/(cm? - s - sr -
eV). No pronounced variations which are present in the observed fluxes can be seen in

the modeled fluxes.

5 Modeling of keV electrons at geostationary orbit with IMPTAM: Electron life-
times following Chen et al. [2005]

To start introducing electron losses due to pitch angle scattering, we consider the

study by Chen et al. [2005] where two different models were presented. The pitch angle
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Figure 2. Electron fluxes at geostationary orbit observed by the CEASE II ESA instrument onboard the

AMC 12 satellite for (a) 50-15 keV and (b) 15-5 keV (thick black lines) and modeled with IMPTAM (color

lines) for February 28-March 2, 2013 storm. During these days, the satellite was at midnight at 0230 UT (blue

vertical line) and at noon at 1430 UT (yellow vertical lines). No electron losses are considered.
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diffusion was represented as a combination of two regimes, first corresponds to strong
pitch-angle diffusion everywhere [Chen and Schulz, 2001b] and second is for weak pitch
angle diffusion [Chen and Schulz, 2001a]. The term "less than everywhere strong" scat-
tering was used by Chen and Schulz [2001a] to define the diffusion which was not strong
and when the electron distribution was not necessarily isotropic but we will use the term
"weak" diffusion [Kennel, 1969; Schulz, 1974]. The lifetime 744 for strong pitch-angle dif-

fusion is given as

ymgo Z‘YBh

Tsa = (/) 1,
p " 1-nq

where p is the particle momentum, 7 is the ratio of relativistic mass to rest mass, By, is
the magnetic field at either foot point of the field line, ¥ is the magnetic flux tube vol-
ume, 7 = 0.25 is the backscatter coefficient (25% of electrons that will mirror at or below
0.02 RE are scattered back to the flux tube instead of precipitating into the atmosphere).
The strong-diffusion lifetime 744 increases monotonically with radial distance. For exam-

ple, the lifetime of 4 keV electrons at 6 Rg is about 20 min.

Strong pitch-angle diffusion is an ideal case. Chen and Schulz [2001b] stressed that
there is a need for a model in which the pitch-angle diffusion is not strong everywhere
(the term "less than everywhere strong" appeared because of that). The scattering rate Ag

is approximated by
A0(E, R) = min[0.08(E, MeV)~'32,0.4 - 10?R-6+0-41082(EN 4471,

where energy E is measured in units of MeV. Lifetimes due to wave-particle interactions
are significantly shorter than those due to Coulomb scattering at distances beyond 3.5 Rg
for electrons with energies of 10-20 keV. For example, a 10-keV electron at 5 Rg has a
Coulomb lifetime of 100 days, but the lifetime due to wave-particle interactions is only

2.7 hours. The MLT-dependence of the scattering rate is modeled as
AE, R, ¢) = [1 +ajsin(¢ + ¢o) + aycos2(¢ + ¢o)|Ao(E, R),

where 0 is the MLT coordinate, the coefficients af, a;, and ¢¢ are the adjustable parame-
ters set as af = 1.2, aj = —0.25 - af, and ¢9 = /6. This produces less scattering in the

evening and more scattering in the morning.

The corresponding electron lifetime due to weak diffusion is inversely proportional

to the scattering rate, 7, = 1/A(E, R, ¢). At distances < 4 R, the lifetimes correspond
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approximately to the limit of weak pitch-angle diffusion. At distances > 4 Rg, however,

the lifetimes are close to the strong-diffusion lifetimes.

Figure 3 presents, in a similar format as Figure 2, the electron fluxes at geostation-
ary orbit observed by the CEASE II ESA instrument onboard the AMC 12 satellite and
modeled with IMPTAM for February 28-March 2, 2013 storm with electron losses by
Chen et al. [2005] electron lifetimes for strong diffusion only. Flux drops to almost zero
values can be seen when satellite moves to the dayside and further to the duskside. At the
same time, on the nightside and at dawn, the modeled fluxes are rather to close to the ob-
served ones, especially for electrons energies below 15 keV. Electron fluxes observed at
Van Allen Probe A (a) and B (c) by HOPE and MagEIS instruments for energies from 1
to 200 keV and modeled with IMPTAM (b, d) for February 28-March 2, 2013 storm are
shown in Figure 4. Figure 4 demonstrates how the inclusion of the strong diffsuion only
results in rather low fluxes along Van Allen Probes A and B orbits inside geostationary

distances.

Figure 5 presents, in a similar format as Figure 2, the electron fluxes at geostation-
ary orbit observed by the CEASE II ESA instrument onboard the AMC 12 satellite and
modeled with IMPTAM for February 28-March 2, 2013 storm with electron losses by
Chen et al. [2005] electron lifetimes for strong and weak diffusion. We can clearly see
that the losses are responsible for the daily decrease of the electron fluxes when satellite
moves from midnight to towards dawn-noon-dusk. The agreement between the observed
and modeled fluxes is quite reasonable, although the modeled fluxes are higher than the
observed ones. The fluxes with electron energies from 15 to 50 keV are better modeled.
Figure 6 shows the observed (a, ¢) and modeled (b, d) electron fluxes at Van Allen Probe
A and B orbits with strong and weak diffusion taken into account. Applying the weak
diffusion in addition to the strong diffusion leads to a very reasonable magnitudes of mod-
eled fluxes and rather close to the observed evolution during the storm. Weak diffusion

plays the most important role at distances inside geostationary orbit.

6 Modeling of losses of keV electrons due to wave-particle interactions with the
VERB code

The quasi-linear diffusion coefficient is a powerful tool to quantify the effect of cy-
clotron resonance on radiation belt electrons. The Full Diffusion Code, developed by [Ni

et al., 2008] and [Shprits and Ni, 2009], is capable of obtaining accurate diffusion coef-

—16—



408

409

410

411

412

February 28 - March 2, 2013

February 28 - March 2, 2013

" "
ix:gzé | 39.7.507 keV' (a) iiig’g 11.6-15.0 keV (b)
X 3 E|
1x10° 3 ) I 1x10 3 ™
B i T ALy N 1o 3
1x10° R B L L L A L B e m | 1x10° LI I B I B R S B B I R S |
1x10* 1x10°
E 927118 keV.
L 31.139.7 keV. s
1x10° o 1x10 W
1X10° o al e 1x10° \ Ei. ="
1x10' 3 www e L 1x10' e#»—k J\—‘:ﬁ
1x10" P T o 1x10° T T T T
1x10° | Py 1x10° g
1x|03 2433 eV lxlol : P ’#.-:W A
% 1x10° M, - 2 110" 3 " i }
b b A b g Yl
%1x10“| ‘/:%1 -t %15(100 L S N S [ B B e B ) B i e
< 1x10° < 1x10°
= ¢ 3 19.1-24.3 keV oy 574729 keV
40 g R IS ree—
= 1x10° o = 1x10 ﬁ{‘
g o S g \ \
1x10' o 1x10 ! [ \
1x10° F——=r==T—T | E B B s e B e e | X106 T T T L i s
1x10* 1x10°
3 15.0-19.1 keV 3 4.81-5.74 keV
1x10° 1x10
xio’ PR A LN NPT AV Y 1 . SR
1x10° g X T
1x10' 3 1o %%ﬂii\tg
1x10° 5 x10' T T T e T T
0

0 8 16 24 8 16 24 8 16 24

February 28 March 1 March 2

Figure 3. Electron fluxes at geostationary orbit observed by the CEASE II ESA instrument onboard the
AMC 12 satellite for (a) 50-15 keV and (b) 15-5 keV (thick black lines) and modeled with IMPTAM (color
lines) for February 28-March 2, 2013 storm. During these days, the satellite was at midnight at 0230 UT (blue

vertical line) and at noon at 1430 UT (yellow vertical lines). Electron losses are represented following Chen et

al. [2005] electron lifetimes for strong diffusion only.
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434 Figure 6. Electron fluxes observed at Van Allen Probe A (a) and B (c) by HOPE and MagEIS instruments
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436 Electron losses are represented following Chen et al. [2005] electron lifetimes for strong and weak diffusion.
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ficients for different waves modes, e.g. chorus, plasmaspheric hiss, Electromagnetic Ion
Cyclotron (EMIC) and magnetosonic waves [Orlova and Shprits, 2010; Orlova et al. 2012;
Shprits et al. 2013. ]. FDC uses a parallel architecture and calculations are performed on

NCAR’s YellowStone supercomputer and UCLA’s Hoffman2 Cluster.

There are two ways to estimate the electron’s lifetime based on diffusion coeffi-
cients. One is the inverse of pitch angle diffusion coefficients at loss cone [Shprits et al.,
2006], which can be applied when the pitch angle diffusion coefficients do not drop below
1/10 of the value near the edge of the loss cone, @y ¢, for up to a 30 degrees wide range
of pitch angle. One is estimated by the integral of 1/(Dtana) [Albert and Shprits, 2009],
which is simpler and physically more transparent than the full calculation, and allows con-

venient estimates of changing various wave parameters.

If the scattering rates as functions of pitch angle are relatively monotonic or, at
least, do not show significant minima of one order of magnitude or more, the times of
losses 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., 2006]. As was
noted by Orlova et al. [2016], 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. Orlova et al. [2016] used the expression given by Al-
bert and Shprits [2009] that utilizes pitch angle diffusion rates at all values of equatorial

pitch angle to calculate electron lifetime, 7:

/2
7= f d@ey (2 < Daa > tan(aeq)) ™",
[e3

LC

where a4 is the equatorial pitch angle and azc is the equatorial loss cone angle. As was
described above, 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].

6.1 Electron lifetimes due to interactions with chorus waves

VERB code and Full Diffusion Code inside it computes the bounce-averaged pitch
angle diffusion coefficients and, as an output, it provides the multi-dimentional matrix
with dependencies on energy, pitch angle, MLT, and Kp. The matrix of electron lifetimes
is computed from the matrix of diffusion coefficients. Orlova and Shprits [2014] intro-

duced the parameterization for electron lifetimes due to interactions with chorus waves,

21—

(6)



471

472

473

474

475

476

477

478

479

480

481

482

483

484

485

486

487

488

489

490

491

492

493

494

495

496

497

498

499

500

501

and this parameterization is now used in IMPTAM instead of the matrix of electron life-

times.

The initial parameterizations for electron lifetimes were presented in Orlova and

Shprits [2014]. The parameterization of electron lifetimes 7.5, has the following form:

1og(Tenorus) = a1 + xR + asR(Kp + 1) + asR(Kp + E + asR(Kp + 1) E> + agR(Kp + 1)> +
+a7R(Kp + 1)’E + agR(Kp + 1)* + aoRE + a1oRE* + a1 RE® + ainR* +

+ai3R*(Kp+ 1) + auR*(Kp + DE + aisR*(Kp + 1)* + a16R*E +

+a17R?E* + aigR® + apoR*(Kp + 1) + axoR’E + an (Kp + 1) +

+an(Kp + DE + an(Kp + 1DE* + ap(Kp + DE? + ars(Kp + 1)* +

+ax(Kp + 1)?E + ay;(Kp + 1?E? + axg(Kp + 1) + ax(Kp + 1)°E +

+azoE + a31E2 + a32E3 + a33E4

where E is in MeV units, and T¢porys 1S in days. It is valid at distances from 3 to 8 Rg,

for Kp from O to 6, and for electron energies from 1 keV to 2 MeV.

The coeflicients a; — a33 were computed for four MLT sectors: night (21 < MLT <
3), dawn (3 < MLT < 9), prenoon (9 < MLT < 12), and postnoon (12 < MLT < 15).
For nightside, there are 5 subsets of coefficients: (1) for E < 10 keV and for all values of
Kp; (2) for 10 keV < E < 0.5 MeV for Kp < 3; (3) for 10 keV < E < 0.5 MeV for Kp
> 3; (4) for E > 0.5 MeV for Kp < 3; and (5) for E > 0.5 MeV for Kp > 3. For dawn-
side, 3 subsets of coeflicients correspond to 3 energy intervals, such as, (1) E < 7 keV; (2)
7keV < E < 0.1 MeV; (3) E > 0.1 MeV, and for all values of Kp. Similarly, the coeffi-
cients for prenoon and postnoon sectors are for all values of Kp and for 3 energy inter-
vals, namely, (1) E < 7 keV; (2) 7 keV < E < 90 keV; (3) E > 90 keV. In total, there are
14 sets of coefficients used for different combinations of MLT, energy and Kp. We used
the updated coefficients provided by K. Orlova. Figure 7 shows the computed equatorial
maps of electron lifetimes due to interactions with chorus waves at distances from 3 to 8
RE based on updated parameterization by Orlova and Shprits [2014]. For illustration and
since we consider mainly the electrons in the energy range from 1 to 150 keV, we present
the lifetimes for energies of 5 keV (a, b), 10 keV (c, d), 50 keV (e, f), 100 keV (g, h),
and 150 (i, j) keV for two Kp values of 1 (a, c, e, g, i) and 5 (b, d, f, h, j) representing
quiet and disturbed conditions per each energy. The decrease in lifetimes of electrons can

be seen for all energies with the Kp increase. The parameterization does not include the
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lifetimes in the 15-21 MLT sector due to the lack of measurements in that sector and ab-

sence of chorus waves there which makes impossible to construct a model there.

We incorporated the electron lifetimes due to interactions with chorus waves into the
IMPTAM. For the 15-21 MLT sector we set the lifetime to be equal of 100 days, since

the electrons are expected to spend quite a long time in that sector (Yu. Shprits, private

communication, 2016).

6.2 Electron lifetimes due to interactions with hiss waves

The parameterization of electron lifetimes due to interactions with hiss waves was

obtained by Orlova et al. [2014] for two MLT sectors separately. For the nightside sector

for 21-06 MLT, the 7p;55n 1s given as:

log(Thissn) =a;+ @R+ a3E + a4Kp + a5R2 + agRE +
+a7E* + agRKp + aoRE + a1oKp* + a1 R® + anR*E +
+a13RE2 + Cl|4E3 + a15R2Kp + alﬁREKp +
+a17E*Kp + aisR* + a1oR*E + aroR*E* + a»  RE® +
+anE* + asR*Kp + as R?EKp + arsRE*Kp +
+axE Kp + a7 R*E + angRPE* + anoR*E> +
4 5 3 22 3
+a3oRE™ + a3 E° + axnR EKp + a33R°E Kp + a4 RE Kp +
+a35E4Kp + a36R3E3 + a37R2E4 + a3gRE5 + a39E6 +
32 213 4 5
+asR°E Kp + a4 R°E Kp + agpRE Kp +apzE Kp +
+a44R3E4 + a45R2E5 + a46RE6 + a47E7 + a48R3E3Kp +
2 4 5 6 7 8
+a49R E Kp + asoRE Kp +as1 E Kp +aspRE" + as3E° +
2 5 6 7 8 9
+asqR°E Kp + assRE Kp + asoE Kp +as7RE® + asgE” +

+asoRE'Kp,

where E = log(Ey), Ey is in MeV units and from 1 keV to 10 MeV. It is valid at dis-

tances from 3 to 6 Rg and for Kp up to 6.

On the dayside for 06-21 MLT, the parameterization for 7,54 has the form:

log(thissa) = 8(E, R) + y(Kp),
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where

g(E,R) = aj + R + a3E + a4R*> + asRE + agE* +
+a7R® + agR*E + agRE* + ajoE> + ai R* + ap R°E +
+a3R2E? + a RE® + aisE* + aj6R*E +

+a R E? + agR°E® + ajoRE* + axE’ + ay RO E® +
+anR?E* + a3 RE’ + apsES + apsRPE* +

+a26R2E5 + a27RE6 + a28E7 (10)

and

y(Kp) = 0.015465K p* — 0.26074K p + 1.0077. (11)

The obtained parameterization is only valid for £ = log(Ex) > f(L), where f(L) =
—0.2573R* + 4.2781R> — 25.9348R* + 66.8113R — 66.1182. Figure 8 demonstrates the
validity of the obtained parameterization by showing the f(L) at distances from 3 to 6 Rg
(upper panel) and computed energy limit (lower panel). The Equations 8 and 10 are not
valid at energies below 350 keV at 3 Rg and at energies below 75 keV at 3.5 Rg with

invalidity range decreasing very rapidly at larger distances.

We used the coefficients provided by K. Orlova. Figure 9 shows the computed equa-
torial maps of electron lifetimes due to interactions with hiss waves with the validity range
taken into account at distances from 3 to 6 Rg based on the parameterization by Orlova et
al. [2014]. We present the lifetimes for energies of 5 keV (a, b), 10 keV (c, d), 50 keV (e,
f), 100 keV (g, h), and 150 (i, j) keV for two Kp values of 1 (a, c, e, g, i) and 5 (b, d, f,
h, j) representing quiet and disturbed conditions per each energy. The decrease in lifetimes

of electrons can be seen for all energies with the Kp increase.

Recently, new parameterization of electron lifetimes due to interactions with hiss
waves were released based on the previous study by Spasojevic et al. [2015]. The range
of distances where parameterization is valid was increased being from 1.5 to 5.5 Rg. It is
applicable for Kp up to 5. The form for 74;55new i now the same for all MLTs:

Tav (R, E)

issnew (R, E, MLT, Kp) = ——————"—,
Thissnew (R, E, . Kp) g(MLT)h(Kp)

(12)

where E = log(Ey), Ex is in MeV units and 7, is the the lifetime for the averaged MLT

and Kp values as a function of electron kinetic energy E; from 1 keV up to 10 MeV and
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546 Figure 8. Validity of electron lifetimes due to interactions with hiss waves parameterization by Orlova et

547 al. [2014].
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L shells from 1.5 to 5.5 which is given as

10g(Tay (R, E)) = a; + asR + a3E + a4R*> + asRE + agE* +
+a7R> + agR*E + a9RE? + aioE> + a1 R* + anR°E +
+(,l]3R2E2 + (,114RE3 + a15E4 + amRE4 +

+a17R*E> + a;sR*E + ajoR’ + ayE’>

and g(MLT) and h(Kp) are dimentionless scaling factors. g(MLT) = GLOIOgU(MLT),
g0(MLT) = bymlt> + byMLT + by, where Gy = 782.3, by = -0.0073, by = 0.18, and by =
2.080. h(Kp) = HLolohMKm, ho(Kp) = coKp?+c1Kp+co, where Hy = 1315, ¢; = -0.0014,
c; = 0.23, and ¢y = 2.598. We used the coeeficients provided in Orlova et al. [2016].

The obtained parameterization is only valid for E = log(Ex) > f(L), where
f(L) = 0.1328R% — 2.1463R + 3.7857. Figure 10 demonstrates the validity of the obtained
parameterization by showing the f(L) at distances from 2.5 to 5.5 Rg (upper panel) and
computed energy limit (lower panel). The limits are lower than in the previous parame-
terization by Orlova et al. [2014]. The Equation 12 and 13 are not valid at energies below
200 keV at 2.5 Rg and at energies below 10 keV at 3.5 Rg with invalidity range decreas-

ing very rapidly at larger distances.

Figure 11 shows the computed equatorial maps of electron lifetimes due to interac-
tions with hiss waves with the validity range taken into account at distances from 1.5 to
5.5 Rg based on the parameterization by Orlova et al. [2016]. We present the lifetimes for
energies of 5 keV (a, b), 10 keV (c, d), 50 keV (e, f), 100 keV (g, h), and 150 (i, j) keV
for two Kp values of 1 (a, c, e, g, i) and 5 (b, d, f, h, j) representing quiet and disturbed
conditions per each energy. The decrease in lifetimes of electrons can be seen for all ener-

gies with the Kp increase.

6.3 Combined losses due to chorus and hiss waves

We combined the represenations for both chorus and hiss waves in order to take
into account their influence on the electron lifetimes. We applied the lifetimes due to cho-
rus waves interactions at distances from 10 to 6 Rg and lifetimes due to hiss waves in-
teractions at distances from 6 to 3 Rg for Orlova et al. [2014] parameterization and at
distances from 5.5 to 3 Rg for Orlova et al. [2016] parameterization. Figure 12 shows

the combined equatorial maps of electron lifetimes due to interactions with chorus and
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580 Figure 10. Validity of electron lifetimes due to interactions with hiss waves parameterization by Orlova et

581 al. [2016].
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hiss waves based on the parameterizations by Orlova and Shprits [2014] and Orlova et al.
[2014], respectively. We present the lifetimes for energies of 5 keV (a, b), 10 keV (c, d),
50 keV (e, f), 100 keV (g, h), and 150 (i, j) keV for two Kp values of 1 (a, c, e, g, i) and

5 (b, d, f, h, j) representing quiet and disturbed conditions per each energy.

Figure 13 presents the electron fluxes at geostationary orbit observed by the CEASE
II ESA instrument onboard the AMC 12 satellite and modeled with IMPTAM for Febru-
ary 28-March 2, 2013 storm with electron losses due to interactions with chorus waves
at distances from 10 to 6 Rg [Orlova and Shprits, 2014] and with hiss waves at distances
from 6 to 3 Rg [Orlova et al., 2014]. We can see that the observed geostationary electron
fluxes are better reproduced as compared to those in Figure 5, especially during the storm
maximum which occurred at around 10 UT on March 1st. It is clear that the fluxes of
electrons with energies from 15 to 50 keV (Figure 13a) are better reproduced than those
with lower energies between 5 and 15 keV (Figure 13b). The discrepancy between the
modeled and the observed fluxes is rather pronounced (reaching even 2 orders of magni-
tude difference) during the first day of modeling on February 28th which was before the
storm has occurred, especially for lower energies (Figure 13b). Also, at the end of the
last day of the storm on March 2nd, the modeled fluxes are around one order of magni-
tude higher than the observed ones at noon and dusk. Since we present the modeled fluxes
at geostationary orbit, the main contribution is expected to come from chorus waves in
electron lifetimes (chorus waves are present at distances from 10 to 6 Rg) but hiss waves
can also play their role, since the L-shell of geostationary orbit changes during the storm
due to changes in the magnetic field in the surrponding region. The way how the electron
lifetimes were parameterized for low energies may be the reason of the disagreement be-
tween the modeled and the observed fluxes. On the nightside, for energies less than 10
keV, coefficients in the Equation 7 are the same for all the energies and Kp values. At the
same time, on February 28th the Kp was 2 but on March 1st it was 5. Even the Equa-
tion 7 contains the Kp-dependence, it is still not clear how different can be electron losses
for different energies within the interval from 1 to 10 keV. For dawn, prenoon and post-
noon sectors, the coefficients in the Equation 7 are the same for all Kp values and they
depend on energy. The energy ranges are rather big, being, for example, from 7 keV to 90
keV at dawn. Using the same coefficients for energies of 10 and 50 keV may lead to the

obtained discrepancies. Same arguments can be applied to the parameterization of electron
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Figure 13. Electron fluxes at geostationary orbit observed by the CEASE II ESA instrument onboard the
AMC 12 satellite for (a) 50-15 keV and (b) 15-5 keV (thick black lines) and modeled with IMPTAM (color
lines) for February 28-March 2, 2013 storm. During these days, the satellite was at midnight at 0230 UT
(blue vertical line) and at noon at 1430 UT (yellow vertical lines). Electron losses are due to interactions with
chorus waves at distances from 10 to 6 Rg [Orlova and Shprits, 2014] and with hiss waves at distances from

6 to 3 Rg [Orlova et al., 2014].

lifetimes due to hiss waves. There, only 2 sets of coefficients (dayside and nightside) are

used for all energies (Equations 8 and 10).

Figure 14 shows the observed (a, ¢) and modeled (b, d) electron fluxes at Van Allen
Probe A and B orbits. The main feature is that the modeled fluxes inside geostationary
orbit are about one order of magnitude lower than the observed ones. All the arguments
presented above for the results at geostationary orbit are valid here, too. Moreover, the
simple combination of the electron lifetimes due to chorus and hiss waves has non-smooth
transitions between them at 6 Rg where lifetime due to chorus goes into the lifetime due
to hiss. Moreover, transitions between MLT-sectors inside both models are also with some

jumps. This also can lead to rather complicated behavior or modeled fluxes.
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for energies from 1 to 200 keV and modeled with IMPTAM (b, d) for February 28-March 2, 2013 storm.
Electron losses are due to interactions with chorus waves at distances from 10 to 6 Rg [Orlova and Shprits,

2014] and with hiss waves at distances from 6 to 3 Rg [Orlova et al., 2014].
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Figure 15 shows the combined equatorial maps of electron lifetimes due to interac-
tions with chorus and hiss waves based on the parameterizations by Orlova and Shprits
[2014] and Orlova et al. [2016], respectively. We present the lifetimes for energies of 5
keV (a, b), 10 keV (c, d), 50 keV (e, f), 100 keV (g, h), and 150 (i, j) keV for two Kp
values of 1 (a, c, e, g, 1) and 5 (b, d, f, h, j) representing quiet and disturbed conditions

per each energy.

Figure 16 presents the electron fluxes at geostationary orbit observed by the CEASE
II ESA instrument onboard the AMC 12 satellite and modeled with IMPTAM for Febru-
ary 28-March 2, 2013 storm with electron losses due to interactions with chorus waves
at distances from 10 to 5.5 Rg [Orlova and Shprits, 2014] and with hiss waves at dis-
tances from 5.5 to 3 Rg [Orlova et al., 2016]. As it can be seen, the difference between
Figure 13 and Figure 16 is not very big. The observed geostationary electron fluxes are
reproduced well during the storm maximum at around 10 UT on March 1st. The fluxes
of electrons with energies from 15 to 50 keV are better reproduced than those with lower
energies between 5 and 15 keV but for the new hiss model, the fluxes with lower ener-
gies are closer to the observed ones (Figure 16b). Figure 17 shows the observed (a, ¢) and
modeled (b, d) electron fluxes at Van Allen Probe A and B orbits. It is also rather simi-
lar to Figure 14 where previous representation for hiss waves was used. All the arguments
presented above for the results with previous representation for hiss waves are valid here,

too.

7 Discussion and Conclusions

We investigated the role of the loss process of pitch angle diffusion for keV elec-
trons in the inner Earth’s magnetosphere. We presented the modeling results for one ex-
ample storm event on February 28 - March 2, 2013. The losses were taken into account
by incorporating the electron lifetimes into Inner Magnetosphere Particle Transport and
Acceleration Model (IMPTAM) following several models. They included (1) no losses at
all, (2) losses presented as strong diffusion everywhere in the inner magnetosphere and (3)
taking into account weak diffusion in addition to strong strong diffusion following Chen
et al. [2005] model without specifying the waves responsible for pitch angle scattering,
(4) losses due to interactions with specific waves, such as chorus waves (electron lifetimes
given by Orlova and Shprits [2014]) and hiss waves (electron lifetimes given by Orlova et

al. [2014]), and (5) losses due to interactions with chorus waves (electron lifetimes given
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Figure 15. Equatorial maps of electron lifetimes due to interactions with chorus waves at distances from 10

to 6 Rg [Orlova and Shprits, 2014] and with hiss waves at distances from 1.5 to 5.5 Rg [Orlova et al., 2016].
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for energies from 1 to 200 keV and modeled with IMPTAM (b, d) for February 28-March 2, 2013 storm.
Electron losses are due to interactions with chorus waves at distances from 10 to 5.5 Rg [Orlova and Shprits,

2014] and with hiss waves at distances from 5.5 to 3 Rg [Orlova et al., 2016].
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by Orlova and Shprits [2014]) and hiss waves (electron lifetimes given by Orlova et al.

[2016]). Last two models were obtained from the VERB code. We compared the modeled
electron fluxes at geostationary orbit with the measurements from AMCI12 satellite for en-
ergies from 5 to 50 keV and inside geostationary orbit with measurements from Van Allen

Probes HOPE and MagEIS instruments covering the energy range from 1 to 200 keV.

In the absence of electron losses, all variations which can be seen in the modeled
low energy electron fluxes at geostationary orbit are caused by the variations in IMP-
TAM’s parameters which are the solar wind and IMF parameters and Dst index included
in background magnetic and electric field models and boundary conditions. The modeled
fluxes are of 10*1/(cm? - s - sr - V) without any pronounced variations which are present
in the observed fluxes. As was demonstrated by Ganushkina et al. [2013], simple running
of the IMPTAM with the observed parameters does not result in the model output compa-
rable to the observed electron fluxes at geostationary orbit, if no proper loss processes are

considered.

The inclusion of the strong diffusion [Chen and Schulz, 2001b; Chen et al., 2005]
everywhere in the inner magnetosphere as the only process to represent the pitch angle
diffusion for electrons, results in rather significant flux drops, to almost zero values, at
geostationary orbit on the day- and duskside. At the same time, on the nightside and at
dawn, the modeled fluxes are rather to close to the observed ones, especially for electrons
energies below 15 keV. The electron fluxes are rather low inside geostationary orbit. This
finding agrees well with the study by Chen et al. [2015] where they used the same model
of Chen and Schulz [2001b] for strong diffusion and modeled August 10, 2000 storm event
with RMC-E code [Lemon et al., 2004] considering that all loss for electrons comes from
the strong diffusion only. For data-model comparison, they used the 18 hours energy-time
spectrogram from one LANL 1994-084 satellite. They found that on the dayside from
0900 to 1730 MLT, there is too much of flux depletion. At the same time, on the night-
side the modeled electron fluxes were of the order of magnitude comparable to the ob-
served ones. If only the strong diffusion is considered, electrons diffuse across the equa-
torial loss cone in less than a quarter of a bounce period and the electron distribution is
close to isotropic. This can happen in the plasma sheet but it is not the situation at dis-

tances close to Earth.
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Electrons can be exposed the weak diffusion which does not result in their effi-
cient depletion into the equatorial loss cone and the electron distribution is essentially
anisotropic. Therefore, in addition to the considering the strong diffusion, we took into
account the weak diffusion regime following [Chen and Schulz, 2001a; Chen et al., 2005].
No types of waves the electrons interact with were specified. Addition of weak diffusion
resulted in somewhat reasonable agreement between the observed and modeled fluxes at
geostationary orbit, although the modeled fluxes are about one order of magnitude higher
than the observed ones, mainly on the dayside. The fluxes with electron energies from
15 to 50 keV are better modeled. Inside geostationary orbit, the evolution of the mod-
eled fluxes during the storm is rather close to the observed features. Detailed dynamics of
the observed fluxes is not reproduced. Chen et al. [2015] used the same combination of
models for strong and weak diffusion regimes for the August 10, 2000 storm event mod-
eling. Their comparison was mostly qualitative, since they showed only one energy-time
color spectrogram and did not compare electron fluxes in specific energy ranges in de-
tails. Instead, all the comparison was done by eye inspection of the observed and modeled
spectrograms. The conclusion which was reached was that the observed fluxes were over-

estimated on the morning and dayside.

When the electron losses due to interactions with specific types of waves, such as
chorus waves [Orlova and Shprits, 2014] and with hiss waves [Orlova et al., 2014, 2016]
are introduced, the observed geostationary electron fluxes are very well reproduced during
the storm maximum. The fluxes of electrons with energies from 15 to 50 keV are closer
to the observed ones than those with lower energies between 5 and 15 keV. The discrep-
ancy between the modeled and the observed fluxes is rather pronounced (reaching even 2
orders of magnitude difference, especially for lower energies) during the first and last day
of the modeled storm. The way how the electron lifetimes were parameterized for low en-
ergies with the same coefficients for all Kp values and for wide energy range may be the
reason of the disagreement between the modeled and the observed fluxes. Moreover, the
simple combination of the electron lifetimes due to chorus and hiss waves has non-smooth
transitions between them at the location where lifetime due to chorus goes into the life-
time due to hiss. In addition, transitions between MLT-sectors inside both models are also
with some jumps. This also can lead to rather complicated behavior or modeled fluxes.
Several details in the dynamics of the observed fluxes are missing. The combination of

models for chorus waves [Orlova and Shprits, 2014] and for hiss waves [Orlova et al.,
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2014] was used in the study of Chen et al. [2015]. As was mentioned above, their quali-
tative analysis of the model performance was based on the eye inspection of one energy-
time spectrogram. The conclusion they stated was that the major features of that spectro-
gram were reproduced reasonably well which is difficult to quatify. It was also mentioned
that the lack of specification of the scattering rates in the 1500-2100 MLT sector can be

the reason of discreapancy betweet the modeled and observed fluxes.

The presented paper is the first effort to validate the IMPTAM at and inside geo-
stationary model simultaneously. Although, the detailed dynamics of observed fluxes was
not fully reproduced, the representation for electron lifetimes for keV electrons obtained
from the VERB code is the best available model at present. The keV electron fluxes vary
significantly on the time scales of tens of minutes. The electron lifetimes parameterized
by 3-hour Kp index do not reflect the full picture of shorter time variations. Further IMP-
TAM validation will lead to better understanding of the necessity to develop the model for
electron lifetimes with more detailed dependence on energy and other than Kp geomag-

netic indices.

Keeping in mind the points discussed above, the conclusions are the followings:

1. All the variations of the modeled electron fluxes at geostationary orbit are caused
by the changes in IMPTAM’s parameters, namely, the solar wind and IMF parameters and
Dst index included in background magnetic and electric field models and boundary condi-

tions, if no electron loss processes are considered.

2. If the electron losses are represented by the strong diffusion limit everywhere in
the inner magnetosphere, the modeled electron fluxes drop to almost zero values on the
day- and duskside. The non-zero fluxes on the nightside are due to fresh electrons coming

from the model boundary.

3. Addition of weak diffusion to the strong diffusion regime results in rather reason-
able agreement between the variations of the observed and modeled fluxes at geostationary
orbit. At the same time, the modeled fluxes are about one order of magnitude higher than
the observed ones on the dayside. Inside geostationary orbit, the evolution of the modeled

fluxes during the storm is rather close to the observed features.

4. With electron losses due to interactions with specific types of waves, such as cho-

rus and hiss introduced, the observed geostationary electron fluxes at the storm maximum
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are very well reproduced. The fluxes of electrons with energies from 15 to 50 keV are
closer to the observed ones than those with lower energies between 5 and 15 keV. The
discrepancies between the modeled and the observed fluxes can be attributed to the pa-
rameterization of electron lifetimes for low energies with the same coefficients for all Kp
values, to the non-smooth transitions between lifetimes due to chorus and hiss, and the

lifetime jumps between MLT-sectors.

5. IMPTAM is a powerful tool for modeling keV electron fluxes at different dis-

tances in the inner Earth’s magnetosphere.
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