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[2014] simulated full energy distributions of diffuse electron aurora using a superthermal electron 
transport (STET) code, showing that the MI coupling processes can produce stronger electron flux 
over a wide energy range (1eV – 30keV). This enhancement of aurora electron flux indicates the 
increase of ionospheric conductance.  

While the theoretical study demonstrates the important role of MI coupling processes in 
modifying the initial aurora spectrum, global MHD models assume no change of auroral 
precipitation while mapping the aurora information obtained at their inner magnetospheric 
boundary (2 – 3 RE) down to the ionosphere along dipole magnetic field lines. By omitting the MI 
coupling processes of superthermal electrons, the MHD models can underestimate the auroral 
precipitation and ionospheric conductance, overestimate ionospheric electric fields via a current 
continuity equation, and thus lead to a stronger CPCP compared to the observations. Thus, the MI 
coupling processes not only change the aurora precipitation and conductance, but also modify the 
global ionospheric electrodynamics. To improve our understanding and prediction of the storm-
time global electrodynamics, the MI coupling processes of superthermal electron must be 
considered in the global MHD models. 

This proposal will investigate the MI coupling impact of superthermal electrons on 
auroral precipitation, ionospheric conductance, and global ionospheric electrodynamics by 
improving the aurora/conductance modules of global MHD models based on a first principle 
auroral dynamics. Specifically, this proposal will answer the following four questions:  

[1] How the MI coupling processes changes energy distribution of precipitating electrons? 
[2] How the modified aurora precipitation affects ionospheric conductance? 
[3] How the adjusted ionospheric conductance influences global ionospheric electrodynamics? 
[4] How the neutral atmosphere modifies global ionospheric dynamics in a response to the MI 

coupling impact?   
We will use a STET kinetic aurora precipitation model, an OpenGGCM global MHD model, and 
an OpenGGCM-CTIM global magnetosphere – ionosphere – thermosphere (MIT) coupled model 
to simulate the MI coupling role of superthermal electrons in global electrodynamics. We will also 
use multiple space/ground observations (e.g. DMSP, AMPERE, SuperDARN and GRACE) to 
analyze the storm-time ionosphere – thermosphere (IT) responses and validate our model results. 
Our project activities are highly relevant to “Studies of the Global Electrodynamics of Ionospheric 
Disturbances”, the focus science topic of the 2016 Heliophysics Living With a Star Science 
program.  

 
Figure 1. Magnetosphere – Ionosphere coupling processes of superthermal electrons (1eV – 30keV) 
in the diffuse aurora region [Khazanov et al. 2015] 
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Figure 2. The physical scenario for this paper illustrating I-M exchange and WPI interaction processes. WPI (orange)
causes primary precipitation (large red and yellow arrows) which can ionize the neutral atmosphere and produce
secondary electrons. Secondary electron fluxes can also escape (blue) and precipitate into the conjugate region.

In the STET SE model, we use the following input: neutral thermospheric temperatures and densities are
taken from the MSIS-90 model [Hedin, 1991], the ionospheric electron profile is calculated from the Interna-
tional Reference Ionosphere (IRI) model that [Bilitza, 1990] extended into the plasmasphere assuming that
plasmasphere electron thermal density distribution varies in direct proportion to geomagnetic field as ne∼Ba,
choosing a that is consistent with the calculation of D!! that we present in the following section.

We have calculated D!! at two radial distances: L = 4.6 and 6.8. For L = 4.6 we have used ne = 21.5 cm−3

and B0 = 312 nT, and for L = 6.8 we have used the values 12.0 cm−3 and 92.5 nT. The values of ne and B0 are
based on the measurements by PWE (Plasma Wave Experiment), LEPA (Low Energy Plasma Analyzer), and the
fluxgate magnetometer on board the CRRES spacecraft [Meredith et al., 1999]. The parameter a is selected to
be consistent with these values.

It should noted here that the selection of the thermal density structure in the ionosphere and plasmasphere is
a very important element that strongly influences superthermal electron fluxes below the energies 10–20 eV.
Here as in Khazanov et al. [2014], we use a density structure based on the IRI 90 model at ionospheric altitudes
with modifications that have been introduced and extensively discussed by Khazanov and Liemohn [1995]
using results suggested by Buonsanto [1989]. It is known that the usage of IRI 90 leads to large errors, particu-
larly at high altitudes [e.g., Buonsanto, 1989; Decker et al., 1997]. The cross sections for state-specific excitation,
elastic collisions, and ionization were taken from Solomon et al. [1988]. All the calculations were performed for
midnight local time, with F10.7 and ⟨F10.7⟩ values of 150 and symmetric atmospheric conditions.

In this paper, the physical scenario and model are similar to that in Khazanov et al. [2015b] and are shown in
Figure 2. An orange cloud indicates where precipitating electron fluxes are produced via WPI between plasma
sheet electrons and ECH, LBC, and UBC waves. Hot electrons, with energies above 600 eV, are illustrated by
tight orange spirals, and they are pitch angle scattered by the ECH and whistler waves drawn in gray. The hot
electron fluxes were set up by (9) in the trapping zone region, as shown in Figure 1. The primary electrons,
which precipitate symmetrically, enter the conjugate northern and southern ionospheres after being
scattered into the loss cone, are indicated with yellow and red arrows labeled Precipitating Primary Flux, and
come from the loss cone boundary conditions that have been described in Figure 1. Unlike our previous
papers [Khazanov et al., 2014, 2015a, 2015b] we calculate this precipitated flux at 800 km for the entire energy
range of 1 eV and 10 KeV. Figure 2 also shows, with blue arrows, the secondary electron (SE) flux (E < 600 eV)
that results from primary precipitation, which was calculated in the magnetosphere and both magnetically
conjugated regions using the same method as in Khazanov et al. [2014, 2015a, 2015b]. The calculation, which
is based on the solution of a single kinetic equation (1) with the collisional processes presented in Appendix A,
includes the cascading of high-energy precipitated electrons from the magnetosphere toward small
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MI coupling processes in diffuse aurora regions

Diffuse	electron	aurora	carries	~60%	of	total	aurora	power	[Newell	et	al.	2006],	
thus	a	significant	contributor	 to	the	ionospheric	 conductance.

The	diffuse	auroral	electrons	can	escape	back	to	the	magnetosphere	 along	closed	
magnetic	field	lines	due	to	collisions	with	the	neutral	atmosphere,	and	experience	
multiple	 reflections	between	the	two	conjugate	ionospheres.	

Khazanov	et	al.	[2015]



SuperThermal Electron Transport (STET) Code

Khazanov et al. [2015], JGR

𝑆̅ = 	 𝑆%% + 𝑆%' + 𝑆%(∗ + 𝑆%(* + 𝑆%+



Auroral	spectra	at	800	km	altitude

Reproduced	 from	Khazanov	et	al.	[2015]

STET results with/without MI coupling
Pederson	Conductivity

The	MI	coupling	dynamics	produces	stronger	auroral	flux	
and	stronger	ionospheric	conductivity.



MI coupling impact on ionospheric conductance
for various initial auroral spectra

We	input	6	initial	auroral	spectra	to	STET	:	
1.	Maxwellian	distribution
2.	Total	auroral	energy	flux	at	1	mW/m2

3.	6	auroral	char.	energies	(400eV	– 5keV)

The	MI	coupling	processes	can	increase	the	
height-integrated	conductance	up	to	35	– 70%.

MI	coupling	impact	can	be	significant	during	
geomagnetic	storm	when	the	total	auroral	
energy	flux	can	go	over	50	mW/m2.



Global MHD models’ CPCP

averaged ionosphere and atmosphere models mentioned
in section 2, which do not include an auroral oval. Then
the LFM conductance is modified based on the value of
the disturbance in Figure 1. A self-consistent approach to the
problem at hand would be to incorporate the anomalous
electron heating rate in an ionosphere-thermosphere model
(ITM) energy balance equations, and then use the ITM
conductances to drive the ionospheric simulation of the
global MHD model. Such a study is currently in progress,
while this paper shows a ‘‘proof of principle’’, namely that
the anomalous electron heating may be very important
globally for the evolution of the entire magnetosphere-
ionosphere system.
[14] We first run simulations using an idealized solar

wind and ionospheric model with the solar wind propagat-
ing strictly earthward with 400 km/sec speed, number
density 30 cm!3, and southward IMF (Bz = !40 nT) that
corresponds to a strong driver (IEF of 16 mV/m). Two
simulations were performed: One with 10 S uniform Ped-
ersen conductance and no anomalous heating and one with
the anomalous heating algorithm, where SP(EC) depen-
dence is modeled through the square root function shown
in Figure 1, and the same background conductance. In
both cases the solution converged to a steady state within
1–2 hours following the southward turning of the IMF.
However, the steady state polar cap potential was found to
equal 221 kV in the presence of anomalous heating as
opposed to 352 kV without it.
[15] Next we simulated a real event that occurred on

October 29–30, 2003 (Halloween Storm) using solar wind
data from the ACE SWEPAM instrument [Skoug et al.,
2004]. In this case the background ionospheric conductance
was calculated using the empirical model [Fedder et al.,
1995] and the anomalous heating was modeled using the
day and night profiles shown in Figure 1. To analyze the
effect of anomalous electron heating on the LFM transpolar
potential we choose a period from "1200 UT to "2400 UT
on October 30. This is one of the periods during the
indicated 2-day interval when extremely high solar wind
speeds were observed. Despite moderate magnitude of the
southward BZ the IEF at times exceeded 30 mV/m resulting
in large convective ionospheric electric fields expected to
cause strong anomalous electron heating.

Figure 2. Northern Hemisphere transpolar potential cal-
culated using the indicated models and the DMSP F13
passes.

Figure 3. Comparison of the simulated ionospheric
quantities in the Northern Hemisphere. Note, the potential
in the first panel is negative in the dusk and positive in the
dawn sector convection cell. See color version of this figure
in the HTML.
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The	MI	coupling	 dynamics	of	superthermal	electrons	can	be	the	physics	mechanism	
to	solve	the	CPCP	problem	by	increasing	 ionospheric	conductance.

CP
CP

	[k
V]

TIME	[UT]

Geomagnetic	storm	on	Oct	30,	2003



v We	examine	magnetosphere	 – ionosphere	 energy	interchange	in	the	diffuse	aurora	
region	using	SuperThermal	electron	transport	code.	

v Our	study	showed	that	the	MI	coupling	processes	of	superthermal	electrons	
produce	stronger	auroral	precipitation	and	increase	height-integrated	conductance	
up	to	35	– 70%.	

v Note	that	we	introduce	1mW/m2 of	total	aurora	flux.	Geomagnetic	events	can	
produce	over	50mW/m2 of	total	auroral	flux,	 indicating	more	significant	MI	
coupling	 impact	during	storm	times.

v The	MI	energy	 interchange	of	superthermal	electrons	can	solve	a	strong	transpolar	
cap	potential	problem	of	the	global	MHD	models	by	increasing	 ionospheric	
conductance	and	thus	decreasing	the	ionospheric	 electric	potentials	via	a	current	
continuity	equation.

Summary



Global MHD models’ CPCP problem
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 (B.)

Plate 2. Color contours of the log of the pressure (in nP) in the equatorial plane of the magnetosphere, with stream traces of the in-plane
velocity overplotted. (A) shows the 1mho simulation results while (B) shows the 100mho simulation results.
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Fig. 1. (a) The maximum field-aligned
current into the ionosphere and (b) the
cross polar cap potential versus the
Pedersen conductance. (c) The maxi-
mum field-aligned current into the iono-
sphere versus the cross polar cap poten-
tial.

Ridley	et	al.	[2004]

averaged ionosphere and atmosphere models mentioned
in section 2, which do not include an auroral oval. Then
the LFM conductance is modified based on the value of
the disturbance in Figure 1. A self-consistent approach to the
problem at hand would be to incorporate the anomalous
electron heating rate in an ionosphere-thermosphere model
(ITM) energy balance equations, and then use the ITM
conductances to drive the ionospheric simulation of the
global MHD model. Such a study is currently in progress,
while this paper shows a ‘‘proof of principle’’, namely that
the anomalous electron heating may be very important
globally for the evolution of the entire magnetosphere-
ionosphere system.
[14] We first run simulations using an idealized solar

wind and ionospheric model with the solar wind propagat-
ing strictly earthward with 400 km/sec speed, number
density 30 cm!3, and southward IMF (Bz = !40 nT) that
corresponds to a strong driver (IEF of 16 mV/m). Two
simulations were performed: One with 10 S uniform Ped-
ersen conductance and no anomalous heating and one with
the anomalous heating algorithm, where SP(EC) depen-
dence is modeled through the square root function shown
in Figure 1, and the same background conductance. In
both cases the solution converged to a steady state within
1–2 hours following the southward turning of the IMF.
However, the steady state polar cap potential was found to
equal 221 kV in the presence of anomalous heating as
opposed to 352 kV without it.
[15] Next we simulated a real event that occurred on

October 29–30, 2003 (Halloween Storm) using solar wind
data from the ACE SWEPAM instrument [Skoug et al.,
2004]. In this case the background ionospheric conductance
was calculated using the empirical model [Fedder et al.,
1995] and the anomalous heating was modeled using the
day and night profiles shown in Figure 1. To analyze the
effect of anomalous electron heating on the LFM transpolar
potential we choose a period from "1200 UT to "2400 UT
on October 30. This is one of the periods during the
indicated 2-day interval when extremely high solar wind
speeds were observed. Despite moderate magnitude of the
southward BZ the IEF at times exceeded 30 mV/m resulting
in large convective ionospheric electric fields expected to
cause strong anomalous electron heating.

Figure 2. Northern Hemisphere transpolar potential cal-
culated using the indicated models and the DMSP F13
passes.

Figure 3. Comparison of the simulated ionospheric
quantities in the Northern Hemisphere. Note, the potential
in the first panel is negative in the dusk and positive in the
dawn sector convection cell. See color version of this figure
in the HTML.
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[A]	Model-data	comparison	of	CPCP
during	 a	geomagnetic	 storm

[B]	The	relation	between	CPCP	and	
conductance	in	a	global	MHD	model

The	MI	coupling	 dynamics	of	superthermal	electrons	can	be	a	physics-based	reason	
to	increase	ionospheric	 conductance	and	thus	solve	the	CPCP	problem.	
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Parameterization of the MI coupling impact 
on the ionospheric conductance

v We investigate the MI coupling impact of superthermal electrons on the
height-integrated ionospheric conductance as a function of the auroral
characteristicenergies (E0).

v The following input conditions are introduced to a STET code.
1. IsotropicMaxwellian energy distribution of auroral electrons.
2. 1 mW/m2 of total energy flux (Q0) at 800km altitude
3. 6 different characteristicenergies (E0 = 400eV – 5keV)

v We conduct 12 simulations by turning on and off the MI coupling effect
inside a STEP code.



MI coupling impact for
various auroral characteristic energies (E0)

E0 =	1	keV E0 =	5	keV E0 =	5	keVE0 =	1	keV

STET	diffuse	aurora	energy	spectra Pederson	ionospheric	conductivity

The	MI	coupling	 dynamics	of	superthermal	electrons	in	the	diffuse	auroral	
regions	produces	stronger	auroral	energy	 flux	and	thus	increases	ionospheric	
conductivity	 throughout	 the	whole	altitude.
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Diffuse aurora contributes to 75% of total aurora power that goes into the ionosphere
[Newell et al. 2009]. The current theoretical studies on diffuse aurora precipitation in
both upper atmospheric and magnetospheric communities assume that pitch-angle
scattering of plasmasheet electrons caused by wave-particle interaction processes is the
only source that determines energy distribution of precipitating electrons at 800 km
altitude. However, the magnetosphere – ionosphere (MI) coupling processes can
moderate this energy distribution via energy cascade of incident auroral electrons toward
lower energies, production of secondary, tertiary, and further resultant electrons, particle
escapes to the magnetosphere, and multiple reflection between the two conjugate
ionospheres. Recently, Khazanov et al. [2015] have introduced a first-principal model of
SuperThermal Electron Transport (STET) that include all the MI coupling phenomena by
connecting the ionosphere and magnetosphere along closed magnetic field lines. We
investigate the MI coupling influences on the energy distribution of diffuse auroral
electrons and on the height-integrated ionospheric conductance by turning on and off the
MI coupling effect inside the STET code. We found that the MI coupling processes
produce stronger auroral precipitation and thus enhance height-integrated conductance
up to 35 – 70%.

1.	ABSTRACT

(A)

(B)
A- View	From	the	Ground
B- Energy	Flux	in	Situ	Measurement

DMSP

1.	Energy	distribution	of	precipitating		electrons
Robinson	[1987]	assumed	Maxwellian	distribution:

where	Q0 :	Total	energy	flux	[	keV cm-2 s-1 ],	E0:	Characteristic	energy	[	keV ]

2.	Ionization	rate	calculation

where		∆" :	Mean	energy	loss	per	ion	pair	production	(0.0035	keV)
H  :	Scale	height	[cm]
f :	Energy	deposition	function	from	Fang	et	al.	[2010]

Fang	et	al.	[2010]	parameterize	the	energy	deposition	function	based	on	sophisticated	
first	principal	models,	providing	more	accurate	calculation	for	any	incident	auroral	
energies	between	100	eV	– 1	MeV,	while	Robinson	et	al.	[1987]	used	the	energy	
deposition	function	from	Rees	[1963]	that	is	applicable	for	5	– 54	keV auroral	energies.

3.	Electron	density	calculation
Robinson	[1987]	assumed	steady	state	conditions	and	neglected	transport.	Then,	the	
electron	continuity	equation	becomes:

where		n :	electron	density	[cm-3],		q :	ionization	rate	[cm-3 s-1],	
V :	ionospheric	plasma	velocity

# = 	2.5	×	10,-.,
/
01.2 :	effective	recombination	coefficient	[cm3 s-1]

4.	Ionospheric	conductance	calculation
Robinson	[1987]	neglected	electron-neutral	collisions.	Then,	Pederson	and	Hall	
conductivities	are:

where			n  :	electron	density,		e :	electrical	charge,	B :	magnetic	field	strength,
Ω4 = .5/78 :	ion	gyrofrequency,
94	 :,; = 3.75	×	10,;>	?8[A7,B]	:	ion-neutral	collision	frequency
mn :	mean	molecular	weight,	nn :	total	neutral	number	density

We	use	NRLMSIS	thermosphere	model	instead	of	Banks	and	Kockarts [1973]	
thermosphere	model	that	Robinson	[1987]	used.

impact the Earth’s atmosphere, originating either from the
ring current or from the plasma sheet in the high-energy tail
[Raben et al., 1995]. As both auroral and polar rain
electrons have been routinely incorporated into the TIME-
GCM and WACCM, it is of particular interest to extend the
models to evaluate the effect of the medium-energy (!30–
1000 keV) electrons on the ionosphere and atmosphere. A
study of Codrescu et al. [1997] made an effort to construct
statistical medium-energy electron precipitation patterns and
assessed the effect of this extra particle source using the
TIME-GCM. It was found that medium-energy electrons
had a significant impact on the mesospheric composition of
minor constituents, like NO and NO2. Recent satellite data
analyses showed that dramatic ozone reduction of around
40% in the middle to upper polar stratosphere can be
attributed to descending NOx (NO + NO2) that is originally
produced by energetic particle precipitation at higher alti-
tudes [Randall et al., 2007]. It is established that medium-
energy particles play a certain important role in the Earth’s
middle and low atmosphere. It is thus desired that the
existing models like the TIME-GCM and WACCM be
capable of modeling medium-energy particles and taking
into account their effects.
[4] However, it is not straightforward to extend the RR87

parameterization to the medium-energy electrons. As noted
by Lummerzheim [1992], the RR87 method is valid in the
same electron energy range as the Lazarev [1967] deriva-
tion, that is, from a few hundred eV to around 32 keV. It
was also found by Lummerzheim [1992] that the RR87
parameterization gave a fairly good estimate of the ioniza-
tion rate over an extended energy range up to 100 keV.
Therefore, to better allow for medium-energy electrons of
>100 keVand the polar rain electrons with an energy as low
as 100 eV, a new parameterization is required. This paper
represents an effort to derive a new parameterization
scheme that covers a significantly extended precipitating
electron energy range from 100 eV to 1 MeV.
[5] An overview of this paper follows. In section 2, our

parameterization technique is described and the limitation of
the RR87 parameterization is discussed. In section 3, our
new parameterization function is obtained from a least-
squares fit to electron transport model results. In section 4,
the validity of our formulas is confirmed through a system-
atic error analysis in the broad energy range from 100 eV to
1 MeV. Finally, the paper’s findings are summarized in
section 5.

2. Numerical Method
2.1. Model Description

[6] In this paper, we study the geoeffectiveness of
precipitating electrons in a Maxwellian energy distribu-
tion. The differential hemispherical number flux
(keV"1 cm"2 s"1) is specified by

f Eð Þ ¼ Q0

2E3
0

E exp " E

E0

! "

; ð1Þ

where Q0 is the total precipitating energy flux
(keV cm"2 s"1). E0 is the characteristic energy in keV,
defined as the energy at which the spectral flux has a peak.
That is, the characteristic energy in a Maxwellian distribu-

tion is half of the average energy. It is worth noting that in
situ satellite measurements usually exhibit a non-Max-
wellian feature with a high-energy tail in particle spectral
fluxes [e.g., Frahm et al., 1997]. The Maxwellian
approximation therefore imposes a limitation on atmo-
spheric ionization rate specification at low altitudes. In
addition, the pitch angle distribution at the top side
boundary is assumed to be isotropic. In an attempt to
accurately derive a parameterization function to fit the
altitude profile of the electron impact ionization rate, we
resort to two electron transport models.
[7] In this study, the transport of precipitating E0 < 10 keV

electrons and the resulting ionization rate are modeled using
a multistream method [Lummerzheim et al., 1989;
Lummerzheim and Lilensten, 1994]. The electron flux
intensity in the atmosphere is calculated as a function of
altitude, energy and pitch angle by solving steady state
Boltzmann transport equations. The ionization rate can then
be derived with the knowledge of the flux intensity and the
corresponding cross sections. The validity of the model was
justified in comparison with in situ measurements
[Lummerzheim et al., 1989] and laboratory experiments
[Lummerzheim and Lilensten, 1994]. The multistream
method is suitable for modeling auroral and polar rain
electrons as pitch angle scattering during the particle trans-
port becomes more significant when incident electrons have
a relatively low energy.
[8] However, owing to the limitation of the energy grid

setting in the current multistream code, it is not appro-
priate to investigate electron precipitation with a charac-
teristic energy of far above 10 keV without any extension
of the energy grid. Considering that high-energy electrons
penetrate fairly deep into the region of the dense atmo-
sphere where the particles actually do not move any
significant distance away, angular scattering becomes less
important for high-energy electrons. Therefore, a two-
stream electron transport model [Solomon et al., 1988;
Solomon and Abreu, 1989] is adopted here for modeling
incident E0 & 10 keV electrons. Good agreement between
the multistream and two-stream models for auroral elec-
tron energies ensures the continuity of electron impact
ionization modeling in this study. In addition, as required
by energy conservation, the altitude profile of the ioni-
zation rate calculated by the two-stream model is further
multiplied by a small normalization factor so that the
mean energy loss per ion pair production is about 35 eV,
which is in accordance with laboratory measurements
[e.g., Rees, 1989]. The scaling factor ranges from 1.06
to 1.15, depending on the precipitating electron energy. It
should be pointed out that both the multistream and two-
stream ion transport models are in agreement with Monte
Carlo simulations [Solomon, 2001], confirming that they
are reliable to be used for parameterization.
[9] In the ionization rate calculation, the contribution of

bremsstrahlung X rays that are generated by precipitating
energetic electrons is not considered. However, by neglect-
ing ionization by bremsstrahlung X rays, calculation results
at low altitudes may be considerably underestimated, as the
ionization produced by the X rays peaks substantially lower
in altitudes than does direct ionization by incident electrons.
The importance of bremsstrahlung X rays in atmospheric
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ionization was demonstrated by analyzing UARS measure-
ments by Frahm et al. [1997].

2.2. Parameterization Scheme

[10] To derive a fit to the modeled altitude profile of
electron impact ionization, we adopt the RR87 scheme as
the core of our parameterization but a further improvement
is required for application to a much broader energy range
of incident electrons. Here we first introduce the basic idea
of the RR87 parameterization and discuss its limitations,
followed by our improvement. Also considering that there
were severe typos in the original formulation of the RR87
paper, it is appropriate to list the key equations here but with
clarification provided.
[11] In the RR87 work, the total electron impact ioniza-

tion rate is calculated by scaling proportional to a normal-
ized energy deposition function f. That is,

qtot ¼
Q0

2D!

1

H
f ; ð2Þ

where Q0 is the total incident electron energy flux
(keV cm$2 s$1), and D! = 35 % 10$3 keV stands for the
mean energy loss per ion pair production. H is the scale
height in cm defined by

H ¼ kT

mg
: ð3Þ

In the scale height calculation, k is the Boltzmann constant,
T is the atmospheric temperature, m is the average molecular
weight of the atmosphere, and g is the gravitational
acceleration.
[12] The energy deposition function f in equation (2) was

found to depend on a normalized quantity y, which is
determined by a combination of the atmospheric density
profile and the characteristic energy through

y ¼ 1

E0

rH
4% 10$6

! "0:606

; ð4Þ

where E0 is the characteristic energy of precipitating
electrons in keV, and r is the atmospheric mass density in
g cm$3. It is seen that y approximately has a power-law
dependence on the column mass density. It is worth noting
that the incident electron energy is taken into account by the
inclusion of E0 in the y definition.
[13] In the RR87 study, the relationship between f and y is

parameterized by the following equation:

f yð Þ ¼ C1y
C2 exp $C3y

C4
# $

þ C5y
C6 exp $C7y

C8
# $

; ð5Þ

where the coefficients C1 through C8 are constants,
independent of the atmospheric profile or the precipitating
particle energy. The dependence of the energy deposition
function on the characteristic energy of the precipitating
electrons enters into the RR87 parameterization only
through the parameter y. The eight constant coefficients in
equation (5) were established by employing the empirical
relationship derived by Lazarev [1967]. Therefore, the
dependence of f(y) on y in equation (5) qualitatively

illustrates how precipitating particles of a certain character-
istic energy lose their energy through ionizing collisions as
they penetrate the Earth’s atmospheric mass. The desired
physical quantity of the ionization rate can finally be
obtained by applying equation (2).
[14] It should be emphasized that altitude does not

explicitly play a role in the ionization rate calculation in
the above formulation. In other words, it does not matter
whether the position in the atmosphere is measured with
respect to altitude or pressure. In fact, a pressure-based
coordinate system is used in the TIME-GCM and WACCM.
[15] Figure 1 compares the E0 = 1 keV electron impact

ionization derived from the multistream model
[Lummerzheim et al., 1989; Lummerzheim and Lilensten,
1994] to the RR87 parameterization for an isotropic particle
precipitation. The Mass Spectrometer Incoherent Scatter
(MSIS-90) model atmosphere for a moderate solar and
geomagnetic activity, F10.7 = h F10.7i = 150 and Ap = 35,
is used [Hedin, 1991]. Figure 1a shows the altitude profile
of the atmospheric scale height and the y variable in the
MSIS atmosphere, using equations (3) and (4), respectively.
The model results of the ionization rate are presented as
well. In Figure 1b, the modeled ionization rate is demon-
strated in terms of the relationship between y and f, using
equation (2). The RR87 parameterized relationship
(equation (5)) is also displayed for comparison.
[16] It is shown in Figure 1b that in general the RR87

parameterization is in fairly good agreement with the model
results in the case of E0 = 1 keV electron precipitation.
However, the ionization rate peaks at a lower y value and
thus a higher altitude (see Figure 1a). Although the peak
value of the parameterized energy deposition function f is a
little larger, the ionization rate actually has a smaller peak
than the modeled value (shown later in Figure 3). This
paradoxical result comes from the fact that their peaks occur
at different altitudes, where the scale height at the higher
altitude is larger, resulting in a smaller qtot (see equation (2)).
[17] As limited by the working energy range of the

Lazarev [1967] approximation, the RR87 parameterization
is expected to be valid for electron precipitation in a limited
energy range. Figure 2 shows the model results in terms of
the y and f relationship for a variety of incident electron
energies, from E0 = 100 eV to 1 MeV. The old parameter-
ized relationship, which is independent of E0, is superposed
for comparison (equation (5)). As explained in section 2.1,
the multistream model is used to calculate the ionization rate
for E0 < 10 keV, while the two-stream model is employed
for E0 ' 10 keV with an appropriate scaling. To further
examine the sensitivity to the background atmosphere, the
MSIS-90 atmosphere for the ionization rate calculation is
altered by changing both F10.7 and Ap index values. F10.7 is
changed from 50 to 300 by a step of 50, while Ap is changed
from 5 to 65 by a step of 10. As a consequence, the
comparison in Figure 2 is made for 42 MSIS atmospheres
in total (6 F10.7 by 7 Ap values). Because the C coefficients
in equation (5) are independent of the atmosphere and the
incident energy, it is seen that the parameterized dependence
of f(y) on y is the same for varying electron precipitation in
different atmospheres.
[18] It is worth noting that although a wide range of

atmospheric vertical distributions (that is, r(z) and H(z))
were used in Figure 2, the y versus f profiles closely cluster
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2.	Revisit	of	Robinson	et	al.	[1987]	using	an	updated	energy	deposition	function	of	Fang	et	al.	[2010]

7506 VONDRAK AND ROBINSON: INFERENCE OF HIGH-LATITUDE IONIZATION 

66 

62 

68 

165 ø 

Fig. 1. 

72 

165 ø 160 ø 155 ø 150 ø 1145 ø 

15 •d•" 
150 ø 

ARCT 
VILLAGE 

Nii• 
RADAR 

1145 

o 

•o 

//•N MAGNETIC 
ORTH 

•17 NOV 1978 

•24 AUG 1978 
•18 AUG 1978 
6 ø 

G• ø 

•35 ø 
•3B ø 

AE-C spacecraft ground track across Alaska for the three passes listed in Table 1. Also indicated is the latitudinal 
extent of the ionospheric E region surveyed by the Chatanika radar. 

temperature ratio requires the altitude profile of Te and T• in 
the E region. The radar measurements of temperature are 
weighted averages over 48 km in range and, thus, cannot be 
used effectively to correct the raw densities. Therefore, in what 
follows, all densities are uncorrected and may be too small by 
as much as 50%. 

The atmospheric ionization produced by the auroral parti- 
cle precipitation depends upon the flux, energy distribution, 
and species of the precipitating charged particles. The pro- 
duction rate of ion-electron pairs in the atmosphere is pro- 
portional to the altitude profile of energy deposition. This 
profile was computed from the satellite flux measurements 
using standard methods that have been developed for both 
protons IRees, 1982] and electrons IRees, 1963]. For the 
passes used in this study, the flux of precipitating protons was 
a small fraction of that of the electrons. Therefore, protons 
were neglected in the calculation of ionization production 
rate. The ionization n in the E region is related to the pro- 
duction q by the electron continuity equation' 

-- = q - 0on 2 + V. (nV) (1) Ot 

where • is the effective recombination coefficient and V is the 

velocity of the ionospheric plasma. We assumed steady state 
conditions and neglected transport. For the calculations we 
used a model profile of • [Vickrey et al., 1982] which was 
obtained by approximately fitting the results of several pre- 
vious empirical determinations of • [Wickwar et al., 1975; 
Evans et al., 1977; Baron, 1974; Ulwick and Baron, 1973; Watt 
et al., 1974]. The functional form is given by •eee(h)= 2.5 
x 10 -6 exp (-h/51.2) cm 3 s -•, where h is the height in ki- 

lometers. 
The Hall and Pedersen conductivities are calculated from 

the electron densities and a model of the altitude variation of 
the neutral atmosphere and ion-neutral collision frequency. 
The expressions for Hall conductivity, an, and Pedersen con- 

TABLE 1. Simultaneous Chatanika/AE-C Data Sets Used in This 
Study 

Solar Zenith 
Date Time, UT Orbit Kp Angle 

August 18, 1978 1426 25825 3+ 87 
August 24, 1978 1305 25919 1 96 
November 17, 1978 1422 27270 2 115 

? =
D
#

�
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Fig. 1. Dependence of height-integrated Hall and Pedersen con- 
ductivities on the characteristic energy of precipitating electrons. The 
incoming electrons are assumed to have isotropic Maxwellian distri- 
bution, and the total particle flux at each energy is normalized to an 
incident energy flux of 1 erg/cm•- ß s. 

0.2ø/s, and the data are averaged for 15 s. Depending on the 
scan limits, full scans are completed in 10 to 12 min. Electron 
density samples were obtained at range intervals of 4.5 km. 
The Hall and Pedersen conductivities are calculated from the 
measured electron densities and a model of the altitude varia- 
tion of the neutral atmosphere and ion-neutral collision fre- 
quency. 

The Hall conductivity o. and Pedersen conductivity Op are 
determined from the electron and ion momentum equations 

that lead to the standard relation between the perpendicular 
electric field E and current j: 

j = o•,E - o. x B/B 

The expressions used for the conductivity calculations are 

O'p---- (ne/B)[•i /'•i/(•'•i 2 + /'•i2)] 
and 

o. = (ne/B)[t?/(•2i • + 
where n is electron density, e is the absolute value of the elec- 
tron charge, B is the magnetic field strength, •i is the ion gyro- 
frequency, and t,i is the ion-neutral collision frequency. The 
effect of electron-neutral collisions is not included because it 
normally makes a negligible contribution to the total con- 
ductivity. The ion-neutral collision frequency is computed 
from the formula 

Pi(S --!) = 3.75 X 10 -!ø n, (cm -3) 
where n, is the total neutral number density obtained from the ' 
1000øK thermosphere model of Banks and Kockarts [1973]. 
The collision frequency coefficient that we use is one half of 
the value given by Banks and Kockarts [1973], in order to take 
into account the reduced mass in transforming from the cen- 
ter-of-mass system to the laboratory system [cf. Rees and 
Walker, 1968; Stubbe, 1968]. Previous studies that have not in- 
cluded this reduction factor [e.g., Brekke et al., 1974; Mehta, 
1978; Horwitz et al., 1978] have resulted in overestimates of 
the height-integrated conductivity by 5% to 30%, typically. 

In the following section we present latitude/local time dis- 
tributions of the height-integrated conductivities. The altitude 
profile of the conductivities is generafly integrated between 
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Robinson	 formulae	 [1987]

FG = 2F> :	mean	energy	[keV],	
E0 :	characteristic	energy	[keV],		
ΦI :	total	aurora	energy	flux	

Comparison	of	height-integrated	ionospheric	conductance	with	Robinson	formulae	[1987]
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Fig. 1. Comparison of relations between conductances and the 
average energy of a Maxwellian distribution with an energy flux of ! 
ergs/cm 2 s. The results of Vickrey et al. [1981] represent those ob- 
tained using an energy deposition code. The results shown by dashed 
lines are those given by equations (3) and (4) of this paper. 

expressions relating Hall and Pedersen conductances to the 
average energy and energy flux of the electrons' 

40E 

Z!' = 16 + œ2 (:I)• •/2 (3) 
- 0.45(E-) ø'ss (4) 

Zp 

where Zp and Z. are the Pedersen and Hall conductances, 
respectively, œ is the average energy in keV and • is the 
energy flux in ergs/cm 2 s. It should be emphasized that these 
expressions represent fits to the calculated values and there- 
fore are not exact. The solid line in Figure 1 shows the results 

presented by Vickrey et al. [1981] plotted as a function of 
average energy instead of characteristic energy. The calcula- 
tions are based on energy deposition functions derived by 
Rees [1963]. This method for computing the height profile of 
electron density between 80 and 200 km altitude has been 
validated by Vondrak and Robinson [1985]. The Banks and 
Kockarts [1973] 1000 ø exosphere neutral atmosphere model 
was used with an ion-neutral collision frequency given by 3.75 
x 10-•øN s -•, where N is the neutral number density in 

cm-3. The dashed lines in Figure 1 indicate the fits to these 
values given by equations (3) and (4). The fitted values are 
within 20% of the actual values below about 10 keV. The 
triangles in Figure 1 show the fits to the results of Vickrey et 
al. [1981] presented by Spiro et al. F1982]. The difference in 
the fits results from the assumption made by Spiro et al. 
F1982] that the characteristic energy and average energy are 
equal. This assumption, which is not consistent with the as- 
sumed MaxwellJan distributions used by Vickrey et al. F1981], 
leads to Pedersen conductances that differ from the actual 
values by as much as a factor of 2. 

Figure 1 also includes conductances computed by Wallis 
and Budzinski [1981]. Although the Hall to Pedersen ratio 
agrees well with our values, the Pedersen conductances com- 
puted by Wallis and Budzinski F1981] are systematically 
higher. Wallis and Budzinski F1981] used essentially the same 
method as that used by Vickrey et al. [1981] to derive the 
conductances from electron fluxes so that the source of this 

systematic difference is unknown. However, as mentioned 
above, the code used by Vickrey et al. [1981] has been vali- 
dated using simultaneous electron spectrometer data from the 
AE-C satellite and ionization measurements made by the 
Chatanika incoherent scatter radar FVondrak and Robinson, 
1985]. 

CALCULATION OF AVERAGE ENERGY 

The average energy as defined in equation (2) depends on 
the values used for œm• and œm.' Errors can result in the use 
of equations (3) and (4) if either Em• • or Em. is too low. Let us 
first consider the situation in which Em. is such that a signifi- 
cant number of high-energy electrons are excluded from the 
calculation. Most electron spectrometers on satellites have 
upper energy limits of 20-30 keV. When the average energy of 
the electrons is high a correction factor should be applied to 
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[A]	Pederson	conductance	(ΣP),	Hall	conductance	(ΣH),	and	Hall	to	Pederson	ratio	(ΣH/ΣP)	 	
calculated from	the	left	method	with	Fang’s	ionization	model(solid	 lines)	and	from	the	
Robinson	 formulae	 [1987]	(dashed	 lines)

[B]	Fang	to	Robinson	 ratio	of	Pederson and	Hall conductance.	The	red	shaded	area	
presents	20%	of	errors	embedded	 in	the	Robinson	 formulae	during	 their	fitting	process.	

[A] [B]

v We	revisit	the	calculation	of	Robinson	et	al.	[1987]	using	an	updated	energy	deposition	function	of	Fang	et	al.	[2010].	Considering	20%	of	embedded	error	in	the	
Robinson	formulae,	our	calculation	matches	Robinson	formulae	very	well,	especially	for	auroral	precipitation	over	1keV	characteristic	energy.	

v The	big	difference	appears	in	less	than	1keV	characteristic	energy,	probably	due	to	energy	deposition	function.	Robinson	[1987]	used	Rees	[1963]	energy	
deposition	function	that	covers	narrow	energy	ranges	(5-54	keV),	while	Fang	[2010]	function	covers	100	eV	– 1	MeV	particles.		Robinson	formulae	may	not	be	
appropriate	for	the	auroral	precipitation	with	less	than	1	keV characteristic	energy.	

v Our	calculation	using	Fang [2010]	ionization	function	produces	stronger	conductance	below	1keV	characteristic	energy,	compared	to	the	Robinson	formulae	
results.	This	imply	that	Robinson	formulae	may	underestimate	the	impact	of	soft	electron	precipitationwhose	typical	energy	is	several	hundreds	eV.

[A]	Maxwellian	energy	distribution	 of	precipitating	auroral	electrons
[B]	Altitudinal	profile	of	ionization	 rate
[C]	Altitudinal	profile	of	Electron	density
[D]	Altitudinal	profile	of	Pederson	 (solid	 lines)	and	Hall	(dotted	 lines)conductivities

[A] [B]

[C] [D]

Ionospheric	conductance	calculation	for	Maxwellian	energy	distribution	
using	6	characteristic	energies	(E0)	and	total	energy	flux	1mW/m2

3.	MI	coupling	impact	on	electron	energy	distribution	and	ionospheric	conductance
Benchmark	study	of	Robinson	et	al.	[1987]	using	a	STET	code

v STET	solves	Boltzmann-Landau	kinetic	equation	that	accounts	for	elastic	collisions	between	charged	
particles,	inelastic	collisions	between	electrons	and	neutrals,	and	wave-particle	interaction	processes.

J̅ = 	 JLL + JL4 + JL8∗ + JL8O + JLP

v STET	connects	an	ionospheric	point	to	the	magnetosphere	and	to	its	conjugate	ionospheric	point	via	a	
closed	magnetic	field	line,	while	other	electron	transport	models	(e.g.	Lummerzheimand	Liensten [1994]	
and	Solomon	et	al.	[1993])	set	their	upper	ionospheric	boundary	typically	at	~	800km	altitude.	

v Therefore,	STET	provides	an	useful	tool	to	study	MI	coupling	impact	on	diffuse	aurora	precipitation.

STET	results	using	 initial	aurora	input	of
E0 =	400	eV	and	total	auroral	energy	flux	1mW/m2
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[A]	Energy	distribution	 of	precipitating	aurora	electrons	at	800km	altitude	
calculated	from	a	STET	code	with	MI	coupling	and	without	MI	coupling

[B]	Altitudinal	profile	of	ionization	 rate	
[C]	Altitudinal	profile	of	Electron	density	
[D]	Altitudinal	profile	of	Pederson	 (solid	 lines)	and	Hall	(dotted	 lines)	conductivities

Height-integrated	ionospheric	conductance	with	and	without	MI	coupling:	STET	results

[A] [B]

[A]	Pederson	conductance	(ΣP),	Hall	conductance	(ΣH),	and	Hall	to	Pederson	ratio	(ΣH/ΣP)		
calculated	with	MI	coupling	(solid	lines)	and	without	MI	coupling	(dashed	lines)

[B]	With-MIC	vs	Without-MIC	conductance	ratio	(Pederson	and	Hall	conductance)

Khazanov et	al.	[2015]

STET	electron	energy	distribution	and	ionospheric	conductance	with	and	without	MI	coupling
To	benchmark	Robinson	study	[1987],	STET	initial	aurora	input	is	forced	to	be	Maxwellian	distribution.

Methodology

SuperThermal Electron	Transport	(STET)	code

v We benchmark the study of Robinson et al. [1987] to understand the MI coupling influence
on electron energy distributionand ionospheric conductance.

v We assume that initial diffuse auroral precipitation follows Maxwellian energy distribution.
We introduce 1 mW/m2 of total energy flux at 800km altitude with 6 different characteristic
energies to a STET code, and conduct two simulations per a characteristic energy (i.e., a total
of 12 simulations) by turningon and off the MI couplingprocesses inside the STET code.

v When MI coupling is off, STET calculates electron transport only below 800km altitude. When
MI coupling is on, STET calculates electron transport between the two conjugate ionospheres
via the magnetosphere, thus allowingMI couplingprocesses during the transport.

v MI coupling impact produces stronger electron precipitation because both the initial auroral
electrons degraded to lower energies and the secondary electrons produced by energy
cascade of the incident auroral electrons can escape from their own ionosphere, travel to the
conjugate ionosphere, and continuously ionize the upper atmosphere at the conjugate point.

v The enhanced electron energy distribution due to the MI coupling processes can increase
height-integratedconductance up to 35 - 70%.

4.	Realistic	diffuse	aurora	precipitation	produced	
by	wave-particle	interaction	in	the	plasmasheet

5.	Summary	and	Concluding	Remarks
v We use a self-consistent approach to calculate superthermal electron transport along closed field lines in the inner magnetosphere,

and examine the magnetosphere – ionosphere energy interchange in the regions of diffuse aurora. Our study showed that the MI
couplingprocesses produce stronger auroralprecipitation and increase height-integrated conductance up to 35 – 73%.

v Note that we introduce moderate strength of aurora precipitation and wave activities. During geomagnetic events, the auroral
precipitation and wave activities become much stronger. Thus, MI coupling processes can produce significant impact on the electron
energy distribution and the ionospheric conductance.

v The accurate calculation of superthermal electron transport is important to understand magnetosphere – ionosphere –
thermosphere as a coupled system because it can create significant changes in diffuse aurora precipitation and ionospheric
conductance via the MI coupling processes, thus modulating electric fields and Joule heating patterns in the high-latitude
ionosphere and influencing thermospheric expansion, global ionosphere – thermosphere circulation, ion outflow, global
magnetospheric convection, and reconnection rates.
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[A]	Electron	energy	distribution	 at	800km	altitude	produced	by	wave-particle	interaction:	
STET	calculation	with	MI	coupling	and	without	MI	coupling

[B]	Altitudinal	profile	of	ionization	 rate
[C]	Altitudinal	profile	of	Electron	density
[D]	Altitudinal	profile	of	Pederson	 (solid	 lines)	and	Hall	(dotted	 lines)	conductivities
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v STET	introduces	electron	cyclotron	harmonic	(ECH)	waves	and	upper/lower-band	
chorus	(UBC/LBC)	waves	into	the	plasmasheet	and	produces	realistic	diffuse	
auroral	precipitation	at	two	different	ionospheric	points,	L=4.6	and	6.8.

v Moderate	wave	activities	are	ingested	to	the	STEP	code.	ECH	waves	have	1mV/m	
of	electric	field	amplitude	and	are	confined	within	± 3° of	the	magnetic	equator.	
UBC/LBC	waves	have	10pT	of	magnetic	field	amplitude	and	are	confined	within	
±10°/±15° of	the	magnetic	equator.

v Although	the	same	wave	information	is	given	to	the	plasmasheet,	electron	
energy	distributions	at	L=4.6	and	L=6.8	are	different.	This	indicate	that	the	MI	
coupling	processes	influence	electron	transport	differently	depending	on	a
magnetic	latitude.	

v We	also	found	that	MI	coupling	impact	produces	stronger	auroral	precipitation,	
increasing	the	height-integrated	ionospheric	conductance	up	to	47	- 73%.

STET	realistic	diffuse	aurora	precipitation	and	ionospheric	conductance	
at	two	different	magnetic	latitudes:	L=	4.6	(top)	and	L=6.8	(bottom)

Section	Summary

Section	Summary

Section	Summary

Height-Integrated	Ionospheric	Conductance
L=4.6 L=6.8

No	MIC Wt MIC Ratio No	MIC Wt MIC Ratio

ΣP	[S] 4.19 7.25 1.73 6.99 10.25 1.47

ΣH	[S] 3.77 6.45 1.71 5.82 8.85 1.52

STET	results	using	 initial	aurora	input	of
E0 =	5 keV and	total	auroral	energy	 flux	1mW/m2


