
1.  Introduction
Magnetic storms and substorms result from a complex interaction of the solar wind with the Earth's mag-
netosphere. They reconfigure the near-Earth geospace environment and cause major increases in energetic 
particle precipitation in the auroral zone, making them an important component of space weather. The 
average integrated number flux of the precipitating auroral ions is typically 1 to 2 orders of magnitude less 
than that of the precipitating auroral electrons (Hardy et al., 1989) and precipitation of <∼30 keV electrons 
accounts for ∼80% of auroral energy into the ionosphere (Newell et al., 2009). Therefore, the flux formation 
of precipitating electrons is the focus in this paper.

There are three main auroral electron precipitation mechanisms: wave scattering of plasma sheet electrons 
into the loss cone; sometimes called diffuse aurora, acceleration by interactions with Alfvén waves; broad-
band or Alfvén aurora, and acceleration due to a quasi-static parallel electric field; monoenergetic or dis-
crete aurora. Distributions of diffuse auroral electron fluxes precipitating downward into the ionosphere are 
often well represented by Maxwellian, kappa or Gaussian distributions (e.g., McIntosh & Anderson, 2014; 
Newell et al., 2009; 2010; Wing et al., 2013) that are similar to their near equatorial conjugate magnetospher-
ic distribution (e.g., Meng et al., 1979; Weiss et al., 1997). Broadband precipitating auroral electrons exhibit 
a broad energy spectrum that may result from electron and dispersive Alfvén wave interactions (Chaston 
et al., 2002, 2003, 2008; Lessard et al., 2006). Inverted V acceleration or electrons that have been accelerated 
downward by a quasi-static field-aligned electric field may be associated with upward field-aligned currents 
(FACs) (e.g., Knight, 1973; Lyons, 1980; Johnson & Wing, 2015; Wing & Johnson, 2015). From analysis of 
Fast Auroral SnapshoT (FAST) energy spectra, Dombeck et al. (2018) found that intense electron precipi-
tation events are frequently caused by a combination of two or more of the aforementioned mechanisms. 
For the purpose of aiding in conceptual understanding, we refer broadly to these processes as the first step.

Some of the electrons that precipitate into the atmosphere will backscatter into the magnetosphere. As 
“primary” electrons in the loss cone enter the atmosphere, impact ionization, and collisions of neutrals 
cause their energy degradation toward lower energies and production of secondary electrons. The mixed 
population of secondary and primary electrons cascade toward lower energies and some of the electrons 
can escape back to the magnetosphere, hence the term backscatter. Escaping electrons traveling upward 
from the ionosphere can be trapped in the magnetosphere, as they travel inside the loss cone, by interactions 
with different kinds of plasma waves or by Coulomb collisions with the cold plasma. Some of the primary 
precipitating electrons of magnetospheric origin are backscattered back into the magnetosphere, resulting 
in multiple backscatters between magnetically conjugate atmospheres. To aid in conceptual understanding, 
we refer to the backscattering processes and complex magnetosphere-ionosphere (MI) coupling of electrons 
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in the loss cone as the second step (see Figure 1). The MI coupling of precipitating electrons has been calcu-
lated using the SuperThermal Electron Transport (STET) code that includes the full solution of the Boltz-
mann-Landau kinetic equation for the superthermal electrons, derived by Khazanov (1980; 2010). STET has 
been progressively improved upon and used to study electron precipitation phenomena in the diffuse au-
roral (Khazanov et al., 2015; 2017a; 2017b; Khazanov, Glocer et al., 2016; Khazanov, Himwich et al., 2016). 
Results of electron multiple backscatters computed by the STET code have been experimentally validated by 
Samara et al. (2017) in their case study of a pulsating auroral event imaged optically at high time resolution. 
STET simulations were also successfully compared to FAST (Khazanov, Himwich et al., 2016) and DMSP 
(Wing et al., 2019) observations. Additional evidence of MI precipitated electron energy interplay in aurora 
were discussed in recent experimental studies by Shen et al. (2020) and Artemyev et al. (2020).

Despite the complexity of there being multiple types of auroral electron precipitation, the diffuse aurora 
is a major component of that precipitation. Diffuse aurora is typically concentrated on the midnight to 
morning side over a broad latitudinal range. Scattering of low-energy (0.1–30 keV) electrons by waves in 
the central plasma sheet largely causes precipitation into the loss cone (Eather & Mende, 1971). For several 
decades there was controversy over which waves cause scattering into the loss cone (Belmont et al., 1983; 
Horne & Thorne, 2000; Horne et al., 2003; Johnstone et al., 1993; Kennel et al., 1970; Lyons, 1974; 1984; 
Meredith et al., 2000; 2009; Roeder & Koons, 1989): electron cyclotron harmonic (ECH) or whistler mode 
chorus waves. Thorne et al.  (2010) found that chorus can scatter most electrons as they drift within the 
Earth's inner magnetosphere, leading to observed pancake distributions (Meredith et al.,  1999) that can 
account for the global morphology of the diffuse aurora (Newell et al., 2009; Petrinec et al., 1999). Whistler 
chorus is reported to be effective for producing diffuse aurora at geocentric distances r ≤ 8 RE (Ni et al., 2008; 
Ni, Thorne, Horne et al., 2011; Ni, Thorne, Meredith et al., 2011) whereas ECH is effective at r ≥ 8 RE (Ni 
et al., 2012). The downward precipitation of “primary” electrons caused by wave scattering is illustrated 
schematically in Figure 1.
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Figure 1.  Schematic illustration of Magnetosphere-Ionosphere precipitated electron dynamic in the SuperThermal Electron Transport code.
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Like all precipitation, diffuse auroral electron precipitation which results from magnetospheric wave-elec-
tron interactions produces backscatter, alters the ionospheric conductance and affects inner magnetospher-
ic electrodynamics. The electrodynamics potentially influences the formation of the plasmasphere (Huba & 
Krall, 2013), ring current (Chen, 2020; Chen, Lemon, Guild et al., 2015; Chen, Lemon, Orlova et al., 2015; 
Ebihara, 2016; Fok, 2020; Jordanova, 2020), and radiation belt seed population (Khazanov et al., 2004). A 
conceptual third step that involves a framework for using the diffuse precipitating electrons to calculate 
the inner magnetospheric electrodynamics, namely the self-consistent electric and magnetic fields that in-
fluence particle transport and loss including the primary precipitation is introduced and discussed in this 
paper.

The focus of this commentary is to clarify the great importance of atmospheric backscatter on electron 
precipitation in the diffuse aurora including pointing out the importance of the energy cascade associated 
with atmospheric albedo that was omitted in the discussion of Liemohn (2020), and to discuss how to treat 
complex diffuse electron precipitation processes, that are often oversimplified, in numerical inner magne-
tospheric models.

2.  Magnetosphere-Ionosphere Interplay
2.1.  Atmospheric Albedo

The atmospheric multiple backscatter phenomena (Step 2) that we are elucidating is an important element 
in the formation of electron precipitation. We consider the physics of this process by relating it to albedo. 
The classical definition of albedo from astrophysical research is the fraction of light that is reflected by a 
body or surface. It is commonly used in astronomy to describe the reflective properties of planets, satellites, 
and asteroids. Precipitated into the atmosphere, electrons can be reflected/backscatter by elastic collisions 
with the neutral atmosphere and this kind of reflectivity also was called albedo in the classical paper by 
Banks et al. (1974). Analyzing his auroral precipitation results, Banks et al. wrote “It appears that the al-
bedo can range from 20% to 100%. However, it is necessary to remember that the upward flux is composed 
of energy degraded and scattered primaries as well as secondary particles.” The same exact effect was dis-
covered in the simulation by Lejeune (1979) who noticed that photoelectron fluxes escaping from the dark 
hemisphere can exceed the precipitated photoelectron fluxes that were coming from the illuminated hemi-
sphere. Such an effect has been experimentally verified by Richards and Peterson (2008) and confirmed by 
Khazanov, Himwich et al. (2016) in their STET code simulations.

The formation of the atmospheric albedo is a complicated energy interplay process (Khazanov 
et al., 2014; 2020). For example, the 1 keV precipitating electron flux measured at the upper ionospheric 
altitude also includes the degraded high-energy electron population that came from the local or/and conju-
gate atmospheres. That is why the “effective” albedos of these fluxes are much higher that the “convention-
al” one, as it is shown in Figure 9.9 of (Khazanov, Glocer et al., 2016). As a result, the precipitated electron 
fluxes that build up between the magnetosphere and ionosphere (e.g., see Figure 1 of Khazanov et al., 2019) 
are higher than the fluxes that are driven only by magnetospheric processes.

Recently Liemohn (2020) misrepresented the idea of MI coupling of precipitating electrons in the diffuse 
aurora discussed by Khazanov et  al.  (2018) and provided an overly simplified and unrealistic multiple 
backscatter calculation of electron precipitated fluxes in equations (3) and (4) of his paper. His equations are 
based on the “conventional” albedo; r reflection coefficient considering a single electron energy. The equa-
tions erroneously do not take into account a realistic electron energy spectra (e.g., Maxwellian, Kappa, or 
Guassian) and neglects the important energy cascade effects pointed out by the theoretical classical studies 
of Banks et al. (1974) and Lejeune (1979), and by Richards and Peterson (2008) in more recent experimental 
and theoretical FAST-based studies.

2.2.  Energy Cascade Effects

Energy cascade effects on the precipitating electron flux distribution can be illustrated by considering that 
an arbitrary electron flux energy spectrum at an upper ionospheric location can be represented as a super-
position of multiple monoenergetic flux energy spectra. Let us then consider the degradation of a single 
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monoenergetic electron flux energy spectrum (shown as the gray NMR curve in Figure 2) in the energy 
range of 400 eV and 2 keV with a maximum value at 1 keV. We applied this spectrum at an altitude of 
800 km and a magnetic local time (MLT) of 0 in both magnetically conjugate regions in the STET model. 
The resulting steady-state energy distributions of downward (left panel) and upward (right panel) electron 
fluxes in the ionosphere computed from STET in Figure 2 show the effects of energy cascade that are miss-
ing in the analysis presented by Liemohn (2020). The steady-state distributions are calculated by setting 
the time derivative of the energy distribution function in the kinetic equation equal to zero and converging 
iteratively to a solution (Khazanov, 2010). The red solid curves labeled WMR correspond to the case when 
all processes that produce precipitating and escaping electrons are taken in to account. The dark blue curves 
correspond to the “NOS” case when secondary electron production is completely removed from the simu-
lations and only the effects of primary electrons are included. Comparison of the dark blue and red curves 
reveal that the secondary electrons (SE) enhance the downward and upward fluxes at energies below about 
300 eV. These fluxes at 10 eV, for example, increase by factors of 40 when secondary electron production is 
taken into account.

The light blue line in Figure 2 (NOC notation) represents the case when the energy cascading processes are 
completely ignored in the simulations of SE fluxes. In this case, it is the production of secondary electrons 
that contribute to fluxes at energies below 400 eV. As one can see from the simulation results, the primary 
degraded 1 keV monoenergetic electrons play a key role in the formation of the low energy fluxes down 
to energies of a few tens of eV. Such a conclusion is relevant for the both, downward and upward electron 
energy fluxes that are presented in Figure  2. Ignoring both, the secondary electron production and the 
cascading processes of primary and secondary electrons (case NSC) completely removes the low energy 
part of the spectra from the simulation results leaving only the energy domain of the injected primary 
magnetospheric electrons above of 400 eV. This is the scenario that corresponds to the discussion presented 
by Liemohn (2020) in his formulas (3) and (4) when the nonelastic processes are completely ignored from 
consideration.
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Figure 2.  STET code simulation of 1 keV electron monoenergetic flux using different collisional processes turning “on” and “off,” in order to demonstrate the 
important role of nonelastic collisional processes in the formation of electron precipitation in the diffuse aurora. In the insert panels, the red, and blue curves 
nearly overlap.
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Because some of the energy flux curves that are presented in Figure 2 are very close to each other in the 
vicinity of 1 keV, portions of the electron spectra at energies of 800 and 1,200 eV were presented on a mag-
nified scale are shown as inserted panels of Figure 2. The peak electron flux value with all the collisional 
processes (red curve) included is a factor of 1.7 higher than the initial flux peak (gray curve). STET simula-
tions of another single monoenergetic spectrum at an energy of 20 keV with all collisional processes turned 
on (not shown here) resulted in a 3-fold increase in the peak electron flux value compared to the initial peak 
value. The superposition of several monoenergetic spectra from 1 to 30 keV would provide further enhance-
ment to the electron flux at energies below 1 keV. These results clearly demonstrate the dramatic role of the 
energy cascading processes in the formation of electron precipitation that was missing in the discussion by 
Liemohn (2020).

2.3.  Non-Steady-State Features

The analysis that we present in this Commentary focuses on diffuse aurora and has not yet been extended 
to explain intense electron precipitation events caused by precipitation mechanisms such as acceleration 
due to Alfven waves or parallel electric fields or a combination of these and diffuse auroral scattering as 
discussed by Dombeck et al. (2018) who analyzed high-time resolution FAST electron data. Nevertheless, 
examining the dynamic features of the diffuse auroral electron precipitation spectra may help with inter-
preting observed electron distribution fluxes in the auroral region.

The left panel of Figure  3 shows the time evolution of the formation of downward directional electron 
fluxes for L = 6 (MLT = 0) at an altitude of 800 km calculated from the time-dependent STET code. For this 
example, it is assumed that the initial electron distribution function in the energy range of 600 eV–10 keV 
is a Maxwellian given by

   
   

 0
Φ ,EE CEexp

E
� (1)

where the characteristic energy E0 is 2 keV and C is chosen so that the total energy flux into both magneti-
cally conjugate regions equals 2 erg cm−2 s−1. Figure 3, in the first panel, illustrates this process and shows 
the formation of downward directional fluxes for L = 6 at an altitude of 800 km at different time stages of 
electron precipitation. The ratio of upward to downward fluxes and its dynamic development is shown in 
the second panel of Figure 3. There is a persistent asymmetry (higher upward fluxes) that is strong early on 
and becomes less pronounced by the time the simulations reach steady-state conditions.

We show these results in the reference to the new, very interesting methodology, for identifying electron 
precipitation mechanisms in Earth's auroral zone, presented by Dombeck et al. (2018), that utilizes FAST 
measurements of upward energy and pitch angle spectra. As shown in Figure 3, considerations of the tem-
poral evolution of the electron energy spectra should be taken into account when identifying electron pre-
cipitation mechanisms.

3.  MI Electrodynamic Coupling of Precipitated Electrons
Diffuse auroral electron precipitation including backscatter affects ionospheric conductance and inner 
magnetospheric electrodynamics. The theory describing electrodynamic coupling between the ionospheric 
electric field, FACs, perpendicular currents from particle drifts, particle pressure, and inner magnetospheric 
electric E and magnetic B fields was pioneered by Vasyliunas (1970) and Wolf (1970). The current continu-
ity equation (   0J ), Ohm's law (    , ,z x y x yJ Σ E ) that relates field aligned currents Jz to the iono-
spheric conductance  and electric field, and the electrostatic condition (   0)E B  to map the ionospheric 
electric potentials along magnetic field lines are used to model electrodynamics (see flow chart in Figure 1). 
The electrodynamics would be calculated within a kinetic model that treats inner magnetospheric particle 
drifts and loss including precipitation such as in the Rice Convection Model – Equilibirum (RCM-E) (Chen 
et al., 2019; Lemon et al., 2004).
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The Robinson et al. (1987) formulas relate the integrated precipitating electron energy flux and the mean 
electron energy to the Hall and Pedersen conductance and have been used in numerous models kinetic 
(e.g., Chen et al., 2019; Perlongo et al., 2017; Toffoletto et al., 2003) and magnetohydrodynamic (e.g., Lotko 
et al., 2014; Raeder et al., 2001; Wiltberger et al., 2009; Zhang et al., 2015) models. Liemohn (2020) in his 
commentary wrote “Perhaps the biggest concern with the Robinson formulas is that they are based on 
only three days of incoherent radar data of moderate activity.” This statement is a misrepresentation of the 
Robinson et al. (1987) study in which incoherent radar data was not used to derive the Robinson formulas 
but rather for an example to demonstrate how the formulas can be applied. The Robinson formulas, were 
based on model calculations performed using the energy deposition code by Rees (1963), and the method 
of computing the height profile electron density between 80 and 200 km altitude validated by Vondrak and 
Robinson (1985).

We believe that the Robinson formulas are handy approximations of the height-integrated conductance. As 
Liemohn (2020) has pointed out, care is needed when applying the Robinson formulas. This includes but is 
not limited to a careful selection of the inputs such as the appropriate energy range of the electron spectra 
as described in Khazanov et al. (2018, 2019).

In the past, many magnetospheric models had recognized that a fraction of simulated precipitating 
electron flux into the ionosphere would be backscattered (e.g., Chen and Schulz  (2001a;  2001b); Chen 
et al., 2005; 2012; Sazykin et al., 2005; Wolf et al., 1982) but the fractions imposed were constant in time and 
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Figure 3.  The non-steady-state precipitating electron energy flux formation and the ratio between upward and downward fluxes for the characteristic energy 
E0 = 2 keV at the different time stages.
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Figure 4.  Panels reproduced from figures from Khazanov et al. (2019). For 08:00 UT on March 17, 2013: The simulated (a) and (b) precipitating electron flux, 
(c) and (d) Hall conductance, (e) and (f) electric intensity |E| at 850 km, mapped to the equatorial plane without, and with SuperThermal Electron Transport 
(STET) modifications. (g) and (h) The equatorial radial profiles at 21:00 MLT of the simulated |E| at 850 km versus hours after March 17, 2013, 00:00 UT 
without, and with STET modifications. The white and gray curves correspond to the Rice Convection Model – Equilibirum plasmapause and the 2.5 -Siemen 
contour, respectively. MLAT = magnetic latitude; MLT = magnetic local time.
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did not include the energy cascade effects discussed in Section 2. For studying phenomena with time resolu-
tion less than ∼3 min, electron precipitation including backscatter processes can be calculated by a two-way 
coupling of primary electron precipitation and the STET model. For time resolution greater than ∼3 min, it 
is reasonable to use expressions provided in Khazanov et al. (2019) that modify simulated primary precipi-
tating electron integrated flux and mean energy based on steady-state solutions of STET.

The approach of steady-state STET modification of the primary electron precipitation distributions simulat-
ed by Aerospace's version latest version of the Rice Convection Model-Equilibrium (Chen et al., 2019) was 
used to model the large March 17, 2013 geomagnetic storm because the magnetic and electric fields were 
updated every 5 min. The results revealed that the MI coupled electron precipitation effects on conductance 
are quantitatively significant but not predictable because of the complex IM electrodynamics (Khazanov 
et al., 2019). In the auroral region, STET modifications enhance the simulated integrated precipitating elec-
tron fluxes from pre-midnight to noon but reduce the fluxes drastically between dusk and pre-midnight 
early in the storm main phase (see Figure 4). The simulated Hall and Pedersen (not shown) conductance 
with the STET modifications vary similarly with equatorial geocentric distance and magnetic local time 
(MLT) as the precipitating electron energy fluxes during the storm. Early in the storm main phase, a sharp 
boundary between high and low conductance (described as a “hole”) on the dusk side forms because a large 
proportion of the electron population are precipitated before they can reach dusk as their drift speed slows 
down near kinks in the equatorial equipotentials. The conductance hole results in larger E x B drifts in the 
dusk region including subauroral polarization streams (SAPS). In contrast, where the simulated auroral 
conductance is enhanced, there is a weakening of the electric field. Because it is easier to drive currents 
through the ionosphere where there is high conductance, this results in less feedback to the electric field. 
Effectively, less shielding of the electric field occurred at lower MLATs or equatorial geocentric distances in 
the enhanced auroral region with the STET modifications than without. Reduced shielding in this region 
enabled ions, with relatively longer lifetimes than electrons to be transported to lower L values resulting in 
enhancement of the ring current perturbation magnetic field.

The example presented here is just one application of using the MI coupled electron precipitation fluxes to 
calculate the inner magnetospheric electrodynamics and its effects (step 3). The STET-modified formulas 
provided in Khazanov et al. (2018; 2019) can be used to account for atmospheric backscatter effects on sim-
ulated primary electron fluxes in other magnetospheric models or coupled kinetic-magnetohydrodynamic 
(MHD) models to investigate formation of the plasmasphere, radiation belt seed population, and ionospher-
ic heavy ions outflows.

4.  Concluding Remarks
The precipitation of diffuse auroral electrons into the ionosphere involves complex and coupled processes 
but for the sake of conceptual understanding can be described by a cyclical three-step process. The first step 
is the initiation of electron precipitation into both magnetically conjugate points from the Earth's plasma 
sheet via wave-particle interactions. The second step consisting of the multiple atmospheric backscatters 
of electrons at the two magnetically conjugate points within the loss cone. The third step is to use the MI 
coupled precipitated electron fluxes to calculate the MI electrodynamics that affects particle transport and 
wave growth. Magnetospheric models that include MI coupling should include atmospheric backscatter of 
diffuse auroral electron precipitation because these processes significantly affect the simulated electron flux 
energy distribution, ionospheric conductance, and inner magnetospheric electrodynamics.

Data Availability Statement
This is a theoretical study and all information that we presented here can be found in the papers by Chen 
et al. (2015), Chen et al. (2019), Khazanov et al. (2018), and Khazanov et al. (2019).
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