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Abstract The Rice Convection Model-Equilibrium (RCM-E) and SuperThermal Electron Transport (STET)
are combined to investigate electron heat flux formation in the region of the diffuse aurora for the geomagnetic
storms of 17 March 2013 and 17 March 2015. The primary electron precipitation into the atmosphere resulting
from wave particle scattering in the magnetosphere are simulated by the magnetically and electrically RCM-E
during these two geomagnetic storms. The primary precipitating electron fluxes are modified by the STET
model by taking into account atmospheric backscatter processes. The modified electron energy fluxes and their
mean energies are coupled to the STET code to calculate electron thermal fluxes associated with diffuse aurora
on a global scale. We use the simulated heat flux to estimate electron temperatures at the upper ionospheric
altitudes and compare them with corresponding observations from the Defense Meteorological Satellite
Program satellite.

1. Introduction

Electron thermal heat fluxes continue to be one of the puzzling phenomena that create some difficulties for
the ionospheric modeling networks in the calculation of electron temperature (Bekerat et al., 2007; Glocer
et al., 2017, 2012; Richmond et al., 1992; Ridley et al., 2006; Schunk et al., 1986). This is especially true in the
high latitude ionosphere, specifically in the aurora, which is connected via the closed geomagnetic field lines with
the large energy reservoir, Earth's plasma sheet.

The electron heat flux in the ionosphere is carried by electrons with energies below 1 eV but this parameter is
not directly measurable by any existing experimental space plasma techniques. The electron heat flux is usually
specified by comparing simulated electron temperatures with available observations. A classic example of such
an approach was presented by Schunk et al. (1986) in their theoretical study of the electron temperature 7, in
the high-latitude ionosphere for solar maximum and winter conditions. As pointed out in their analysis, “the
high-latitude ionosphere interfaces with the hot, tenuous, magnetospheric plasma, and a heat flow into the iono-
sphere is expected”. The approach that Schunk et al. (1986) developed was very useful for identifying the role of
the electron heat fluxes in the explanation of radar measurement measurements of very high 7, at Sondrestrom
(Kofman & Wickwar, 1984), and DE 2 satellite measurements (Curtis et al., 1985; Fontheim et al., 1987) where
electron temperatures were in the range of about 5000-10000 K.

Based on the processes that are involved in the formation of magnetospheric heat fluxes, they can be classified
as locally or non-locally formed. The locally formed magnetospheric heat fluxes result from the direct interac-
tion of the hot particles or waves of magnetospheric origin with the cold background magnetospheric electrons.
Cole (1965) introduced heating of the thermal electron by ring current (RC) protons and Kozyra et al. (1987)
included the RC atomic oxygen as the most effective source in the production of electron heat fluxes. The hot
electron component of the Earth's plasma sheet also contributes to the heat flux formation and its efficiency
depends on the magnetospheric conditions (Khazanov, 2010).

Cornwall et al. (1971) suggested that Landau damping of electromagnetic ion cyclotron (EMIC) waves on the
magnetospheric thermal electrons can also be the source of these thermal fluxes. Hasegawa and Mima (1978)
discussed the damping of kinetic Alfven waves as the contributor to the magnetospheric electron heating. Some-
times the magnetospheric hot plasma population and waves are interconnected and both participate in the heat-
ing of the thermal electrons. Khazanov et al. (2007) considered both RC Coulomb collisions and EMIC waves
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contribution to the formation of the thermal electron heat fluxes that are self-consistently calculated for the
specific magnetospheric storm conditions. In addition, nonlinear coupling with lower hybrid waves was shown
to be an effective source of heating of thermal electrons in the RC region (Mishin, 2013; Mishin & Burke, 2005).

The thermal background magnetospheric electron population can also be locally heated by the sources of
non-magnetospheric origin and create non-locally formed electron thermal fluxes. Such processes are affiliated
with photo- and secondary electrons (SEs) production at ionospheric altitudes. Photoelectrons are produced by
the interaction of solar ultraviolet (UV) and X-Ray radiation with the neutral atmosphere and the secondary
ones are produced via corresponding collisions of high-energy precipitated particles of magnetospheric origin
(Khazanov, 2010; Schunk & Nagy, 2009). These superthermal electron populations with energies below about
500 eV can escape from the ionospheric altitudes and be trapped in the magnetosphere via the Coulomb collisions
with thermal electrons and ions and wave-particle interaction processes (Khazanov et al., 2020). The interaction
of these populations with the thermal electrons forms the downward electron heat flux to ionospheric altitudes
and along with locally formed magnetospheric fluxes (as mentioned above) form the upper boundary electron
temperature conditions for global ionospheric modeling networks.

Identification of the above-mentioned processes in the formation of electron thermal heat fluxes was an important
step for establishing the electron heat flux calculation especially during magnetospheric storms and substorms.
Recent studies by Khazanov et al. (2020, 2022), Khazanov, Glocer, and Chu (2021), and Khazanov, Sibeck,
et al. (2019) used the SuperThermal Electron Transport (STET) model to compute steady-state electron heat flux
in different ionospheric regions for prescribed electron distributions in the diffuse aurora. These results were
partially applied to calculate electron thermal fluxes during one of the substorms at 09:40:00 UT across Canada
and Alaska (Khazanov et al., 2022).

This paper investigates the heat flux formation associated with diffuse auroral precipitating electrons in the high
latitude ionosphere on a global scale during the St. Patrick's Days 2013 and 2015 geomagnetic storms. To do this
we couple the magnetically and electrically self-consistent Rice Convection Model-Equilibrium (RCM-E; Chen
et al., 2012, 2019; Lemon et al., 2004) with STET as described by Khazanov, Chen, et al. (2019), and further
discussed by Khazanov and Chen (2021) in the application to the region of diffuse aurora. The precipitating
auroral electrons with energies above ~100 eV that are initially driven by wave-particle interactions (WPIs) in the
magnetosphere in the RCM-E are referred in this paper as “precipitating electron fluxes”. The fluxes associated
with the thermal population of electrons that are calculated in STET are referred to as “heat/thermal electron
fluxes”. The novelty of this paper is the global simulation of the storm time thermal heat flux associated with the
diffuse auroral electron precipitation that can account for observed increases in ionospheric electron temperature
at high latitudes and its affiliated applications.

This paper is organized into the following sections. Section 2 presents the general characteristics of the St.
Patrick's Days 2013 and 2015 geomagnetic storms. Section 3 provides electron thermal flux formation based on
the coupling of two kinetic codes: RCM-E and STET. Simulation results of RCM-E/STET code-based electron
precipitated and heat fluxes for the two storm events are presented in Section 4. To validate the methodology of
the RCM-E/STET heat flux calculations, Sections 5 and 6 present comparisons of simulated results with Defense
Meteorological Satellite Program (DMSP) electron temperature observations during St. Patrick's Days of 2013
and 2015 geomagnetic storms. Finally, Section 7 summarizes the major results of this manuscript.

2. St. Patrick's 2013 and 2015 Geomagnetic Storms

Magnetic storms and substorms result from a complex interaction of the solar wind (SW) with the Earth's magne-
tosphere and ionosphere. They reconfigure the near-Earth geospace environment and cause major increases in
energetic particles in the auroral zone, making them an impactful component of space weather. The disturbed
magnetosphere and ionosphere (MI) affect the atmosphere and magnetosphere-ionosphere-atmosphere (MIA)
coupling processes that are the major focus of our studies in this manuscript.

We simulate the MIA coupling processes associated with diffuse auroral precipitation for two large coronal mass
ejection (CME) driven magnetic storms that occurred on 17 March 2013 (Saint Patrick's 2013) and on 17 March
2015 (Saint Patrick's 2015). These storms commence on the same day of year during equinox and thus have simi-
lar solar illumination and ionospheric conditions. However, the level of enhanced SW dynamic pressure during
southward interplanetary magnetic field (IMF) that drives magnetospheric convection differ for the two storms.
Figure 1 shows time traces of SYM-H, SW dynamic pressure, and the IMF components for the Saint Patrick's

KHAZANOV ET AL.

2 of 27

858017 SUOWILLOD AR 3ced| dde aup Aq paueob 88 S9o11e YO ‘8S J0 SaInJ 10} ARIq1T8UIIUO AB]IM UO (SUO I PUOO-PUR-SLLBILI0D" A3 1M A leq 1 [Bu[UO//SY) SUORIPUOD PUe SWLB L 38U} 89S *[£202/70/2T] Uo Ariqiauliuo A8)im ubiiH 89eds preppos eseN Aq Z6TTE0VEZZ02/620T OT/I0p/w00" A8 1M Al jeul|uo'sandnBey/sdny woiy papeojumod ‘Z ‘€202 ‘Z0r669T2



~1
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Space Physics

10.1029/2022JA031197

SYM-H, nT
S
QO

3/17/2013

3 | - = 100 3 : 0
. (a) ‘'main phasé recovery phase . xMmain recove hase f)
_(), p E yp = 58- sl ryp ()_
W I 000

; ? 12 450

3 w

5 I : _
25F :

-10
-20

30
20
10

0

-10
-20

0

0 612180 6 1218 0 6 1218 OUT
3/17/2015 3/18/2015 3/19/2015

2 18 0 6 12 18 OUT
3/18/2013

Figure 1. The solar wind (SW) conditions and geomagnetic activity indices for the 2013 and 2015 St. Patrick geomagnetic storms. Time traces of (a, f) SYM-H, (b, g)

the SW dynamic pressure P,

s

W

(c, h) the IMF B, (d, i) B, and (e, Jj) B, for the Saint Patrick's 2013 and Saint Patrick's 2015 storm.

2013 (left column) and the Saint Patrick's 2015 (right column) storm. These data were downloaded from the
NASA OMNIWeb: omniweb.gsfc.nasa/gov/ow_min.html. The Saint Patrick's Day 2013 storm was caused by
a CME that was observed by NASA's Advanced Composition Explorer (ACE) on 17 March 2013 at 06:28 UT.
After the sudden commencement at 07:20 UT on 17 March 2013, SYM-H (Figure 1a), a one-minute resolved
measurement of Dst, becomes negative and the storm main phase begins. During the storm main phase, the
IMF B, (Figure le) is southward and the SW dynamic pressure P, (Figure 1b) is enhanced with a maximum
value of 12.4 nPa. The minimum SYM-H is —132 nT at 21:00 UT after which the storm slowly recovers. During
this event, the auroral oval is observed from ground-based and in situ observations to expand equatorward to
mid-latitudes primarily during the convection phase (Lyons et al., 2016).

The Saint Patrick's Day 2015 storm was driven by a CME that occurred on 17 March 2015 at 02:00 UT. The main
phase of the storm started at 06:55 UT and developed in two steps (see Figure 1f). During the first step, a decrease
in SYM-H of 100 nT was driven by the southward IMF in the sheath region (Kataoka et al., 2015). The southward
IMF in the magnetic cloud pushed the second step of the main phase. During the second step, SYM-H reached
a minimum value of —233 nT and the maximum SW dynamic pressure was 21.2 nPa. This was followed by a
recovery phase of roughly 2 days. Based on several citizen observations reported by Case and MacDonald (2015),
the visible aurora for the Saint Patrick's 2015 storm occurred at low latitudes.

Analyzing the electron heat thermal flux formation below during these two geomagnetic storms, we will be
focusing on MIA energy interplay that was only initially driven by external SW conditions. As we demonstrate
below, such an energy interplay and its further development dramatically depends on ionospheric conditions.
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Figure 2. Magnetosphere-ionosphere-atmosphere energy interplay in RCM-E/STET model that produces electron heat fluxes (adapted from Khazanov & Chen, 2021).

3. Thermal Electron Heat Flux Formation: Coupling of RCM-E and STET

Thermal electron heat flux calculations will be based on two well-known and well-documented kinetic codes:
RCM-E and STET. These codes are coupled together as described by Khazanov, Chen, et al. (2019) and adjusted
in this study for the calculation of thermal electron heat fluxes. This section only outlines the framework that is
used in this manuscript to calculate these heat fluxes on the global scale of diffuse aurora occurrence. The heart of
the electron heat flux calculation is the STET code that was used in the past for the calculation of this parameter
in the regions of midlatitudes (Khazanov, 2010), polar cap (Khazanov, Sibeck, et al., 2019), as well as diffuse
(Khazanov et al., 2020; Khazanov, Ma, & Chu, 2022), and discrete auroras (Khazanov, Glocer, & Chu, 2021). We
refer readers to these papers for details of such calculations in conjunction with STET code.

RCM-E code is an important element in this study that triggers high energy electron precipitation on the global
scale and coupling with STET provides corresponding calculation of electron heat fluxes in RCM-E code simula-
tion domain. Both codes will be briefly outlined below to provide readers with the most important key references
of these codes and the guidance of their usage together.

3.1. RCM-E and STET Models Coupling Scenario: Qualitative Picture

The qualitative picture of heat flux formation in aurora was discussed in the papers by Khazanov and Chen (2021),
Khazanov et al. (2020), and Khazanov, Ma, and Chu (2022) and is presented here in Figure 2. This figure has
been slightly modified from the previous versions to represent the studies that were performed in this paper.
The scenario presented here corresponds to the region of diffuse aurora where different kind of WPI processes
in the magnetosphere cause the initial precipitation of high energy electron fluxes into the atmosphere. These
fluxes, denoted as the Precipitating Primary Fluxes (large red and yellow arrows in Figure 2), have pure magne-
tospheric origin, and deliver their energy to both northern and southern magnetically conjugate regions. In the
model presented below, the electron precipitation into the atmosphere is provided by RCM-E code that is briefly
described in Section 3.2. This initial process of the formation of precipitated primary fluxes is considered to be
the first step (Khazanov & Chen, 2021) in the formation of high-energy electron fluxes entering ionospheric
altitudes.

The primary precipitating electrons, driven by the RCM-E code at the altitude of 850 km in this study, enter
the “collisional machine” (see yellow and red arrows). Some of the primary electrons that precipitate into the
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atmosphere are backscattered into the magnetosphere and are denoted as the Primary Reflected Flux in Figure 2.
Impact ionization and collisions with neutrals cause the energy degradation of the primary electrons and the
production of SEs. The mixed population of primary and SEs cascade toward lower energies and some of the SEs
escape to the magnetosphere and are denoted as Escaping Secondary Flux (blue arrows in Figure 2). There can be
multiple backscatters between magnetically conjugate hemispheres. The complex MIA energy interplay are treated
by the STET code that is briefly described in Section 3.3 of this manuscript. The modified STET code electron
energy fluxes and their mean energies couple back to the RCM-E code to provide the system the MIA feedback to
the initial primary precipitation that are driving WPI processes in the RCM-E code. These processes of the forma-
tion of precipitated fluxes are considered conceptually to be as the second step (Khazanov & Chen, 2021) and
represent MIA coupling addition in the formation of high-energy electron fluxes entering ionospheric altitudes.

Modified electron precipitated fluxes by the MIA energy interplay are used in the RCM-E code to update the
electric and magnetic fields and the electrodynamic coupling processes on the global scale that in accordance to
the terminology by Khazanov and Chen (2021) represent the third step in the formation electron energy fluxes.
All these three steps that are discussed above are shown in Figure 2. The bock-diagram in Figure 2 will be
further elaborated in Section 3.2. Eventually, after these three steps of high energy electron formation, these
converged electron precipitated fluxes are passed to the STET code further modifying electron primary reflected
flux and escaping secondary flux that are entering back to magnetospheric altitudes providing energy deposition
to the background thermal electron and the formation of the Returned Thermal Flux that is shown in Figure 2 by
purple arrow. The simulation of this thermal/heat flux during St. Patrick's geomagnetic storms is the major focus
in this manuscript.

3.2. Rice Convection Model-Equilibrium

The RCM-E combines the Rice Convection Model (RCM; Toffoletto et al., 2003; Wolf, 1983) with a
force-Equilibrium magnetic field solver (Lemon et al., 2003) to achieve magnetic self-consistency. The
bounce-averaged guiding-center drift motion of isotropic ions and electrons in the closed field line region of
the magnetosphere are computed in the RCM. Field-aligned or Birkeland currents that result from the diverging
particle drift currents and the electric fields that self-consistently satisfy Ohm's law given an ionospheric conduc-
tivity model are calculated.

In Aerospace's version of the RCM-E (see Chen et al., 2015, 2019 for details), there are features that differ from
Rice University's RCM-E version (Lemon et al., 2004; Yang et al., 2011, 2015) and we summarize those that are
relevant to this study. The magnetic field solver in the RCM-E is more robust and it includes modeling magneto-
spheric compressions and expansions that improves agreement of simulated magnetic intensity with event data
(Chen et al., 2012). The initial inner magnetospheric electron distribution is based on the empirical AE9 model
(Ginet et al., 2013) and a treatment of relativistic electron energy is included. Our version calculates the mean
precipitating integrated electron energy flux from simulated phase space distributions (see Chen et al., 2015),
rather than from an assumption of a Maxwellian electron distribution in the Rice version of the RCM-E. There is
an option to include modifications to the integrated electron energy flux and mean electron energy that include
the effects of atmospheric backscatter as calculated from the STET model (Khazanov, Chen, et al., 2019). The
modified integrated electron energy flux and mean electron energy are used for the conductance calculation that
is described below.

The electron loss model includes the effect of scattering due to statistical observations of waves properties with

magnetic activity. Orlova and Shprits (2014) (OS) computed pitch-angle diffusion coefficients D, , against whis-
tler chorus for electrons with energies E between 1 keV and 2 MeV over equatorial geocentric distances normal-
ized by Earth radii R, from 3 to 8 for different Kp values and four magnetic local time (MLT) sectors from 21 MLT
eastward to 15 MLT. The quantity 1/D,, as functions of Kp, E, R, and MLT are provided in OS. Since diffusion
coefficients for chorus waves are relatively monotonic, Chen et al. (2019) set the scattering rate against whistler
chorus to be 4, = D, and use this outside the plasmasphere following (Shprits et al., 2006). Orlova et al. (2014)

(OSS) performed a Kp and MLT-parameterization of the reciprocal of the pitch angle diffusion coefficients Dy,

woo

against plasmaspheric hiss waves for electron energies between 1 keV and 10 MeV and for R, from 3 to 6. The

scattering rate against plasmaspheric hiss is taken to be 4, = D, , and we apply that inside the plasmasphere. In

haa
the plasmapause region, they use a logarithmically weighted (by density) average of the lifetime against whistler

chorus and hiss (see Chen et al., 2019, 2015 for details). For the purpose of determining which loss rate to use,
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the location of the plasmapause is determined from the simulated cold or zero kinetic energy electron density n,.

The definition for inside the plasmapause if r, > 100 cm

plasmapause region is 10 < n, < 100 cm=3.

, outside the plasmapause is n, < 10 cm~2, and in the

Proton and oxygen ion losses due to charge exchange with neutral H in the atmosphere are calculated. Ion precip-
itation due to field-line curvature (FLC) scattering (Sergeev et al., 1983) is included. The ion lifetime against
FLC is given by 7, ¢ c = minimum (100 - €% 1) - ¢

lon_strong> Where £ is the ratio of the gyroradius to the radius of

curvature and 7, .., is the ion strong diffusion lifetime.

The Pedersen and Hall ionospheric conductance model includes contributions from the solar extreme ultravio-
let (EUV) and ionization by precipitating auroral electrons and ions. We use the empirical IRI-2007 (Bilitza &
Reinisch, 2008) model to specify the EUV contribution that is kept constant during the simulation. The conduct-
ance contribution associated with the diffuse auroral precipitating particles is calculated from the magnetospheric
particle distribution at every 5 min of simulation time although the RCM-E results are output at every 10 min.
For protons, the auroral Pedersen and Hall conductances are calculated using the Galand and Richmond (2001)
formulas that depend on proton energy flux and mean energy. For electrons, there is an option to use the Robinson
et al. (1987) formulas that depend on the electron energy flux and mean energy. An alternative method is to use
conductances from look up tables of computations from the Boltzmann Three Constituent (B3C) auroral trans-
port model of Strickland et al. (1976, 1993). The B3C code calculates the electron, proton, and H atom fluxes
from a coupled set of linear Boltzmann equations with full collisional processes (Basu et al., 1992) over the
altitudes of 90-500 km using the empirical NRLMSISE-00 model (Picone et al., 2002). For the look up table,
an incident Maxwellian electron spectrum at 500 km is used with the integrated energy flux and mean energy as
input parameters.

The primary inputs to the RCM-E are the outer boundary conditions (BCs): the magnetic field, electric potential,
and the plasma distribution for each species. This boundary maps to R, in the equatorial plane except where it is
limited by the magnetopause. We set R, to be at 10 R, and the quiet time high magnetic latitude boundary was
67°. Chen et al. (2019) describe in detail the time-dependent BCs based on available in situ observations are spec-
ified for the St. Patrick's Day 2013 storm. For the St. Patrick's Day 2015 storm, the electric field BCs are based
on the Weimer (2001) model that depends on upstream conditions that are provided by the NASA OMNIWeb:
omniweb.gsfc.nasa/gov/ow_min.html. The plasma density and temperature BCs are specified using the empirical
Tsyganenko and Mukai (2003) model with a modification of a scaling factor of 2 for the plasma sheet temperature
because the Tsyganenko and Mukai (2003) model used only low-energy (250 eV-10 keV) particle (LEP) from
Geotail spacecraft.

3.3. STET Code

The STET model has a long history. The STET code started with a kinetic treatment of ionospheric photoelec-
trons by Khazanov (1979) that later was generalized to be used to study many different space plasma phenomena
that were well-documented in the book by Khazanov (2010). The most recent usage of STET code was to study
auroral space plasma phenomena with the major focus on MIA energy interplay that was driven by different WPI
and electrostatic acceleration processes in the region of diffuse (Khazanov et al., 2020) and discrete (Khazanov,
Glocer, & Chu, 2021) auroras.

This paper focuses on the formation of electron heat fluxes in the region of diffuse aurora where field-aligned
electric field is absent (e.g., Fontaine & Blanc, 1983; Johnstone et al., 1993; Meng et al., 1979; Schumaker
et al., 1989) and precipitated electrons are mostly driven by WPI processes. Depending on the nature of wave
activities and their space location, STET has been applied to simulate electron precipitation that are triggered
by electron cyclotron harmonic whistler-mode choruses (Khazanov et al., 2015) waves, time domain structures
(Khazanov, Shen, etal., 2021) as well as modeling of electron interaction with strong hiss wave activity (Khazanov,
Ma, & Chu, 2022).

The neutral atmospheric model used in the STET code is the MSIS-90 (Hedin, 1991). The plasma density struc-
ture in the ionosphere is based on the IRI-2016 model (Bilitza et al., 2017), and is extended into the magneto-
sphere based on the plasmaspheric electron density calculation at the geomagnetic equator provided by RCM-E
code. Cross sections for elastic collisions, state-specific excitation, and ionization were taken from Solomon
et al. (1988).

KHAZANOV ET AL.

6 of 27

858017 SUOWILLOD AR 3ced| dde aup Aq paueob 88 S9o11e YO ‘8S J0 SaInJ 10} ARIq1T8UIIUO AB]IM UO (SUO I PUOO-PUR-SLLBILI0D" A3 1M A leq 1 [Bu[UO//SY) SUORIPUOD PUe SWLB L 38U} 89S *[£202/70/2T] Uo Ariqiauliuo A8)im ubiiH 89eds preppos eseN Aq Z6TTE0VEZZ02/620T OT/I0p/w00" A8 1M Al jeul|uo'sandnBey/sdny woiy papeojumod ‘Z ‘€202 ‘Z0r669T2


http://omniweb.gsfc.nasa/gov/ow_min.html

~1
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Space Physics 10.1029/2022JA031197

The STET code solves the gyro-average kinetic equation for the SE for energies above 1 eV and its upper energy
limit is not restricted because it includes the relativistic effects (Khazanov, 2010). The kinetic equation for the SE
that we used in our study can be presented as (Khazanov, Glocer, & Chu, 2021)

_ 2
10<I>+ el 1 M(laB F>0<I>+EF 7}
B 0os E

0]
vor THas T T2 on +EPugE(E) =0+ () M
where @ = 2Ef/m? is the SE flux, fis the electron distribution function, v is SE velocity, 7 is time, s is the distance
along the field line, E is the particle energy, and g is the cosine of the pitch-angle. F is the electric field force,
Q is the SE source term from EUV flux, and (S) which includes collision integrals, represents interactions with
thermal electrons and ions, scattering with neutral particles, and wave-particle interactions. A detailed derivation
of these collisional and wave-particle interaction terms is given in Khazanov (2010) and Khazanov et al. (2015)

and all of them are explicitly presented in Khazanov et al. (2020) and Khazanov, Glocer, et al. (2021).

The multiple dissipation processes of magnetospheric electrons in the aurora are affiliated with the cascading
of high-energy electrons toward smaller energies and the production of secondary, tertiary, and further resultant
electrons. Such ionization cascades can be treated with just a single kinetic equation that takes all the collisional
processes into account and seamlessly propagate the solution (Equation 1) along the nonhomogeneous geomag-
netic field lines in the presence of WPI processes and with participation of two magnetically conjugate regions
of Northern and Southern Hemispheres.

As it was discussed by Khazanov and Chen (2021), and briefly demonstrated in Section 3.4, multiple backscatter
phenomena is one of the key and unique element of the STET code that dramatically redistribute initial high
energy electron precipitation that is coming from the magnetospheric source (Step 1 in Figure 2) and makes a
very noticeable change in the electron energy fluxes entering ionospheric altitudes (Khazanov, Chen, et al., 2019;
Khazanov, Sibeck, & Chu, 2021). The STET model has been validated with DMSP (Khazanov, Glocer, &
Chu, 2021; Wing et al., 2019) and FAST (Khazanov et al., 2016) electron spectra measurements as well with
optical observation by Samara et al. (2017) and is believed to be reliable in the studies of electron thermal flux
formation at ionospheric altitudes (Khazanov et al., 2022).

3.4. RCM-E/STET Coupling Selected Result

Based on the analysis presented by Khazanov and Chen (2021), Section 3.1 outlines the 3 steps in the formation
precipitated to the atmosphere high-energy electrons driven by the RCM-E/STET coupled code and provides the
input to the MIA energy interplay that eventually forms electron thermal heat flux that supports electron temper-
ature, T, at upper ionospheric altitude, and as a result, defines the total electron density content that is required
for different kinds of space weather applications.

The first step that is shown in Figure 2 as Precipitating Primary Fluxes is driven by processes that are incorpo-
rated in RCM-E code (see Section 3.2 for details) and has the pure magnetospheric origin to begin with. STET
code picks up this initial precipitation and enhance these fluxes by considering their multiple atmospheric backs-
catters with participation of Northern and Southern Hemispheres (Primary Reflected Flux) and production of the
Escaping Secondary Flux, that is one of the biggest contributors to the Returned Thermal Flux that is shown in
Figure 2 by purple arrow and represents the major focus of study in this manuscript. This process is defined as
the second step and leads to modification of the ionospheric sources that determine integrated conductance that
entering RCM-E and initiate third step that presented in Figure 2.

The feedback between conductance and electric potential in RCM-E code modifies the magnetospheric plasma
transport and further couples into the magnetic field. Changes to the hot electron drift paths will alter the trapped
electron fluxes, while changes in the cold plasma evolution will alter the rate at which the trapped electron fluxes
are converted into precipitating fluxes via pitch-angle scattering by chorus and hiss waves. To test the impact of
the STET modification, Khazanov, Chen, et al. (2019) applied it to the precipitating electron fluxes computed
by the RCM-E, which includes these coupled processes. Because this electrodynamical RCM-E/STET MIA
coupling element, the third step in the formation electron precipitation phenomena, leads to its dramatic changes,
as a result, to the electron heat flux formation. Here we briefly, quantitatively, review this process.

As it is shown by Khazanov et al. (2018), integrated ionospheric conductance is sensitive to the energy distribu-
tion of precipitated electrons. Analyzing diffuse auroral electron precipitation effects on RCM-E comparisons

KHAZANOV ET AL.

7 of 27

858017 SUOWILLOD AR 3ced| dde aup Aq paueob 88 S9o11e YO ‘8S J0 SaInJ 10} ARIq1T8UIIUO AB]IM UO (SUO I PUOO-PUR-SLLBILI0D" A3 1M A leq 1 [Bu[UO//SY) SUORIPUOD PUe SWLB L 38U} 89S *[£202/70/2T] Uo Ariqiauliuo A8)im ubiiH 89eds preppos eseN Aq Z6TTE0VEZZ02/620T OT/I0p/w00" A8 1M Al jeul|uo'sandnBey/sdny woiy papeojumod ‘Z ‘€202 ‘Z0r669T2



I Y ed N | . .
A\ Journal of Geophysical Research: Space Physics 10.1029/2022JA031197
AND SPACE SCIENCE
50E
£ o—I\ E
- -50F
S -100E E
% -150E =
-200
0 6 12 18 0 6 12 18 0
17 March 2013 uT 18 March 2013
Precipitating Electron Energy Flux at 850 kornD Hall Conductance at 850 km - r Pedersen Conductance at 850 km G i IEI at 850 km

With STET Modifications
Ysu

Without STET Modifications

Xsm

Xsm

-2

-4

-6

-8 -10

10200 8
10180
10160

10140

10120

mV/m

10100

Siemens

160
10080

10060
80

10020
i
8 6 4 2 0 -2 -4 -6 -8 -10
Xsm

0
2
4
10040 6
8
10| 2.0 kV/contour.
1

0 8 6 4 0 -2 -4 -6 -8 -10
sm

10000 0

10220 -10 400

10200
180
10 320
10160
10140

10120

mV/m

10100
10080

10060

10020

0
2
4
10040 6
8
= 10000 10, 2.0 kV/contour —
0 -2 -4 -6 -8 -10 0 8 6 4 0 -2 -4 -6 -8 -10

Xsm

17 March 2013, 08:00 UT

Figure 3. RCM-E/STET coupling selected three steps results.

with satellite data during the 17 March 2013 storm, Chen et al. (2019) presented the simulated electron energy
distribution function and found it very close to be to the shape of a Maxwellian one. For that reason, the selected
results that are presented below were found for the same geomagnetic storm and used the integrated conduct-
ance that assumes Maxwellian distribution function of precipitated high-energy electrons (Khazanov et al., 2018;
Robinson et al., 1987).

To understand the global response of MIA SE coupling processes on the results presented below, we empha-
size that an increase of the electron energy fluxes at the boundary between the ionosphere and magnetosphere
(800-850 km) is the result of the two interconnected magnetically conjugate ionospheric regions and correspond-
ing multiple atmospheric backscatters between them.

Based on our recent studies by Chen et al. (2019), Khazanov and Chen (2021), and Khazanov, Chen, et al. (2019),
we briefly summarize MIA coupling elements of RCM-E/STET code with the emphasis on steps 2 and 3 of these
models.

The results of the analysis presented in the above-mentioned papers revealed that the MIA coupled electron
precipitation effects on conductance are quantitatively significant but not always obvious and predictable because
of the complex IM electrodynamics (Khazanov, Chen, et al., 2019). Here, in Figure 3, we show examples of the
RCM-E simulation results with and without STET modifications at a time early in the main phase of the 17 March
2013 storm. These plots display ionospheric quantities at 850 km mapped to the equatorial plane where the sun
is to the left. With STET modifications, there are noticeable differences in the precipitating electron energy flux.
These features are seen in the Hall and Pedersen conductance plots. A sharp boundary between high and low
conductance 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 equipotential. As seen in Figure 3,
there are also large electric intensities associated with very low conductance on the dusk side (see Khazanov &
Chen, 2021; Khazanov, Chen, et al., 2019 for additional details). Conversely, where the conductance is high, it
is easier to drive currents in the ionosphere and these results in less feedback to the electric field. Thus, there
is less shielding of the electric field at lower equatorial distances in the enhanced auroral region with the STET
modifications that included backscatter effects than without STET. The reduced shielding allows ions with rela-
tively longer lifetimes than the electrons to be transported to lower L values thereby resulting in enhancing the
RC perturbation magnetic field.
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4. The Electron Heat Fluxes in Diffuse Aurora
4.1. Electron Heat Flux Kinetic Formalism

The electron heat flux calculation is the final part of the simulation of the coupled RCM-E/STET code after their
high-energy electron precipitated fluxes have converged. This part of the calculation is provided only by STET
code and these heat flux results are independent from the formation of high-energy precipitated electrons because
compared to them, electron heat fluxes carry very small energy fluxes. Typically, in the region of diffuse aurora,
electron precipitated energy fluxes are about 1,000 times higher compared to their electron heat flux counterpart
(Khazanov et al., 2014, 2017). Nevertheless, as shown below, these small energy fluxes are extremely impor-
tant in defining the electron temperature of the cold plasma at upper ionospheric altitudes. For this reason, we
briefly outline electron heat flux calculation and refer the readers for further details to the following publications
(Khazanov, 2010; Khazanov et al., 2020; Khazanov, Glocer, & Chu, 2021).

It should be noted that electron thermal flux calculation presented below (Khazanov et al., 2020; Khazanov,
Sibeck, et al., 2019), offers a rigorous and systematic theoretical framework to calculate this value and does not
depend on any assumption regarding the form of the core electron distribution function. The electron heat flux
entering the upper ionospheric altitude was calculated using STET based methodology presented by Khazanov
et al. (2020) and Khazanov, Sibeck, et al. (2019) by integrating the electron-electron and electron-ion collisional
term entering SE kinetic Equation 1 over the velocity space:

o d OBy, L[ oo
<S€e>+<S"">_Ane{aE<E)+2E26M (1 M)a”]}’ 2)

where A = 2ze*lnA, InA is the Coulomb logarithm, n,(s) is thermal plasma density, ® = ®(s, E, ) is SE flux.
Such an integration of Equation 2 over the energy and pitch-angle variables leads to the expression of SE energy
deposition to the thermal electron per unit volume per second as:

Ef“aX
Q.(s) = 4xAn.(s)[Po(Emin) — Po(Emax) + / @dE

Emin

I 3

Here ® is SE omnidirectional flux, and E;, and En.x are taken as 1 eV and 10 keV, correspondingly.

The result of integrating Equation 3 along the field line from the geomagnetic equator, s.,, to the upper iono-
spheric boundary, s;, represents the incoming electron heat flux entering the upper ionospheric altitude:

B(s)

e

a(si) = / " 0u() 2 ds @

The STET heat fluxes are mostly contributed by superthermal electron energies below 500-600 eV, and, in
the presence of wave activity that drives high energy electron precipitation, are not sensitive to the cold elec-
tron density values at geomagnetic equator (Khazanov et al., 2020). In accordance to the classification that is
presented in the introduction to this manuscript, these heat fluxes belong to non-locally formed electron thermal
fluxes.

4.2. St. Patrick's 2013 Magnetic Storm

As it is shown in Figure 1, St. Patrick's 2013 storm started on March 17 at UT = 0 and continued for 2 days.
Figure 4 presents the results of coupled RCM-E/STET code simulation during this entire event between 6 and
18 MLT in the simulation domain of MLAT RCM-E code corresponding to the region of diffuse aurora. The
windows of first column in this figure corresponds to the precipitated high energy electron fluxes at altitudes of
850 km, the second column shows their mean energies, and the third column is the affiliated thermal electron heat
fluxes that is calculated as outlined in Section 4.1. The results presented in Figure 4 and all follow-up coupled
RCM-E/STET code simulation data are shown at intervals of 10 min. The results presented in Figure 4 are shown
for the two different models of integrated ionospheric conductances, with the widely used Robinson et al. (1987)
formulae or conductance that is based on the B3C auroral transport code.

Simulation results for both 2013 and 2015 St. Patrick's 2013 magnetic storm presented in this manuscript only

show the data that correspond to precipitated electron energy fluxes above 1073 erg*cm=2*s~! and their mean
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Figure 4. Geomagnetic storm 17 March 2013. RCM-E/STET-driven electron heat fluxes for selected MLTs and different

height altitude-integrated conductances.
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Figure 5. Maximum values of electron precipitation energy and heat fluxes migration over the geomagnetic storm of 17—18 March 2013.

energies above 200 eVs. Correspondingly, affiliated with electron precipitation electron thermal heat fluxes are
presented when they exceed the magnitude of 106 eV*cm=2#s71,

At first glance, the results that are presented in Figure 4 appear weakly dependent on the conductance model;
however, all values that are presented here are very dynamical during entire storm and require their further analy-
sis and validation. The heat flux in the auroral oval strongly depends on the time history of electron precipitation,
and thus it is crucial to obtain physics-based electron precipitation that provides RCM-E code. Statistical models
of precipitation (Fuller-Rowell & Evans, 1987; Hardy et al., 1993) that are used in some of the global ionospheric
modeling networks would substantially underestimate the precipitation's time variation scales of thermal electron
heat fluxes that we consider in this manuscript.

Figure 4 shows only the nighttime of precipitated high-energy electron fluxes, their mean energies, and the
corresponding to them electron thermal fluxes. During the main phase of this storm, there are very noticeable,
with several orders of magnitude changes, in precipitated electron energy fluxes as they move eastward from the
evening, MLT of 18, to the morning sides, MLT of 6. During this time of the storm, both precipitated electron
energy fluxes and electron heat fluxes are strongly correlated with each other and are maximized at the midnight
at MLT = 0.

Dependence of electron heat fluxes on the mean energy of precipitated electrons driven by RCM-E code is quite
different and clearly demonstrated in the third windows of Figure 4. For example, as it is seen from this plot, espe-
cially during the recovery phase of St. Patrick's geomagnetic storm 2013 electron, electron heat fluxes increase
with decreasing mean energy. As it was previously discussed by Khazanov et al. (2014), this is consistent with the
corresponding decrease in the secondary fluxes (blue arrows in Figure 2; “Escaping Secondary Flux’’) that mostly
contribute to the formation of the heat flux that shown in the third window of Figure 4. There are two reasons for
this decrease: (a) the decrease in the efficiency of SE production for higher mean energy of precipitated electrons;
(b) the higher energy precipitation penetrates further into the atmosphere, and it is therefore more difficult for the
generated SEs to escape to contribute to the upward flux.

The location and migration of maximum electron heat values in the region of diffuse aurora, as St. Patrick's
geomagnetic storm 2013 develops, are illustrated by Figure 5 together with corresponding precipitation electron
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energy fluxes. These two parameters are well correlated with each other and their MLAT and MLT locations are
practically the same. Blue and red lines and dots in windows of Figure 5 represent the different models of inte-
grated ionospheric conductance that have been used in simulated scenario of RCM-E/STET codes. Interestingly,
that for these two different conductances, the intensity of precipitated electron energy fluxes and corresponding
heat fluxes remained to be close to each other during almost the entire storm. Even their positions in RCM-E
simulation domain of MLAT and MLT are relatively close to each except during the recovery phase of this storm
on 18 March, around UT = 10.72. Apparently such a large MLAT and MLT differences in the location of maxi-
mum of these two energy fluxes is related to electric field calculation and will be subject of our further studies
in upcoming publications.

In the vicinity of the main phase of the storm precipitated electron energy fluxes and thermal electron heat flux
reach their maximum values, move about 8° toward the south in MLAT and mostly locate around MLT = 0-2.
As storm progresses the maximum values of these parameters move in the north-east direction reaching dayside
of MLTs.

4.3. St. Patrick's 2015 Magnetic Storm

This magnetic storm was much stronger (see Figure 1f) and RCM-E/STET simulations presented in Figure 6
below cover 72 hr of its development. St. Patrick's Day geomagnetic storm 2015 was one of the major space
weather events of the 24th solar cycle, and therefore, the simulation of electron heat fluxes as well as affiliated
high energy electron fluxes parameters will be presented in more detail emphasizing the importance of these
values in the space weather studies.

Figure 6, like Figure 4, as has been shown for the St. Patrick's Day geomagnetic storm 2013 in the previous
subsection, demonstrates the development of the thermal electron heat fluxes on the global scale in the conjunc-
tion with high energy electron precipitation simulated by RCM-E/STET code. This figure was extended to the
dayside of the simulation domain and presents more MLT details as this geomagnetic storm develops. As in the
case of the St. Patrick's Day 2013 magnetic storm, there is no visible dependence of the calculated parameters on
the integrated ionospheric conductance. This effect will be investigated further and discuss in our forthcoming
publications.

Compared to the precipitated electron energy fluxes and corresponding electron thermal heat fluxes, presented
in Figure 4 for the 17 March 2013 storm, this, 2015 geomagnetic storm is more powerful and the corresponding
values of these parameters are much higher. As can be seen from Figure 6, the functional dependence of electron
heat fluxes on the high-energy electron precipitation energy flux and their mean energy during this storm remain
to be the same as we discussed in the previous subsection. St. Patrick 2015 simulated parameters penetrate much
deeper to the south showing strong and very complicated dynamics down the MLATSs around about 40°. Because
we are focusing in this manuscript on electron heat fluxes, Figure 7 presents clockwise heat flux MLT dynamics
that is viewed from the northern pole.

The thermal heat flux clock of St. Patrick's Day 2015 magnetic field, as it is shown in Figure 7, demonstrates the
complex dynamics of thermal electron flux formation of the global scale during disturbed space plasma condi-
tions. As we mentioned above, this parameter, electron thermal flux, is not measurable by any in situ instrumen-
tation, but is required as the BC for the electron temperature calculations. The best one can do is to use an implicit
calculation of electron heat fluxes using experimental electron temperature profiles measured by incoherent radar
facilities or by rocket flights and connect them via thermal electron conductivity coefficient of the well-known
expression for the electron heat flux presented by Banks (1966). Such an approach has been used in the paper
by Fallen and Watkins (2013) where they presented long time range electron thermal flux estimation from Poker
Flat Incoherent Scatter Radar measurements of electron density and temperature. As these authors pointed out,
“ISR-measured profiles above the F2 peak layer are typically noisy and vary with time, making it difficult to
estimate the electron temperature gradient in without averaging”. These authors used a monthly averaged window
that typically does not represent typical noisy electron temperatures seen in a short, storm time conditions devel-
opment events, which we considered in this manuscript.

Besides, the experimental information of the electron heat fluxes never would be available on the global scale and
the approaches that handle the electron heat BCs at the upper ionospheric altitudes in all ionospheric networks,
remain to be illusional. That is why the theoretical determination of electron heat fluxes from a similar but
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Figure 6. Geomagnetic storm 17 March 2015. RCM-E/STET-driven electron heat fluxes for selected MLTs and different height altitude-integrated conductances.
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Figure 7. Clockwise MLTs electron heat fluxes development over the geomagnetic storm of 17-19 March 2015.

not necessarily identical approach we demonstrate in this manuscript would be required to represent the space
weather simulations during magnetic storms and substorms.

Figure 8 shows the migration of maximum electron heat flux values in the region of diffuse aurora in the simula-
tion MLAT/MLT domain of the RCM-E code, as the St. Patrick's Day 2015 geomagnetic storm develops. These
electron thermal fluxes shown in affiliation with corresponding precipitation electron energy fluxes simulated
by coupled RCM-E/STET code are much stronger and during the main phase of the storm exceed corresponding
2013 storm values almost by an order of magnitude.

As during St. Patrick's geomagnetic storm 2013, these two parameters are well correlated with each other and
their MLAT and MLT locations have some of the noticeable differences in their MLT coverage. Compared to St.
Patrick's geomagnetic storm 2013, both energy fluxes during 2015 storm have larger scattering over the MLAT
and MLT simulation domains. That provides more energy to MIA coupling system that must be considered by
ionospheric modeling networks. Blue and red lines and dots in windows of Figure 8 represent the different models
of integrated ionospheric conductance that have been used in simulated scenario of RCM-E/STET coupled code.
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Figure 8. Maximum values of electron precipitation energy and heat fluxes migration over the geomagnetic storm of 17-19 March 2015.

As during the St. Patrick's 2013 storm, there are some differences in the locations of the parameters presented
here that apparently are related to the electric field calculations and would be investigated in our future studies.

It should be noted that the results presented here show only these values that are associated with precipitated
auroral electrons during St. Patrick's Days of 2013 and 2015 geomagnetic storms. As we have mentioned above,
another systematic dayside source of the thermal electron heat fluxes is ionospheric photoelectrons that are
resulted from the interaction of solar UV and X radiations with the neutral atmosphere (Khazanov, 2010). The
contribution of this process in the overall analysis of the thermal electron heat flux formation during selected
geomagnetic storms will be mentioned in the follow-up sections of this manuscript.

5. DMSP Observation During St. Patrick's 2013 and 2015 Storms: Data/Theory
Validation

DMSP provides a comprehensive data set of multiple ionospheric parameters, but only those relevant to the prob-
lem considered in this paper are used in the studies presented below. The data selected below cover only the most
disturbed period of St. Patrick's Days of 2013 and 2015 geomagnetic storms shown in Section 2 and presented
and discussed in RCM-E/STET simulations in Sections 4.2 and 4.3.

5.1. Instrumentation

Three DMSP satellites - F16—-F18 - provide data for this study. Each of the DMSP spacecraft is a three-axis stabi-
lized satellite flying at altitude of ~840-850 km in circular, sun-synchronous polar (inclination 98.7°) orbit of
about 100 min period. During the period of interest, the geographic local times of the orbits are near 18:00-06:00
(F16 and F17) and 21:00-09:00 (F18) meridians. Owing to the offset between the geographic and geomagnetic
poles, the satellites sample a wide range of MLTs over the course of a day. The ascending nodes of DMSP orbits
are on the dusk side of the Earth. Thus, the satellites move toward the northwest in the evening LT sector. In this
study, we use the Special Sensor for Precipitating Particles (SSJ/5; Hardy et al., 1993) and the Topside Iono-
spheric Plasma Monitor (SSIES; Rich & Hairston, 1994).
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Once per second, the SSJ/5 instrument measures electrons and ions with energies from 30 keV to 30 eV in 19
logarithmically spaced steps. The field of view is a 4° by 90° fan ranging from zenith to the horizon. The 90°
field of view is divided into six 15° zones providing pitch angle distribution once per second. SSIES sensors
are tailored to the anticipated environment at 840 km altitude and at all latitudes, all local times, all seasons,
and all phases of the sunspot cycle. Of those, we use a spherical Langmuir probe to determine the temperature
(500 < T, <9000 K) of ambient electrons once per 4 s with the nominal accuracy of +200 K or +10%. Note that
additional errors in T, can be caused by contamination of the Langmuir probe by photoelectrons or/and secondary,
<100 eV, electrons if the local ambient density drops below ~10% cm~2. These factors result in 7, data gaps that
were excluded in the DMSP results presented below.

It should be also noted, that the MLAT and MLT values come from ephemeris data obtained using the model
field along the orbit. The magnetic distortion during major storms, like those under study, leads to significant
deviations from the model thus making the mapping between the magnetic equator to the ionosphere inaccurate.
In other words, the actual values, especially near dusk, may significantly deviate from the model values (e.g.,
Tsyganenko et al., 2003). For example, Burke et al. (1998) found that the magnetic field is more inflated than
magnetic field models indicated. This means that the model field line crosses the equatorial plane closer to the
Earth than the actual field line, and that a given point in the magnetic equatorial plane maps to higher latitudes
than it does in reality.

5.2. Selected DMSP Data in the Main Phase of the Storms: General Overview
5.2.1. Data on 17 March 2013

The approach that we developed to calculate electron heat fluxes is based on the knowledge of electron precip-
itated energy fluxes and their mean energies (Khazanov et al., 2022). These parameters are presented below in
two upper panels of Figure 9 and measured by three DMSP satellites F16-F18 on 17 March between 9.8 and 15.2
UTs. Such selection of the time intervals is driven by RCM-E/STET simulation results presented in Figure 5 and
corresponds to the most disturbed time of simulated electron precipitated fluxes and associated thermal electron
heat fluxes.

Variations of the MLAT and MLT values of the ionospheric footpoints of F16-F18 along their trajectories are
shown in two bottom panels of Figure 9. Energy spikes of precipitated electrons measured by the three satellites,
shown in the upper panel of this figure, clearly correspond to the high MLAT values in the Northern and Southern
Hemispheres and the evening and morning MLT sectors between 6 and 18 hr. Such a behavior is qualitatively
consistent with that presented in RCM-E/STET simulated results shown in Figures 4 and 5.

5.2.2. Data on 17 March 2015

Similar to the data presented in the previous subsection, Figure 10 shows electron precipitated energy fluxes
and their mean energies measured by F16 and F17, while the data from F18 were unavailable on 17 March 2015
between 12 and 15 UT. As in the case of the St. Patrick 2013 geomagnetic storm, this time interval was selected
to represent the major disturbed period that was provided by RCM-E/STET simulations discussed in Section 4.2
and presented in Figures 6-8.

As above, variations of the MLAT and MLT values of the ionospheric footpoints of F16 and F17 along their
trajectories are shown in two bottom panels of Figure 10. As in Figure 9, electron energy fluxes of precipitating
electrons maximize near high MLAT in the Northern and Southern Hemispheres and their MLT extension is
quite similar to that demonstrated in our simulation presented in Section 4.3. It should be noted, however, that all
simulation results in Figures 6-8 correspond only to the northern hemisphere. Asymmetry analysis of electron
precipitation fluxes formation and associated electron thermal fluxes will be considered in future RCM-E/STET
simulations.

For both geomagnetic storms presented above in Figures 9 and 10, there is a clear tendency for dramatic drops in
the electron energy fluxes at MLAT below approximately 50° in both hemispheres. Apparently, these locations
represent the transitional boundary from the auroral to the subauroral latitudes.

6. Data/Theory Validation

The RCM-E/STET code electron heat flux calculation for the storm events will be validated in our manuscript
using two different methods. First, we use DMSP F16-F18 observations of precipitating electron energy fluxes
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2013 Storm: DMSP F16, F17 and F18 Satellites Data
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Figure 9. Defense Meteorological Satellite Program (DMSP) observation of the precipitated electron energy fluxes, their mean energies, and MLAT and MLT
locations during the main phase of St. Patrick 2013 geomagnetic storm. See text for the details.

and their mean energy that are shown in Figures 9 and 10 to estimate the electron heat flux that correspond to these
data. These thermal electron heat fluxes are calculated and presented in the upper panel of Figures 11 and 12.
Further, we use these electron thermal heat flux estimations in an approach that is presented by Khazanov (2010)
in Chapter 6 of that book to calculate the electron temperature and compare it with available DMSP Te data.
These DMSP Te data also are shown as the second panel in Figures 11 and 12.
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2015 Storm: DMSP F16 and F17 Satellites Data
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Figure 10. Defense Meteorological Satellite Program (DMSP) observation of the precipitated electron energy fluxes, their mean energies, and MLAT and MLT
locations during the main phase of St. Patrick 2015 geomagnetic storm. See text for details.

Second, we will use our theoretical RCM-E/STET based electron thermal flux calculation shown in Figures 4-8
to estimate the electron temperatures during the St. Patrick's Days 2013 and 2015 geomagnetic storms and
discuss their correspondence to DMSP Te observations. Here the focus is on the most disturbed time period.
As in the first model-data validation approach, these data will be presented at the locations where electron
precipitation electron thermal heat fluxes dominate over the heat fluxes that are coming from the ionospheric
photoelectrons.
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2013 Storm: DMSP F16, F17 and F18 Satellites Data
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Figure 11. Defense Meteorological Satellite Program (DMSP)-based electron thermal fluxes calculation and their comparison with the measured electron temperatures
during the St. Patrick 2013 geomagnetic storm. See text for the details.

6.1. DMSP Based Electron Heat Fluxes

The top panel of Figure 11 shows the electron heat flux calculated using the DMSP precipitating electron energy
fluxes and mean energies and the STET code-based methodology of electron thermal flux calculation for the St.
Patrick's Storm 2013. The second upper panel in Figure 11 shows the electron temperature measurements from
the DMSP satellites. The last two panels in Figure 11 show the MLAT and MLT locations of the parameters
discussed above.
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2015 Storm: DMSP F16 and F17 Satellites Data
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Figure 12. Defense Meteorological Satellite Program (DMSP)-based electron thermal fluxes calculation and their comparison with the measured electron temperatures
during the St. Patrick 2015 geomagnetic storm. See text for the details.

The same format as above is used for the analysis of the St. Patrick 2015 storm presented in Figure 12. Here
we used data from F16 and F17 only because the F18 data were not available on 17 March 2015 during the
12:00-16:00 UT interval. Compared to the 17 March 2013 geomagnetic storm, the number of points correspond-
ing to the measurements of F16 and F17 is visibly fewer than for the St. Patrick's 2015 storm. Apparently, the
DMSP data selection criteria that we briefly discussed in Section 5.1 have limited data accuracy for such a strong
geomagnetic storm as occurred on 17 March 2015. Therefore, the majority of the DMSP data were not available
for the detailed analysis of data-theory comparison.
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Table 1
The Relation Between Electron Temperatures, T,, and Electron Heat Fluxes, O,

O eV*em2#s~1 5% 107 108 5% 108 10° 5% 10° 100 5x 10 101 5x 10!
T, K degree 1190 1450 2297 2800 4434 5406 8562 10437 16530

e

Because the major focus of our paper is the thermal electron heat fluxes associated with precipitated auroral
electrons during St. Patrick's Days of 2013 and 2015 geomagnetic storms, most of the attention here is on the
high latitudinal auroral regions, above 50° MLAT, where electron precipitation sources dominate over other
thermal electron heating mechanisms. Looking at high MLAT and corresponding MLT where electron precip-
itation intensifies, one can see the visible correlation between the electron heat fluxes and corresponding elec-
tron temperatures. Do these parameters correspond to each other at the DMSP altitudes of 840-850 km?

Table 1 presents the relation between electron temperatures, 7, and electron heat fluxes, Q,, at the upper iono-
spheric altitudes determined in Chapter 6 of the Khazanov (2010) book. In comparison with this publication,
Table 1 is adjusted to DMSP altitudes and extended to a broader range of the heat flux values to give the readers
benchmarks in the data analysis considered below.

At the DMSP altitudes, electron heat fluxes form in less than 3 min (Khazanov, Ma, & Chu, 2022), and the elec-
tron temperature almost instantly responds to their variations (Khazanov et al., 2022) because energy losses at
these altitudes are negligible (Khazanov, 2010). The last statements are equally applicable for the Northern and
Southern Hemispheres. Therefore, examples in Table 2, which is based on results presented in Figures 11 and 12,
are given for electron temperatures measured in both hemispheres by F16-F18.

It should be noted that DMSP electron temperature measurements are resolved on the time scale of 4 s and are
shown in the second top windows of Figures 11 and 12. In Table 2, this actual Te measurement is indicated as Te/
DMSP. That is why the analysis presented in Table 2 is done using DMSP-based heat flux calculations presented
in the upper windows of Figures 11 and 12, and was also, for consistency, averaged over the same time scale
before Te/DMSP and Te/DMSP-STET-based data are compared to each other.

As it is shown in Table 2, Te/DMSP and Te/DMSP-STET-based data are very close to each other within 10%
difference. This is consistent with the error of Te observations by DMSP satellites and ensures the validity of heat
flux calculation technique presented in this paper.

6.2. RCM-E/STET Versus DMSP-Observation

As we mentioned in Section 4.2, the RCM-E code computes the bounce-averaged guiding-center drift motion
of isotropic ions and electrons in the closed field line region of the magnetosphere (Toffoletto et al., 2003;
Wolf, 1983) and the results presented in Figures 4-8 are shown with the time step of 10 min. Correspondingly,
compared to the first type of Data/Theory validation presented in Section 6.1, direct comparison of Te that are
driving RCM-E/STET theoretical heat fluxes is simply not representative, because it requires averaging DMSP
Te observation over the time interval of 10 min. During this time, DMSP satellites cover the distance of several
thousand kilometers, and such Data/Theory will not be accurate and clear.

Figures 13 and 14 illustrate Te calculation at the altitude of 850 km using theoretical electron heat fluxes driven
by RCM-E/STET simulations and presented for the St. Patrick 2013 storm in Figure 5 and for the corresponding
2015 storm in Figure 8. These heat fluxes are shown in the first row of Figures 13 and 14 and cover entire devel-
opment of both geomagnetic storms. Correspondingly, the second row of this figure presents electron temperature
calculation using an approach that is utilized by Khazanov (2010, Chapter 6). These electron temperature calcu-
lations are resolved, as corresponding RCM-E/STET simulation on the time scale of 10 min, and the analysis of
these results can be done only in a qualitative way.

As is shown in Figures 13 and 14, electron heat fluxes and corresponding Te are well correlated for both geomag-
netic storms. During the main phase of the 17 March 2013 storm the maxima of electron temperature vary from
3500 to 4500 K degrees, and, correspondingly, for the 2015 geomagnetic storm such values are from 5000 to
6500 K degrees. Electron temperature calculations for both geomagnetic storms only slightly depend on the
RCM-E/STET integrated conductance model, and, in general and only qualitatively, during the main phases of
the storm correlated with DMSP observations.
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Table 2
Comparison Te/DMSP and Te/DMSP-STET-Based Data
St. Patrick Day 2013 geomagnetic storm
F16
UT 10.50 11.20 12.25 13.9 14.55
MLAT 65.00 —80.12 55.20 65.53 —75.00
MLT 07.00 05.00 07.25 06.20 05.75
Te/DMSP 5,750 5,636 7,100 5,050 6,020
Te/DMSP-STET 5,695 5,670 7,400 5,025 6,590
F17
uT 10.20 11.10 11.95 13.43 14.25
MLAT 61.00 —52.50 49.50 65.50 70.10
MLT 07.50 18.50 6.53 17.00 6.50
Te/DMSP 5,050 6,800 8,051 6,110 7,050
Te/DMSP-STET 4,900 6,394 8,033 6,590 6,570
F18
uT 10.25 11.20 12.85 14.55 14.80
MLAT 64.85 —75.00 —75.00 —65.00 -51.50
MLT 18.55 5.05 7.00 07.07 20.00
Te/DMSP NA 5,200 6,400 4,900 6,050
Te/DMSP-STET 4,240 5,072 6,590 4,750 6,500
St. Patrick Day 2015 geomagnetic storm
F16
uT 12.05 13.20 13.75 14.90
MLAT —61.00 50.50 —65.00 51.00
MLT 03.00 2.50 05.00 02.00
Te/DMSP 4,300 7,050 5,800 8,010
Te/DMSP-STET 4,100 6,750 5,405 7,400
F17
UT 12.40 13.25 14.10 14.95
MLAT —67.00 65.50 —68.00 70.00
MLT 06.20 16.50 06.20 17.50
Te/DMSP 4,010 5,760 6,010 6,030
Te/DMSP-STET 4,100 6,200 6,069 5,500
7. Concluding Remarks
Electron thermal heat flux is an important parameter for the global ionospheric modeling networks. This param-
eter is not measurable explicitly by any of existing space plasma techniques and usually is selected based on the
limited comparison of simulated electron temperature results with observations (Fallen & Watkins, 2013; Schunk
et al., 1986). Such observations are not available on the global scale, especially in the cases of ionospheric and
magnetospheric disturbances - geomagnetic storms and substorms.
Recently we developed a rigorous approach to the calculation of electron heat fluxes reaching the topside iono-
sphere in various regions including the polar cap (Khazanov, Chen, et al., 2019), diffuse aurora (Khazanov
et al., 2020), and discrete aurora (Khazanov, Glocer, & Chu, 2021). Using approaches presented in these papers
and utilizing the 2D array of Time History of Events and Macroscale Interactions all-sky-imager (ASI) obser-
vations by Gabrielse et al. (2021) during this Substorm, Khazanov et al. (2022) obtained the electron thermal
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2013 St. Patrick Storm
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2013. RCM-E/STET-driven electron heat fluxes and the corresponding temperature calculation. MLAT and MLT locations

heat fluxes during two substorms on 16 February 2010 and validated these results using electron temperature
observation at Alaska, Poker Flat, from Incoherent Scatter Radar data. The Supporting Information presented
by Khazanov et al. (2022) in this paper have demonstrated that the proposed methodology for the calculation of
the heat flux is reasonable when compared to the observations within the limitations of the electron temperature
observations.
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are shown in axes below.

This paper analyzes the thermal electron heat flux formation during the most disturbed magnetospheric condi-
tions, but on the global scale, and using precipitated auroral electrons during Saint Patrick's 2013 and 2015
Geomagnetic Storms. Selection of these precipitated electron fluxes were done using corresponding data coming
from RCM-E/STET model simulations and DMSP observations with major emphasis on the main phases of these
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geomagnetic storms. Precipitated electron energy fluxes and their mean energies from these two independent
sources are further adapted in the STET code for the estimation of thermal electron heat fluxes and the corre-
sponding electron temperatures.

One of the most important issues in the analysis of above-presented results was the appropriate selection of
magnetospheric energy input to the STET code for the estimations of the thermal electron heat fluxes. In this
sense, the choice of DMSP electron energy fluxes and their mean energies observations from the F16-F18 satel-
lites and follow-up evaluation of the electron thermal heat fluxes is an ideal case, because, besides these values
this mission provides the electron temperature observation that at the DMSP altitudes is defined by electron heat
fluxes. From the other hand, the selection of RCM-E in our analysis presented above was very instrumental to
study the quantitative and qualitative relation between electron precipitation and electron heat flux formation on
the global scale because the DMSP satellites orbits are only Sun-synchronous ones.

The thermal electron heat fluxes calculations that are presented in this paper during the Saint Patrick's 2013 and
2015 Geomagnetic Storms correspond to the region of diffuse aurora only, because the RCM-E is developed
(Chen et al., 2019) and applied in the combination with the STET code (Khazanov, Chen et al., 2019) only for
this part of the region. Additional development of RCM-E code is required to handle other types of auroral phys-
ics. STET code includes the region of the discrete aurora (Khazanov, Glocer, & Chu, 2021), but also needs to be
improved for the analysis of arbitrary electron precipitation function that corresponds to the region of Alfven and
other auroras.

With all restrictions of our analysis that we discussed above, for the first time, the electron thermal flux formation
is presented and analyzed on the global scale when intense electron precipitations occur during the Saint Patrick's
2013 and 2015 Geomagnetic Storms (see Figures 4-8 and affiliated discussions in the text). We validated electron
heat fluxes results in this manuscript by comparing our simulation with the DMSP F16-F18 satellites obser-
vations (see Figures 9-12 and Table 2 for details) and general analysis of electron temperature development
presented in Figures 13 and 14 that is based on RCM-E/STET coupled simulations.

As it is presented in Table 2, Te/DMSP and Te/DMSP-STET-based data are very close to each other within 10%
difference. This is consistent with the uncertainty of Te observations by DMSP satellites and ensures the validity
of heat flux calculation technique presented in this paper.

Data Availability Statement
The data used in this study are available at https://zenodo.org/record/7379528.
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