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Jie Zhu' and Aaron J. Ridley'

"Department of Atmospheric, Oceanic and Space Sciences, University of Michigan, Ann Arbor, Michigan, USA

Abstract The Joule heating rate has usually been used as an approximate form of the neutral-ion
collisional heating rate in the thermospheric energy equation in global thermosphere-ionosphere

models. This means that the energy coupling has ignored the energy gained by the ions from collisions with
electrons. It was found that the globally averaged thermospheric temperature (T,,) was underestimated

in simulations using the Joule heating rate, by about 11% when F;,, =110 solar flux unit

(sfu, 1 sfu=10"22 W m=2 Hz™") in a quiet geomagnetic condition. The underestimation of T, was higher

at low latitudes than high latitudes, and higher at F region altitudes than at E region altitudes. It was
found that adding additional neutral photoelectron heating in a global IT model compensated for the
underestimation of T, using the Joule heating approximation. Adding direct photoelectron heating to the
neutrals compensated for the indirect path for the energy that flows from the electrons to the ions then to
the neutrals naturally and therefore was an adequate compensation over the dayside. There was a slight
dependence of the underestimation of T, on F, ;, such that larger activity levels resulted in a need for more
compensation in direct photoelectron heating to the neutrals to make up for the neglected indirect heating
through ions and electrons.

1. Introduction

The energy coupling between the ionospheric plasma and the neutral atmosphere strongly affects the global
energy budget and temperature distribution of the thermosphere. lonosphere-thermosphere models usually
use the Joule heating approximation as the neutral-ion energy coupling term in the neutral energy equation
[Roble et al., 1988; Fuller-Rowell and Rees, 1980; Zhu et al., 2005]. Various studies have shown that Joule heating
[Cole, 1962, 1971] is one of the major energy sources of the upper atmosphere at high latitudes using satellite
[Heelis and Coley, 1988; Gary et al., 1995; Liu and Liihr, 2005] and ground-based measurements [Banks et al.,
1981; Thayer, 1998], as well as using coupled global ionosphere-thermosphere models [Barth et al., 2009;
Fuller-Rowell et al., 1996; Rodger et al., 2001; Deng et al., 2011]. Codrescu et al. [1995] suggested that Joule heat-
ing could be significantly underestimated by the exclusion of small-scale variability of E field in high-latitude
convection models. Deng and Ridley [2007] further pointed out that model resolution and the vertical dif-
ferences between ion and neutral velocity were other two sources for an underestimation of Joule heating
within global IT models. Emery et al. [1999] suggested that a corrective multiplicative factor of 2.5 of the Joule
heating rate was needed for the winter hemisphere in order to account for small-scale structures and rapid
variability in high-latitude electric fields. Significant efforts have been made to quantify various uncertainties
existing in modeling the Joule heating rate. However, despite the widespread use of the Joule heating rate as
an approximation of the neutral-ion collisional heating rate in the neutral energy equation, there have been
few studies showing how well the Joule heating rate performs in a global ionosphere-thermosphere model.

Solar radiation in Extreme Ultraviolet (EUV) and soft X-ray wavelengths is the dominant energy source of
the upper atmosphere. It is known that the solar radiation energy primarily goes directly into photoioniza-
tion and molecular dissociation [Torr et al., 1980]. Photoelectrons are produced through the photoionization
process, carrying photon energy in excess of the ionization threshold as kinetic energy. Photoelectrons are
then responsible for heating the ambient thermal electrons [Smithtro and Solomon, 2008]. Efforts have been
made to develop a physical model to solve photoelectron flux and energy spectra considering transport, elas-
tic and inelastic collisions, and energy loss to ambient electrons [Nagy and Banks, 1970; Richards and Torr,
1983; Torr et al., 1990]. A parameterization of the electron volume heating rate by photoelectrons was devel-
oped by Swartz and Nisbet [1972]. An improved parameterization was further developed for application to

ZHU AND RIDLEY

INVESTIGATE NEUTRAL-ION ENERGY COUPLING 578


http://publications.agu.org/journals/
http://onlinelibrary.wiley.com/journal/10.1002/(ISSN)2169-9402
http://dx.doi.org/10.1002/2015JA021637

@AG U Journal of Geophysical Research: Space Physics 10.1002/2015JA021637

photoelectron heating of ambient thermal electrons during solar flares [Smithtro and Solomon, 2008]. It was
suggested that neutrals were indirectly heated by photoelectrons: collisions between photoelectrons and
thermal electrons produced hot electrons which heat neutrals and ions through elastic and inelastic colli-
sions [Torr et al., 1980; Roble and Emery, 1983; Aggarwal et al., 1979]. The electron-ion collisions dominate over
the electron-neutral collisions above the E region [Aggarwal et al., 1979]. A constant photoelectron heating
efficiency of ~0.05 has been applied in global ionosphere-thermosphere models such as the Thermosphere
lonosphere Electrodynamics General Circulation Model [Roble et al., 1988; Richmond, 1995] and the Global
lonosphere-Thermosphere Model (GITM) [Ridley et al., 2006] in order to compensate for the discrepancy in
the thermospheric temperature between model results and observations [Burrell et al., 2015; Maute, 2011].
However, there have been few literatures investigating whether there exists direct photoelectron heat-
ing to the neutral atmosphere or quantifying the neutral photoelectron heating efficiency for the neutral
atmosphere either by observation or by numerical calculation to the author’s knowledge.

In this study, through the investigation of the performance of the Joule heating rate as an approximate form of
the neutral-ion energy coupling rate in GITM, an explanation (or a justification) for using a photoelectron heat-
ing efficiency for the neutral atmosphere will be presented. To fully consider the neutral-ion energy coupling,
a complete neutral-ion collisional heating terms need to be considered. Two forms of the neutral-ion heat-
ing rate were implemented in GITM: the simplified Joule heating rate and a more complete energy equation
that allows energy flow from the electrons to the ions then to the neutrals. The influence of the two forms
of neutral-ion heating rate on the thermospheric temperature was investigated and three questions will be
explored: (a) How much has T, been underestimated or overestimated by using the Joule heating as the
neutral-ion energy coupling term? (b) How did the performance of the Joule heating term change with alti-
tude, latitude, and local time? (c) How accurately has the neutral photoelectron heating used in global IT
models compensated for the missing heating?

2. Methodology

The Global lonosphere-Thermosphere Model is a three-dimensional model that couples the ionosphere-
thermosphere system in spherical coordinates [Ridley et al., 2006]. In this study, the Weimer [2005] model was
used for the high-latitude electric fields, and the Fuller-Rowell and Evans [1987] model was employed to pro-
duce the auroral precipitation pattern. A dynamo electric field was solved for in a self-consistent way by using
the techniques described in Richmond [1995] and Vichare et al. [2012]. This study used the recently updated
GITM, in which the neutral, ion, and electron energies are fully coupled (J. Zhu and A. J. Ridley, Simulating elec-
tron and ion temperature in a global ionosphere-thermosphere model: Validation and modeling an idealized
substorm, submitted to Journal of Atmospheric and Solar-Terrestrial Physics, 2015).

The complete neutral-ion collisional heating rate can be written as [Banks and Kockarts, 1973; Schunk, 1975]:
Vie 2

=Enmz—3T-—T+mu—u-, 1

OC - kkrmk+ml[K(l n) r(n l)] ()

where n, m, and T are the number density, mass, and temperature respectively, u,, and u; are the neutral and
ion velocities, and the subscripts t and k denote the ion and neutral species, respectively, while the subscripts
i and n denote the bulk ion and neutrals, respectively. Specifically, the term “neutral-ion” was used for source
terms in the neutral energy equation and the term “ion-neutral” was used in the ion energy equation here.
The first term is the heat transfer rate from the ions to the neutrals, with the second term being the neutral-ion
frictional heating rate due to the velocity difference between the two species [Banks and Kockarts, 1973;
Schunk, 1975].

Generally, the ion temperature can be assumed to be in steady state and balanced by energy coupling to both
neutrals and electrons:

5, Mmi+m, v, )
3k(T; = Ty) = my(Uy — up)” + —————Qx(T, = T)) + m,(Ue — u;)), )

i Vin
where v,, and v, are the collisional frequencies between ions and electrons and between ions and neutrals,
respectively. Considering m, < m;, the ion-electron frictional heating rate can be ignored, and equation (2)
can be simplified to

m; + my Vie

3c(T, = T,) = my(u, —u)* + 3k(T, = T)). 3)

i Vin
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At high latitudes or on the nightside when the electron density is low, v;, can be much less than v,,. Thus, a
balance can be approximated between the ion-neutral heat transfer rate and the ion-neutral frictional heating
rate, and the ion energy equation can be simplified to

3’((7—1 - Tn) = mn(un - ui)z- (4)

This assumption has been widely applied for large temporal and spatial ionospheric structure at high latitudes
when the ion density is low [St-Maurice and Hanson, 1982; Killeen et al., 1984; Schunk and Nagy, 2009; Thayer
and Semeter, 2004].

This approximation can be substituted into equation (1), so that the complete neutral-ion collisional heating
rate can be written as

~Q, = Y —u)? —u)?
Qe Q= Dy 2 oo [ttt = up? + ity = )] 5)

This is consistent with the suggestion by St-Maurice and Hanson [1982] that the Joule heating rate was twice
the neutral-ion frictional heating assuming m, ~ m,.This equivalence was confirmed by in situ measurements
by the Atmosphere Explorer satellites around the 1980s [St-Maurice and Hanson, 1982].

Using the relation
NyMpVyi = NiM;Vip, (6)

the neutral-ion collisional heating rate in equation (5) can be written as
Q= Z nmy Z V(U — )’ (7)
t K

If the ion and electron motion perpendicular to the magnetic field is in steady state and determined only by
the Lorentz and ion drag force, the electron gyrofrequency is much greater than the electron-neutral colli-
sional frequency which is true above 90 km [Brekke, 2012; Thayer and Semeter, 2004; Strangeway, 2012], Q, is
equivalent to the Joule heating rate

Q=jF. 8)

Here jis current and E’ is the electric field in the neutral gas frame [Thayer and Semeter, 2004].

The errors in the temporal change rate of T,, using Joule heating rate can be estimated by subtracting the time
rate of change of T,, due to Q, from that due to Q.. The time rate of change of the neutral temperature due to
the neutral-ion energy coupling is given by

dT, _ Q
dt ~ x Y nm,’
k

9

where « is the Boltzmann constant, and Q stands for either the complete neutral-ion collisional heating rate
as shown in equation (1) or the Joule heating rate as shown in equation (7). For simplicity, the mean mass (i.e.,
number density weighted mass) was applied for the neutrals (m,) and ions (m;) in the following calculation.
In order to explain the errors in the simplification in going from the more complete equation to the Joule
heating simplification, the difference between the two can be explored and expressed as

dT, -
A—" x u (10)
dt n,m,k
Q¢ in equation (1) was simplified to
= Vi = 2
Q, = MMy = —— [3x(T; = T,)) + my(u, — u))?], (11)
n ]
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while Q, in equation (5) was simplified to

Q) = nnmn_v—”"_ [, (u, — up)? + MU, —u)?] . (12)
s m, + m;

Substituting Qc, and Q,_ into equation (10) leads to

dT,
A—m x ———
dt  x(m,+m,)

\i

[3K(TI - Tn) - mn(un - ui)z] . (13)

Substituting equation (3) into equation (13) and assuming m,, ~ m; result in

A9 Vs gy (14)
dr Sm e

1

Considering the electron-ion collision frequency in s~ [Schunk and Nagy, 2009]

nZ?
T

Ve = 5.44%107° (15)

3
where n; is the ion number density in m=3, Z; is the number of ion charge, T, is in Kand 54.4 is in s~ K3 m3,
and the relation

Nn,m,vg; = Nim;v, (16)

is used. Equation (14) can be further expressed as

dr, 5.44x107°22m, \ n, n,
Al 32 )| LT, -T) x = (T, - T). (17)

dt 2 3 3
T? T2

i
Here the variation of the neutral-ion collisional frequency (which is neutral density dependent) was ignored.
This equation shows that the Joule heating approximation is valid in regions in which either (a) the ion
density is quite low or (b) the temperature difference between the ions and electrons is small. As noted by

St-Maurice and Hanson [1982], Killeen et al. [1984], Schunk and Nagy [2009], and Thayer and Semeter [2004],
these conditions tend to occur at high latitudes.

The heating rates are defined for reference below. The ion-neutral frictional heating rate is

_ My Vi 2
Q= N) = Z nem, ; el UL (18)
and the ion-neutral heat transfer rate is
3K Vi
I—N) = n.m — (T —-T). 19
QT( ) Z t r;mr"}'mk(l n) ( )

The ion-electron heat transfer rate is expressed as
3kv,
I-E)y= Y nm—=—(T,-T,). 20
OT( ) zr, t rmt+me(l e) ( )

In this study, the complete neutral-ion collisional heating rate in equation (1) and the Joule heating rate in
equation (7) were implemented in the Global lonosphere-Thermosphere Model. First, a set of simulations
were conducted during the winter solstice, i.e., 21-23 December 2012. The first simulation used a complete
neutral-ion collisional heating rate with zero photoelectron heating efficiency (PHE) (termed the Complete
simulation). The second simulation used the Joule heating rate as an approximate form of the neutral-ion
collisional heating rate with zero PHE (termed the Joule simulation). The third simulation (termed the Joule
simulation with 0.05 PHE) is the same as the Joule simulation except with a PHE efficiency of 0.05. All exter-
nal drivers in the three simulations were the same and constant: the F,,, index was 110 sfu (sfu, 1 sfu =
10722 W m~2 Hz "), interplanetary magnetic field (IMF) B, was southward with the value of —2 nT and the IMF
B, was 0 nT, the solar wind speed was 400 km/s, and the hemispheric power was set to 20 GW. The dynamo
solver was turned on in all the simulations. The grid size was 2.5° longitude by 1.0° latitude. The altitudinal
grid size was stretched to about one third of a scale height based on the initial thermospheric temperature
and density. Also, the same set of simulations were conducted with two different F;, ;: 70 sfu and 150 sfu,

ZHU AND RIDLEY

INVESTIGATE NEUTRAL-ION ENERGY COUPLING 581



@AG U Journal of Geophysical Research: Space Physics

10.1002/2015JA021637

Simulation Days

900 , in order to explore the dependence of the
f ] Joule heating approximation on solar irradiance
850_7 B and justify the photoelectron heating efficiency
\if 800/ , used to compensate the missing heating.
E] E ]
8 9 g ]
g 790 % - . 3 3. Results
E 200k ' T 3.1. Comparison Between the Complete
Compl + WIO PHE and Joule Simulations
...... Joule +W/O PHE . L.
650 — _ . Joule +0.05PHE Figure 1 shows the temporal variation of the
0 ; : 3 globally volume-averaged neutral temperature

over three simulation days for the three cases.

Figure 1. The evolution of the global averaged neutral The globally averaged temperature was plotted

temperature over three simulation days beginning from 0o T to illustrate the evolution of the simulations into
24 December 2012, The solid line shows the simulation using a steady state. In all three cases, the globally

the complete neutral-ion collisional heating rate with PHE equal  averaged T, decreased quickly during the first

to zero (termed as the Complete simulation). The dotted line 5 h, increased gradually, and leveled off at the

shows the simulation using the Joule heating rate with PHE L g .
beginning of the third day. T,, dropped in the

equal to zero (termed as the Joule simulation). The dashed line o . ~
shows the simulation using the Joule heating rate with PHE beginning of the simulation because GITM does
not assume a hydrostatic solution [Ridley et al.,

equal to 0.05 (termed as the Joule simulation with 0.05 PHE).
2006], and it is initialized with Mass Spectrome-

ter Incoherent Scatter [Hedin et al., 19771, which does not have a perfectly hydrostatic balance. There were
massive modifications of the dynamics that took place over the beginning of the simulations. T,, in the Joule
simulation leveled off at around 740 K, which was about 90 K (~11%) lower than the Complete simulation.
This was expected because the Joule heating rate did not account for the ion-electron heat transfer in the
ion thermal equation. This resulted in an underestimation of T; — T,, as shown in equation (4), thus leading
to a lower neutral-ion heat transfer rate for the neutrals. This phenomenon tends to occur in the dayside
F region where the ion densities are large and the electron temperature becomes progressively larger than
the ion temperature [Roble, 1975]. The third simulation, which is the normal method in global IT models, used
the Joule heating rate with a nonzero neutral photoelectron heating efficiency. Different PHE values were
tested (not shown here), and it was found that a Joule simulation with PHE equal to 0.05 had approximately
the same globally averaged T,, as the Complete simulation, as shown by the dashed line in Figure 1.

Figure 2 shows the comparison of the T, distribution between the three simulations. Figure 2 (top row) shows
the global horizontal distribution at 300 km of T,, for the three cases. The Joule simulation (i.e., Figure 2, middle
column) shows a similar distribution of the neutral temperature as the Complete simulation (i.e., Figure 2, left
column); however, a difference of about 100 K existed globally at 300 km between the Complete and Joule
simulations. Although it was expected that it would be the dayside where the Joule heating rate most deviated
from the complete neutral-ion collisional heating rate, there was also about 100 K difference in the nightside
F region. This was due to neutral winds advecting the increased temperature from the dayside to the night-
side. The comparison of T, at 180° longitude (middle row) and at 300 km altitude above 50° latitude (bottom
row) were shown in Figure 2. Large temperature differences are observed in these cuts as well. By increasing
the photoelectron heating efficiency to 0.05, the Joule simulation with 0.05 PHE, as shown in Figure 2
(right column), showed a similar global distribution as the Complete simulation excluding photoelectron
heating for the neutrals.

The compensation for the underestimation of T,, in the Joule simulation by the neutral photoelectron heating
efficiency was not a coincidence. The approximation of the neutral-ion energy coupling by the Joule heating
rate is based on the assumption that the ion temperature is balanced between the energy exchange term and
the frictional heating term with the neutrals. However, the heating by ambient electrons could be a nontrivial
heat source where the electron density is high, i.e., on the dayside and the F region at high latitudes [St-Maurice
and Hanson, 1982; Killeen et al., 1984]. In these regions, T; could deviate from the energy balance assumption
as shown in equation (4) due to the ion-electron energy coupling. In other words, T; was underestimated in
the Joule heating rate as a form of the neutral-ion energy coupling. Therefore, the Joule heating rate turned
out to be smaller than the complete neutral-ion collisional heating rate in these regions. Furthermore, the
difference between the Joule heating rate and the complete neutral-ion collisional heating rate most likely
originates from photoelectrons. This is because photoelectron heating is one of the major heat sources for the
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Figure 2. The comparison of T,, between the (left column) Complete simulation, the (middle column) Joule simulation,
and the (right column) Joule simulation with 0.05 PHE at 00 UT on 24 December 2012. (top row) The 300 km altitude
slice. (middle row) The 180° longitudinal slice. (bottom row) The north polar cap above 50° latitude.

ambient thermal electrons on the dayside [Nagy and Banks, 1970; Rasussen et al., 1988; Smithtro and Solomon,
2008]. The thermal electrons heated through collisions with photoelectrons subsequently transfer thermal
energy to ions, leading to a deviation from the neutral energy balance assumption of T;. Therefore, the nonzero
photoelectron heating efficiency used to calculate T,, applied in the case using the Joule heating rate (i.e., the
simplified neutral-ion collisional heating rate), mimicked the indirect heating process from photoelectrons to
neutrals (through the ions) as a direct heating process.

Figure 3 shows the percentage difference of the neutral temperature between the Complete simulation and
the Joule simulation, as expressed in equation (10),at 00 UT on 24 December (i.e., the end of the last simulation
day) at 140 km, 250 km, and 400 km. At 140 km, the difference was within 8%, and the northern polar region
had a higher percentage difference than other regions. At 250 km, the difference increased to approximately
12% in the Northern Hemisphere, and about 8% in the Southern Hemisphere. At 400 km, the percentage
difference maximized at around 15% in the low-latitude region, which was consistent with St-Maurice and
Hanson [1982], Killeen et al. [1984], and Schunk and Nagy [2009], who found that the ion-electron energy cou-
pling played a less important role for the ion temperature at high latitudes than it did at low and middle
latitudes because the electron density was generally lower at high latitudes. Specifically, T, was underesti-
mated by about 10-12% in the polar regions and by about 6% on the nightside in the Joule simulation. It
was also found that the percentage difference in T, was higher around the F region (400 km) than around the
E region (140 km). This could be caused by two reasons: (a) the E region electron density was generally lower
than the F region density, thus the E region ion temperature can be better approximated by a balance through
energy coupling with the neutrals than the F region ion temperature; (b) the neutral atmosphere decreases
with altitude, which makes the thermosphere at E region altitudes more difficult to heat through neutral-ion
collisional heating (or Joule heating) [Deng et al., 2011].

ZHU AND RIDLEY

INVESTIGATE NEUTRAL-ION ENERGY COUPLING 583



@AG U Journal of Geophysical Research: Space Physics 10.1002/2015JA021637

90 In Figure 4, the colored contours show the dif-

L S— ference of the time rate of change of the neu-
45 - tral temperature due to the neutral-ion energy
é’ oF (- | o\° coupling between the Complete and the Joule
= = simulations at 140 km, 250 km, and 400 km.
- a5l | The difference was about 2 orders smaller at
140 km than at 250 km or 400 km, and it
90\ ‘ ‘ . was negative around the polar auroral bands at
go‘ ; ; ; ; : , : 140 km where the ion temperature was slightly
L SE0km higher than the electron temperature due to
45 140 the large frictional heating with the neutrals.
§ 0 g R As shown in equation (17), when T; becomes
% [ i 6~ higher than T,, the difference of the heating rate
a5k i N becomes negative, meaning that the Joule heat-
5 ing approximation would cause excess heating
90\ ! ! : ‘ ‘ ‘ ‘ 0 in these locations. The vertical profile of the
90 w ‘ ‘ ion-neutral frictional heating will be further dis-
| 400 km cussed below. The model limits the electron
45+ 1 temperature so that it can be not less than 90%
§ 0 10 2 of the ion temperature for stability purposes. At
£ [ | = 250 km, the difference reached a peak around
- 45l | 20°-45° latitude on the dayside and decreased
toward both polar regions. At 400 km, the differ-
90\ : : ) ence maximized around the geographic equa-

0 90 180 270 36 0

tor and generally decreased with latitude but
was relatively large on the dayside and weak on
Figure 3. The percentage difference of T,, between the the nightside. There was also a localized maxi-

Complete and the Joule simulations, i.e,, T,% = MX mum in the auroral zone in the Southern Hemi-
100%, at (top) 140 km, (middle) 250 km, and (bottom) 400 km. sphere, which could be due to a large deviation

Longitude

of T; from the energy balance assumption in the
auroral band with high electron densities.

Equation (17) shows that the difference between the complete neutral-ion collisional heating and the Joule
heating rate is proportional to </ 3/2 (T, —T;). This term is contoured by the dotted lines in Figure 4. The contour

of this proportional term generally agrees with that of difference in the time rate of change of T,, at 250 km and
400 km, which, once again, indicates that the difference between the complete neutral-ion collisional heating
rate and the Joule heating rate resulted from the lack of consideration of the ion-electron energy coupling in
the Joule heating rate.

One feature to note about the global distribution of T, is that the percentage difference of T, in Figure 3
was greater in the Northern Hemisphere than in the Southern Hemisphere. This was caused by two factors.
First, as shown in Figure 2, the Southern Hemisphere was generally warmer than the Northern Hemisphere in
December. A greater temperature denominator led to a smaller percentage difference even assuming a similar
T, difference between the two hemispheres. Second, the difference of the time rate of change in the neutral
temperature, as shown in Figure 4, was generally greater in the Northern Hemisphere than in the Southern
Hemisphere at 250 km, which indicates a greater T, difference in the Northern Hemisphere.

There were some slight inconsistencies between the colored contour and the line contour at 400 km, which
is expected because assumptions have been made in the derivation for equation (17), such as using mean
masses for simplification, equality of the mean masses between the ions and neutrals, and assuming constant
ion mean mass. Further, neutral density variations were assumed to be negligible. The uncertainty of these
assumptions could increase in the F region where transport processes become important, and the variations
in mass density could become larger.

Figure 5 shows altitudinal profiles of the three major ion thermal sources and losses: the ion-electron heat
transfer Q(/ — E), the ion-neutral frictional heating rate Q;(/ — N), and the negative ion-neutral heat transfer
term —Q;(I — N) as presented in equations (18)-(20) at three different locations. On the dayside, the ion
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Figure 4. The color contour shows the difference of the time
rate of change of T,, due to the neutral-ion energy coupling
between the Complete and Joule simulations at (top) 140 km,
(middle) 250 km, and (bottom) 400 km. The unit is in Km=3s~1,
The dotted line contours the term on the right side of
equation (17).

temperature was approximately balanced by
the ion-neutral energy coupling below 150 km
altitude (i.e., energy gained by frictional heat-
ing was lost by heat transfer). The ion-electron
heat transfer rate increased quickly with alti-
tude, and the ion temperature became a balance
between the ion-electron and ion-neutral heat
transfer rates around the F region. The transition
region of the energy balance is at approximately
180 km. This means that the Joule heating rate
is a good approximation of the neutral-ion col-
lisional heating rate in the E region on the
dayside but not in the F region. In the polar
region, the ion energy balance was primarily
between the frictional heating and heat transfer
to the neutrals, until the electron heat trans-
fer became a dominant source of energy above
around 350 km. This shows that the Joule heat-
ing rate is a relatively good approximation in
the high-latitude region below 350 km. On the
nightside, the ion-electron heat transfer was 1
to 2 orders of magnitude smaller than the other
two terms throughout most of the plotted alti-
tudes. Thus, the Joule heating rate was always a
good approximate form of the neutral-ion col-
lisional heating rate on the nightside. The fric-
tional heating rate (i.e., yellow line) had a peak
in the E region. This indicates a large heat source
for ions by friction with neutrals in this region,
such that T; could be greater than T,. This helps

to explain the negative ion-electron heating rate around 100 km in the polar region and on the nightside.
Note that on the nightside between the E region and F region, the ion temperature equation is balanced by

other terms, such as thermal conduction, instead of only being balanced by friction and heat transfer.
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Figure 5. The altitudinal profiles of the ion-electron heat transfer rate (blue), the ion-neutral frictional heating rate
(yellow), and the negative ion-neutral heat transfer rate (orange) at three geographic locations at 00 UT of the last day
of the simulation.
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Figure 6. In the same format as Figure 1. The temporal evolution of the global averaged T,, when (left) F;q; = 70 sfu
and (right) F¢ 7 = 150 sfu.

3.2. F,,; Dependence

Considering the underestimation of T, by the Joule heating rate was mainly caused by the neglect of the
indirect heating from electrons to neutrals (through ions) and photoelectron heating was the main way to
make up this short fall, it may be expected that the performance of the Joule heating rate (with the 5% PHE)
was solar condition dependent. Figure 6 shows the evolution of T,, of the same set of simulations as in Figure 1
but with F,,; = 70 sfu (left) and F,,, = 150 sfu (right). When the solar activity was low (i.e., F;o; = 70 sfu),
the global averaged T,, was underestimated by about 50 K (~7%) compared with the Complete simulation
in steady state (i.e., at the end of the three simulation days). A photoelectron heating efficiency of 0.035 for
the neutral atmosphere compensated for the indirect heating. When the solar radiance was high (i.e., F;o; =
150 sfu), the Joule simulation underestimated the global averaged T,, by about 140 K (~14%), which could be
compensated by a neutral photoelectron heating efficiency of 0.07. During a medium solar condition with
Fi07 = 110 sfu, as shown in Figure 1, the global averaged T, in the Joule simulation was approximately 90 K
(~11%) cooler than it was in the Complete simulation, which required a photoelectron heating efficiency of
0.05 for compensation. These simulation results suggest a linear relation possibly existing between F,, ; and
the performance of the Joule heating rate. An increase of 10 sfu of F,, ; caused about 1% underestimation of T,
in a simulation using Joule heating rate with no photoelectron heating. The photoelectron heating efficiency
increased by 0.015 when F,, , increased from 70 sfu to 110 sfu and increased by 0.02 when F,, ; was increased
by 40 from 110 sfu to 150 sfu. This indicates that the PHE for the neutral atmosphere that was required for
compensating T, in Joule simulations tended to increase faster with F, ; during high solar conditions, and
the electron-ion heat transfer becomes more important nonlinearly as solar activity increases.

4. Discussion and Conclusion

This paper has discussed the performance of the Joule heating rate as an approximate form of the neutral-ion
collisional heating rate in the neutral energy equation in the Global lonosphere-Thermosphere Model. This
approximation was valid where the ion-electron collisional heating was negligible and the ion tempera-
ture could be approximated by a balance between energy coupling with the neutrals. It has been shown
that the global average thermospheric temperature was underestimated by ~11% in the Joule simulation at
solar medium (i.e,, F;o; equal to 110 sfu) and quiet geomagnetic conditions. The percentage difference of T,
between the two simulations generally decreased from the dayside to the nightside, and from high to low
altitudes. At 400 km, the Joule approximation underestimated the neutral temperature by about 15% on the
dayside, by about 10-12% in the polar regions, and by about 6% on the nightside. The discrepancy between
the Joule heating rate and the Complete neutral-ion collisional heating rate is mainly due to the neglect of
the ion-electron heating in the ion energy equation. However, the ion-electron energy coupling can be a
nontrivial thermal source for ions in the dayside F region and in the higher-altitude polar region.

By increasing the photoelectron heating efficiency of the neutral atmosphere, the underestimation of T,, was
compensated for quite adequately. A global ionosphere-thermosphere model that used the Joule heating
rate as an approximation of the neutral-ion energy coupling usually applied a PHE for the neutral atmosphere
to match model results with observations. However, there has been few studies quantifying the direct heating
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from photoelectrons to the neutrals. It was found that there existed a roughly linear relation between the
performance of the Joule heating approximation and solar activity. Higher F,, , led to a larger discrepancy
in T, in a simulation using Joule heating rate without the employment of a neutral photoelectron heating
efficiency. The compensating neutral PHE increased with solar activity as well. It appeared that the indirect
heating of neutrals by electrons increased more efficiently at a high level of solar activity. Beside solar activity,
solar wind condition and particle precipitation at high latitude could possibly affect the performance of the
Joule heating rate because the convection pattern and auroral activity could effectively change the dynamics
of the ionosphere and thermosphere. Further study is needed to investigate the performance of the Joule
heating approximation during geomagnetic disturbances. A global IT model should be careful when using
the Joule heating rate as an approximate form of the neutral-ion collisional heating rate. Using a fixed neutral
PHE to compensate for the loss of the indirect heating from thermal electrons to neutrals may not be proper
because the indirect heating from electrons to neutrals can be F,, ; dependent. It should also be noted that
compensating for one heating source with another may allow quantities such as orbit-averaged mass density
to compare quite well with measurement. In addition, since the main area of the temperature difference was
on the dayside, and the photoelectron heating also worked on the dayside, any data-model differences caused
by issues using the photoelectron heating instead of the complete equation set would be quite subtle during
quiet times, as evidence by the comparisons shown here between the two simulations.
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