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Theoretical Study of the Electron Temperature in the High-Latitude 
Ionosphere for Solar Maximum and Winter Conditions 
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The electron temperature (Te) variation in the high-latitude ionosphere at alti~udes .b~tween 1 ~~ and 800 
km has been modeled for solar maximum, winter solstice, and str0t;'~ magne.tlc actIVIty conditIOns. The 
calculated electron temperatures are consistent with the plasma denSItIes and Ion temperatu!e~ c~mputed 
from a time-dependent ionospheric model. Heating rates for both solar EUV and auroral preclpltatl~n were 
included. In general, the predicted UT variation of the electron temperature that results fr~m the ~lSplace­
ment between the magnetic and geographic poles is only a few hundred degrees. However, In sunlit trough 
regions, Te hot spots develop, and these hot spots show a marked ~T variation, by as ~uch as 2S~ K. The 
dominant parameter controlling the Te variation above 200 kID IS the magnetosph~nc heat flux Into th.e 
ionosphere, which is essentially unknown. For realistic values of the magnetosphenc heat ~ux, the max~­
mum electron temperature ranges from S()()() to IO,()()() K at 800 km. A magnetosphenc heat flu~ IS 
particularly effective in enhancing trough electron temperatures. In general, the electron heat fl.ux at high 
altitudes is uniquely related to the electron temperature and gradient, except on auroral field lines where 
thermoelectric heat flow is important. 

1. INTRODUCTION 

During the last several years, we have developed a compre­
hensive model of the convecting high-latitude ionosphere in 
order to determine the extent to which various chemical and 
transport processes affect the ion temperature, ion composition, 
and eleGtron density at F region altitudes [cf. Schunk and Raitt, 
1980; Sojka et aI., 1979, 1981a; Schunk and Sojka, 19820]. Our 
numerical model produces time-dependent, three-dimensional 
distributions for the ion temperature and the ion (NO+, m, ot 
N\ 0+, He) and electron densities. The model takes account of 
field-aligned diffusion, cross-field electrodynamic drifts, thermo­
spheric winds, polar wind escape, energy-dependent chemical 
reactions, neutral composition changes, ion production due to 
solar EUV radiation and auroral precipitation, ion thermal 
conduction ion diffusion-thermal heat flow, and local heating 
and coolin~ processes. Our model also takes account of the 
offset between the geomagnetic and geographic poles. 

In this investigation, we have improved our high-latitude 
ionospheric model by including the electron energy equation so 
that we can study the electron temperature variations in the 
high-latitude F region. The adopted energy equation takes 
account of thermal conduction, thermoelectric transport, Joule 
heating, heating due to photoelectrons and auroral electrons, 
~llisional coupling to the thermal ions, and both elastic and 
lDelastic cooling to the neutrals. 

Although a significant effort has been devoted to stud ying the 
electron temperature behavior at middle and low latitudes, in 
comparison much less effort has been directed toward studying 

. the T, behavior at high latitudes [cf. Schunk and Nagy, 1978]. 
However, during the last decade, certain trends have been 
clearly established with the aid of both satellite and ground­
based measurements. For example, Te is higher on the dayside 
than on the nightside; Te is generally higher in the auroral oval 
than Outside the oval· the maximum values of Te are usually 
obtain . ' . 

.. . ed In the cusp; Te is typically elevated m the trough; and 
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Te is significantly elevated during geomagnetic storms and 
substorms. 

Recently, interest in the Tt behavior at high latitudes has been 
renewed with the measurements of extremely high electron 
temperatures (Te 2: 5000 K) and temperature gradients (dTt / dz 
~ 8- 12 K/km) at altitudes below 500 km [Kolman and Wick­
war, 1984]. These temperatures and temperature gradients were 
measured with the Sondrestrom radar in the vicinity of both the 
late morning and early afternoon convection reversals. Very 
high electron temperatures (Tt - 4000-6000 K) were also 
measured near 500 km in red aurora at both Chatanika and 
Sondrestrom [ Wickwar and Kolman, 1984]. In addition, DE 2 
satellite measurements indicate very high electron temperatures 
(Te ~ 8000-10,000 K) and temperature gradients (dTt / dz - 8 
K/km) at 800 km in the cusp region [Curtis et al., 1985]. 

In order to determine how such high electron temperatures 
and temperature gradients might develop and in order to eluci­
date the basic processes controlling Tt behavior at high lati­
tudes, we have used our improved ionospheric model to obtain 
the first large-scale electron temperature distribution at high 
latitudes. The calculations were performed for one set of condi­
tions: solar maximum, winter solstice, and strong magnetic 
activity. 

2. IONOSPHERIC MODEL 

Our mid-high-latitude model contains a plasma convection 
model and an ionospheric-atmospheric composition model. 
The model was initially developed as a mid-latitude, multi-ion 
(NO+, 0;, ~, 0+) model by Schunk and Walker [1973]. The 
model was extended to include high-latitude effects, such as 
plasma convection and auroral precipitation, by Schunk et.al. 
[1975, 1976]. A further extension to include W- and an updatmg 
of the photochemistry is described by Schunk and Raitt [1980]. 
The addition of the plasma convection model, which allows us 
to cover the entire high-latitude region, is described by Sojka et 
al. [1979, 1980]. More recently, the model has been extended to 
include ion thermal conduction and diffusion-thermal heat 
flow, so that the ion temperature is now rigorously calculated at 
all altitudes between 120 and 800 km [Schunk and Sojka, 
1982a]. 
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TABLE 1. Thermal Electron Cooling Processes 

Process 

Equation in the 
Work by Schunk 
and Nagy [1978] Source 

Dalgarno [1968] 
Dalgarno [1968] 

N2 rotation 
0 2 rotation 
N2 vibration 
0 2 vibration 
o fine structure 

(18) 
(19) 
(20) 
(23) 
(26) 
(34) 

(43a) 

Stubbe and Varnum [1972] 
Prasad and Furman [1973] 
Hoegy [1976] 

OeD) Henry et al. [1969] 
Banks [1966] 
Banks [1966] 

N2 elastic 
02 elastic 
o elastic 
He elastic 
H elastic 

(43b) 
(43c) 
(43d) 
(43e) 

Henry and McElroy [1968] 
Banks [1966] 
Banks [1966] 

With the mid-high-latitude ionospheric model, we follow flux 
tubes of plasma as they convect through a moving neutral 
atmosphere. Altitude profiles of the ion temperature and NO+, 
0;, N;, 0 +, N\ and He+ densities are obtained by solving the 
appropriate continuity, momentum, and energy equations 
including numerous high-latitude processes. These equations 
are solved over the altitude range from 120 to 800 km, with 
chemical equilibrium at 120 km and a specified plasma escape 
flux at 800 km being the lower and upper boundary conditions, 
respectively. In this study, the escape flux at 800 km was set to 
zero. 

In this study, we have improved our high-latitude ionospheric 
model by including the electron energy equation so that we can 
study the electron temperature variations in the high-latitude F 
region. The adopted energy equation takes account of thermal 
conduction, thermoelectric transport, louIe heating, heating 
due to both photoelectrons and auroral electrons, collisional 
coupling to the thermal ions, and both elastic and inelastic 
cooling to the neutrals. In the paragraphs that follow, we briefly 
discuss the electron energy equation and the adopted heating 
and cooling processes. 

2.1 . Electron Energy Equation 

The electron energy equation can be written in the following 
form [Schunk and Nagy, 1978]. 

2. N k aT ... = . 2 I ~ (K'" aT ... ) 
2 t aT sm az az 

kJt 3 ( 5 ga ) aT... +sin/-- 1+--0 

-

e 2 3 gllo az 

kJ ... [ I aJl' ( 5 ga) 1 aN ... ] +sin/- -- 1+--0 
--- Tt 

e J... az 2 gllo Nl' az 

J; ~ ~ 
+~+~Qt-~L (1) 

where Tl' is the electron temperature, Jl' is the electron current, 
Nl' is the electron density, (J ... is the electrical conductivity, Kt is 
the electron thermal conductivity, IQ ... is the sum ofthe electron 
heat rates, IL is the sum of the electron cooling rates, I is time, Z 

is the vertical coordinate, k is Boltzmann's constant, e is the 
magnitude of the electron charge, and I is the magnetic field dip 
angle. 

In deriving equation (1) we have used 

(2) 

q ... = -/3 ... J ... - Kl''1 T ... 

where the conductivities are given by 

\ ·Hl'e2 1 
(Jl'=--

Ml' (Jlg)gao 

5 kTl' ga /3 ____ 0 

l' - 2 e gllo 

_1 [_I &. ] 
(JIg) gk

o 
- 2g

To
g,.0 

(5) 

(6) 

where Ul' is the electron drift velocity, ql' is the heat flow Veet 
M t is the electron mass, (JIg) = (JI ... ;) + III (Jlt/!) is the aVer or, 
collision frequency with ions and neutrals, and g g g aged 

. . ao' To' /10' an 
gko are correctlOn factors which account for the variation with 
velocity of the electron-neutral particle collision frequency 
well as for electron-ion and electron-electron effects. The g an~ 
(JI) are given by Schunk and Walker [1970] and are not repeated 
here. 

Several assumptions are implicit in equations (1) to (6). We 
have assumed that Jl' and ql' only flow along the geomagnetic 
field and that the different physical quantities vary only in the 
vertical (z) direction. Also, the electron conductivities are valid 
only for a collision-dominated plasma; i.e., the electron mean 
free path must be much less than the electron temperature scale 
length. Such a condition is generally satisfied in the ionosphere at 
F region altitudes. 

F or ionospheric applications, the electron thermal conductiv­
ity takes a particularly simple form [cf. Schunk and Nagy, 1978], 

where Nil is the neutral density and (qD)1I is the average momen­
tum transfer cross section for neutral species n; the appropriate 
values are given by equations (4Ia)-(4Ie) of Schunk and Nagy 
[1978]. 

2.2. Healing and Cooling Rates 

A crucial input for the electron energy equation is the volume 
heating rate. Significant heating occurs in sunlit regions due to 
photoelectrons and in the auroral oval due to precipitating 
electrons. Several previous studies have described these heating 
rates (see review by Schunk and Nagy [1980] and references 
therein). For the solar EUV heating rate, we adopted the model 
of P . G. Richards [private communication, 1984; Richardsand 
Torr, 1984]. This model computes the electron volume heating 
rate as a by-product of the EUV -produced photoelectron fiUJ. 
For the auroral heating rate, we adopted the profile computed 
by Rees et al. [1971], but the profile was scaled to an auroral 
electron energy flux of I erg cm -2 s - \, which is appropriateJor 
the present study. . 

At middle and low latitudes, the electron temperature is typt- . 
cally greater than the ion temperature, and therefore, the i~ 
act as a heat sink for the thermal electrons. However, at IJigj 
latitudes the ions can be hotter than the electrons, and henCC,aQt­
as a heat source for the electrons. The electron-ion encrtJ 
coupling term we adopted is given by Schunk and Nagy [19'1& 
equation 48], but the expression has been extended to inch~ 
electron interactions with NO+, 0 ;, N;, 0 +, W, and He+. .. 

The thermal electrons cool as a result of both elastic ~ 
inelastic collisions with the neutrals in the upper 
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~g. 1. Contours of loglO [0] as a function of magnetic latitude and 
f LTat three altitudes for 1700 UT. The densities (cm-3

) were obtained 
rom the MSIS atmospheric model [Hedin et al. , 1977a, b]. 

The COoling processes that we included are listed in Table 1. 
Also given in Table 1 are the equation numbers in the work by 
~c.h~nk and Nagy [1978] for the expressions we adopted and the 
ngIna} sources of the cooling rates. 

2.3. Numerical Solution 

~e electron energy equation (1) is a nonlinear, second-order, 
:artl~l differential equation for the electron temperature. This 
s~uahon Was solved by first linearizing in time and then using a 
I ilndard finite difference scheme [Crank and Nicolson, 1947]. 
n general,. the electron energy equation was solved self-

consistently with the ion continuity, momentum, and energy 
equations. The accuracy of the results was determined by check­
ing the energy conservation. Adequate convergence was 
obtained with a 4-km space step. 

At the lower boundary, heat flow processes are negligibly 
small and the electron temperature was calculated by equating 
local heating and cooling rates. At the upper boundary, the 
electron heat flux was specified sothat we could study the effect 
on the electron temperature of a high-altitude heat source. 

3. GEOPHYSICAL CONDITIONS 

For this initial electron temperature study, we selected solar 
maximum, winter solstice, and strong geomagnetic activity 
conditions. During the last solar maximum period, electron 
temperatures in excess of 6000 K were frequently observed by 
both ground-based radars and satellites in the high-latitude 
ionosphere. As noted earlier, we hope to obtain an understand­
ing of the processes that act to produce such high electron 
temperatures. Winter solstice was selected because there is both 
a pronounced UT variation of the ionosphere and a large varia­
tion in electron density over the polar region at this time. Strong 
geomagnetic activity conditions were selected so that the effects 
of transport processes on the electron temperature distribution 
could be elucidated. 

One of the important inputs to our ionospheric model is the 
plasma convection pattern. For this study, we selected an 
asymmetric two-cell pattern with enhanced plasma flow in the 
dusk sector. The pattern is of the type developed by Volland 
[1975, 1978], but modified in the manner described by Sojka et 
al. [1981 b]. A total cross-tail magnetospheric potential of 90 k V 
was selected, which roughly corresponds to a Kp of 5. For our 
asymmetric potential distribution, 75 kV were distributed 
across the dusk cell and 15 kV across the dawn cell. Such a 
distribution produces horizontal convection velocities of up to 
2 km/ s at ionospheric altitudes in the strong convection cell. 
The convection model characteristics also included a circular 
polar cap with a 17° radius, but the center was offset from the 
magnetic pole by 3° in the antisunward direction. In the polar 
cap, the electric field was aligned parallel to the dawn-dusk 
meridian. Equatorward of the polar cap, the electric field 
decreased to zero at the equator as the inverse of the sine of 
colatitude to the fourth power. This convection pattern is the 
same one we used in several previous studies [Sojka et al. , 1981 b, 
1982; Schunk and Sojka, 1982b; Sojka and Schunk, 1983]. 
Further details of the plasma convection characteristics are 
given by Sojka et al. [1981 b]. A similar convection pattern was 
also used in a comparison of model predictions with Millstone 
HilI incoherent scatter observations [Sojka et al., 1983]. This 
paper shows how such a convection pattern appears to a corotat­
ing observer at the longitude of Millstone Hill. 

In addition to the plasma convection pattern, our ionospheric 
model requires several other inputs, including a neutral atmo­
sphere, a neutral wind pattern, an auroral oval, and a Birkeland 
current system. For the neutral atmosphere, we adopted the 
mass spectrometer and incoherent scatter (MSIS) model devel­
oped by Hedin et al. [1977 a], and we used an FlO. 7 of 150 and an 
Ap of 35 to reflect solar maximum and strong geomagnetic 
activity, respectively. For our neutral wind pattern, we adopted 
a modified form of the thermospheric wind pattern given by 
Murphy et al. [1976]. Briefly, the neutral wind over the polar cap 
blows from 1300 to 0100 LT. In darkness the wind speed is 200 
m/ s, while in sunlight it is significantly smaller (see Sojka et al. 
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Fig. 2. Contours of neutral temperature as a function of magnetic 
latitude and ML T at three altitudes for 1700 UT. The temperatures (K) 
were obtained from the MSIS atmospheric model [Hedin et aJ. , 1977a, 
b]. 

[1981b] for further details). For the auroral oval, we adopted the 
model developed by Feldstein et al. [1967], and for Kp = 5 
conditions we selected a precipitating electron energy flux of I 
erg cm -2 s - I . The Birkeland current system is required to model 
the it input to equation (1). For this first study, we set it = 0 
because of the uncertainty connected with the upper boundary 
condition on the heat flow in the presence of a field-aligned 
current [cf. Rees et al. , 1971]. This problem will be discussed in a 
future paper. 

The electron temperature is strongly affected by the neutral 
atomic oxygen density, the neutral temperature, the electron 

density, the ion temperature, and the volume heating rate due t 
.. . 0 

photoelectrons and precIpItatmg auroral electrons. Therefor 
these parameters will be discussed in the following paragrap~ 
so that their influence on Tt can be easily determined. 

Figure 1 shows contours of the atomic oxygen density [0] at 
three altitudes for 1700 UT. At low altitudes, below 300 km, the 
density has a minimum near the magnetic pole and varies by 
only a factor of two between 50° and the pole. In sharp Contrast 
at high altitudes (top panel) the density has a maximum at lo~ 
latitudes around 1500 ML T and decreases by over an order of 
magnitude across the polar cap to 50° at 0400 ML T. The density 
decreases exponentially with altitude with a scale height that 
depends on the neutral temperature. 

1200 Ml T 

1800 

1800 

1800 

2400 
Fig. 3. Contours of 10gIO N. (cm-J

) as a function of magnetic latitude 
and ML T at three altitudes for 1700 UT. 
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Figure 2 shows the neutral temperature plotted in the same 
format as Figure 1 for the same altitudes and UT. At all three 
altitudes, Tn has a maximum at low latitudes around 1500 ML T 
and decreases over the pole to a minimum around 0500 ML T. 
This variation is similar to that of[O] at high altitudes owing to 
the scale height dependence of [0] above 300 km. Tn varies by 
about 200 K across the high-latitude ionosphere, with a maxi­
Dlum value of about 1120 K. Above 300 km, Tn is essentially 
constant with altitude. 

Figure 3 shows contours of log 10 N~ at three altitudes for 1700 
UT. At this UT, more of the polar cap is sunlit than at any other 
time of the day; the terminator extends from 1800 to 0700 ML T. 

1200 MLT 

1800 

1800 

1800 

2400 

Fig. 4. Contours of ion temperature as a func~ion of magnetic latitude 
and MLT at three altitudes for 1700 UT. 
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ELECTRON HEATING RATE 
(eV cm-3 s-l) 

Fig. 5. Electron heating rate as a function of altitude for both auroral 
and solar EUV sources. The auroral heating rate was adopted from Rees 
et al. [1971]. The EUV heating rate is shown for several solar zenith 
angles and was calculated using the method described by Richards and 
Torr [1984]. 

At 180 km, N~ reflects the balance between production and loss 
with both the auroral oval and terminator being discernible via 
the gradients in density. The auroral oval is a region where the 
density is about lOs cm -3, while the terminator is a region where 
the density decreases smoothly from lOS to below 5 X 103 cm - 3. 

At this altitude the density varies by more than .two orders of 
magnitude. 

The N~ variation at 300 km is considerably more complex. 
The highest densities are still associated with the oval and sun­
light, but transport effects have smeared these regions. A region 
of high density has been transported into the polar cap from the 
dayside, producing a "tongue of ionization." In the evening­
midnight-morning sector equatorward of the oval, the mid­
latitude trough is well defined. The increase in density equator­
ward of the trough is due to the upward plasma drift induced by 
the neutral wind. Note that in the evening sector the mid­
latitude trough extends across the terminator (1800 MLT) and 
into sunlight. Such a situation only occurs at this UT, and as will 
be shown later, produces an interesting T~ effect. At 800 km, 
plasma transport is even more important than at 300 km, and 
the various F region features are not as distinct. 

The ion temperatures that are associated with the electron 
densities in Figure 3 are shown in Figure 4. At both 180 and 300 
km, the ion temperature exhibits very little solar control, and 
the ion energy balance is mainly determined by ion-neutral 
interactions. Because of the high electric fields in the dusk 
sector, an ion "hot spot" is generated. This hot spot results from 
ion-neutral frictional heating in the region of high electric fields. 
At low altitudes, this heating mechanism produces ion tempera­
tures that are more than double the neutral temperatures (com­
pare Figures 2 and 4); T; reaches 2600 K in the center of the hot 
spot at 300 km. The T; distribution is relatively complicated at 
800 km, since it depends upon all three previous inputs: neutral 
density, Tn and N~. A full description of the ion hot spot as well 
as the UT variations of T; is given in our previous related studies 
[Schunk and Sojka, 1982a, b]. 

As noted earlier, we adopted the model developed by 
Richards and Torr [1984] to obtain the solar EUV heating rate 
for the thermal electrons. Figure 5 shows a sequence of heating 
rate profiles for different solar zenith angles. The four profiles 
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Fig. 6. Contours of the electron heating rate as a function of magnetic latitude and ML T at 180 km for two universal times. 
The units are eV cm-3 

S- I. 

shown alI lie along the noon meridian. For solar zenith angles 
greater than 90° , the solar heating rapidly diminishes. Over the 
55° to 90° range, the peak electron heating rate varies by a factor 
of about four. As the solar zenith angle increases, the peak 
heating rate decreases and the altitude of the peak increases. 
Also shown in Figure 5 is the electron heating rate due to 
precipitating auroral electrons. This heating rate displays a 
marked exponential decrease with altitude because we assumed 
that the precipitating electron spectrum was hard (several ke V). 

The ML T -magnetic latitude variation of the electron heating 
rate at 180 km is shown in Figure 6 for 1700 UT (right panel) and 
0500 UT (left panel). Contours of 10glO of the heating rate in e V 
cm-3 

S-1 are drawn at intervals of 0.5 from 0 up to 2.5. In both 
panels the auroral oval is clearly evident at a value of about 4 X 
102

• The terminator can be seen to change location as UT 
changes. At the terminator, the heating rate decreases smoothly 
over several degrees of latitude. At 1700 UT the terminator 
overlaps with the auroral oval, but at 0500 UT a significant gap 
exists between the terminator and oval. 

4. ELECTRON TEMPERATURE VARIATIONS 

In this section we show how T~ varies both with UT and the 
heat flux through the upper boundary at 800 km. 

4.1. Zero Heat Flux at Upper Boundary 

We first considered the case of no electron heat flow through 
the upper boundary so that we could clearly assess the relative 
importance of the solar and auroral heat sources as a function of 
UT. The resulting electron temperatures are consistent with the 
electron densities and ion temperatures shown in section 3. 
Figure 7 shows T~ contours at three altitudes for 0500 UT (left 
panel) and 1700 UT (right panel). At 0500 UT and 180 km 
(bottom, left panel), the electron temperature is strongly con­
trolled by local heating rates (compare to Figure 6). On the 
dayside, ~ decreases with increasing solar zenith angle from a 
high of about 2000 K to a low of about 800 K. Elevated electron 
temperatures exist in the auroral oval owing to heating from 
precipitating electrons, but T~ is higher in sunlight than in the 
auroral oval by about 400 K. Outside of daylight and the auroral 
oval, T~ is strongly coupJed to the ions and neutrals, and hence, 

the values are lower (compare T~ with Ii in Figure 4 and Tn in 
Figure 2). 

At and above 300 km, T~ still has the same auroral oval and 
dayside features as at 180 km. However, at these higher altitudes 
an electron temperature hot spot appears in the dusk sector, 
with T~ approaching 2200 K at 300 km. This region coincides 
with the location of the ion temperature hot spot (see Figure 4). 
In this region, the ions are hotter than the electrons, and they 
transfer heat to the electrons via Coulomb collisions. At 800 km, 
T~ is very similar to that at 300 km, which indicates that T, is 
approximately constant with altitude. The exception is a region 
in the dawn sector of the polar cap where Te at 800 km is about 
600 K hotter than at 300 km. This increase is associated with 
enhanced electron densities (see Figure 3), which provide a 
better thermal coupling to the hotter ions. 

The right panel of Figure 7 shows the T~ contours at 1700 UT. 
At 180 km (bottom, right panel), the new position of the term­
inator is evident, as the elevated electron temperatures on the 
dayside now merge with those in the auroral oval. This feature is 
also visible at both 300 and 800 km. In addition, at the higher 
altitudes, new regions of elevated temperatures are present. The 
electron temperature hot spot at 70° latitude and 1800 ML Tis 
the one that coincides with the ion temperature hot spot, as seen 
at 0500 UT. The "second T~ hot spot" at 65° latitude and 1600 
ML T was not present at 0500 UT. In this region, T~ > 11 and 
reaches 2600 K. This hot spot coincides with the extension of the 
mid-latitude trough across the terminator and into sunlight, as 
noted earlier in connection with Figure 3. As the low electron 
densities in the trough convect into sunlight, T~ increases 
rapidly owing to the short time constant for heating, while the 
N~ buildup takes much longer. 

4.2. Fixed Heat Flux at Upper Boundary 

The high-latitude ionosphere interfaces with the hot, tenuoUs, 
magnetospheric plasma, and a heat flow into the ionosphere is 
expected. As discussed in the introduction, the magnitude of 
this heat flux is not known, nor is its variation over the high­
latitude ionosphere. In an effort to determine the importance of 
the magnetospheric heat flux, we calculated electron tempera­
ture distributions in the high-latitude ionosphere for a range of 



SCHUNK ET AL: ELECTRON TEMPERATURE IN THE IONOSPHERE 12.047 

1200 MLT 1200 MLT 

1800 

1800 1800 

1800 1800 

2400 2400 

Fig. 7. Contours of electron temperature (K) as a function of magnetic latitude and ML T at three altitudes for 0500 UT (left 
panel) and 1700 UT (right panel). For these calculations the electron heat flux through the upper boundary was zero. 

assumed magnetospheric heat fluxes. However, for these cases 
We did not calculate consistent ion densities and temperatures 
because of the extensive computer resources that would be 
:~ed~d. I.nstead, we used the time-dependent, three-dimensional 
lstnbutlOns presented in section 3 for no heat flux at the upper 

boundary as inputs to the electron energy equation and then 
obtained new electron temperature distributions for different 
upper boundary heat fluxes. Since the time constant for electron 
~~perature changes is only a few seconds, the electrons quickly 
II Just to heat sources, and this aspect causes no difficulties. 
to owever, since we did not allow the ion density and tempera­
~e .distributions to adjust to the new electron temperature 

tnbution, Our results are not accurate from the quantitative 

point of view. Nevertheless, the qualitative behavior of our 
results is correct. 

In this subsection, we compare the Te distribution obtained 
with a fixed heat flux at the upper boundary of -1 X 1010 eV 
cm-2 

S-1 with the case shown previously of no upper boundary 
heat flux (Figure 7). Figure 8 shows the resulting Te contours at 
1700 UT for the same three altitudes as shown in Figure 7. At 
180 km, Te is identical to the 1700 UT case in Figure 7 (right 
panel), indicating that heat conduction does not penetrate to 
180 km. This is not the case at either 300 or 800 km. The dayside 
and oval temperatures at 300 km are only slightly elevated, 
whereas the nightside temperatures are considerably increased. 
In particular, the nightside mid-latitude trough now has temper-
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Fig. 8. Contours of electron temperature (K) as a function of magnetic 
latitude and ML T at three altitudes for 1700 UT. For these calculations 
the electron heat flux through the upper boundary was -I X 1010 eV 
cm-2 S- I. 

atures over 3600 K (a factor of 3.5 increase). At 800 km, the 
whole high-latitude region shows elevated temperatures. These 
temperatures are sufficiently high that the two hot spots present 
in Figure 7 at 1700 UT are no longer evident. Indeed, the trough 
temperatures now exceed the hot spot temperatures by over 
1000 K. The peak T, now exceeds 4600 K in the morning sector 
trough at 0200 MLT. Comparing the zero heat flux case with 
this case indicates that the whole Te morphology and the abso­
lute temperatures are critically dependent upon the heat flux. 

From Figures 7 and 8 it is evident not only that Te varies with 
location, UT, and heat flux at the top, but that there are signifi­
cant altitude variations as well. Figure 9 shows electron tempera-

ture profiles at a variety of locations for three different cases. 
Curves I and 2 are, respectively, for 0500 and 1700 UTwith zero 
heat flux at the upper boundary, while curve 3 is for 1700 DT 
with a heat flux of -I X 1010 e V cm -2 s - I. The six locations are 
listed in Table 2; each location represents a particular morpho_ 
logical region of the high-latitude ionosphere. Panel A is located 
in the dayside mid-latitude region, and the profiles all show a Te 
peak near 200 km that is a characteristic of the mid-latitude 
ionosphere at solar maximum [Schunk and Nagy, 1978]. The 
peak is also present poleward of the cusp (panel D) at 1700 DT 
when this region is sunlit. At 0500 UT, when the polar cap is in 
darkness, Te increases slowly with altitude. No Te peak is present 
at any of the other four chosen locations. 

The UT variation is most marked in the new hot spot (Panel 
F, Figure 9). Between 0500 and 1700 UT there is a difference of 
almost 2000 K at altitudes above 200 km. In contrast, the DT 
variations of Te in the night sector trough (Panel B), in the 
auroral oval (Panel C), and in the old hot spot (Panel E) are all 
less than 50 K. The regions with marked UT effects are asso­
ciated with changing solar zenith angles. For each location in 
Figure 9, the effect of the upper boundary heat flux is to increase 
Te at altitudes above about 250 km. At these higher altitudes, Te 
increases continuously with altitude in contrast to the zero heat 
flux upper boundary case, which yielded constant Te profiles on 
the topside. For the selected locations there is about 1000 K 
increase in Te at 800 km associated with the -I X 1010 eV cm-2 

s -I heat flux. This increase reaches 3000 K in the night sector 
mid-latitude trough (see Panel B, Figure 9). 

4.3. Variable Heat Flux 

In the previous section we adopted a fixed upper boundary 
heat flux of -I X 1010 e V cm -2 s - I. This value is somewhat 
arbitrary, and in reality the heat flux is expected to vary 
markedly over the polar region. Since no heat flux data are 
available, we will parametrically study its effect in this section. 
Figure 10 shows Te profiles for the same six locations in Figure 
9. All profiles are for 1700 UT, and the locations are dermed in 
Table 2. The six profiles in each panel correspond to six differ­
ent upper boundary heat fluxes. These heat fluxes are listed in 
Table 3. Profile 1 is for zero heat flux, while the third coldest 
profile is for -1 X 10 10 e V cm -2 s -I. Above about 200 km, the 
heat flux controls the Te profIle at all locations. The night sector 
trough temperature exceeds 9000 K for our maximum heat flux, 
-7 X 1010 e V cm -2 s -I. At the other locations, this heat flux leads 
to Te values of about 6000 K at 800 km. For high heat fluxes, the 
Te profiles are very similar regardless of the location. 

Figure 11 shows the electron temperature gradient at 500 lan 
as a function of heat flux at the upper boundary for the six 
locations in Figure 10. Each curve is labeled with the index letter 
from Table 2. This figure reveals that although a given heat flux 
yields similar profiles (Figure 10) the actual gradients are signifi­
cantly different. For a heat flux of -I X 1010 eV cm-2 s -I, the 
temperature gradient varies from 1.6 to 4 K/ km. Hence, the 
electron temperature gradient depends strongly upon iono­
spheric conditions. 

4.4. Possible Heat Flux Variation 

Although the upper boundary heat flux is unknown, its varia­
tion over the high latitude can be deduced from simple physical 
arguments. Auroral regions, which are connected to the hottest 
region of the magnetosphere, are expected to have much larger 
downward heat fluxes than the polar cap or mid-latitude 
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Fig. 9. Altitude profiles of electron temperature (K) at six locations for three cases. Curves 1 and 2 are for 0500 and 1700 UT, 
respectively, and no heat flux at the upper boundary. Curve 3 is for 1700 UT and a heat flux of - 1 X 1010 eV cm-2 

S-I. Each 
panel corresponds to a different location, as described in Table 2. 

trough. Similarly, sunlit regions are expected to have inter­
mediate heat fluxes because of the topside population of warm 
photoelectrons. Even within the auroral oval, the cusp region is 
expected to have a larger downward heat flux than other regions 
because of the relatively high level of soft precipitation found on 
these flux tubes. Figure 12 shows a possible upper boundary 
heat flux variation. In the cusp, the heat flux is taken to be - 3 X 
10

10 
eV cm-2 s - 1; the remainder of the oval is -1 X 1010 eV cm-2 

s - 1. The dayside shows the heat flux variation at 1700 UT; we 
coupled this to the solar zenith angle variation. Inside the polar 
cap and on the nightside equatorward of the oval, the heat flux is 
assumed to be zero. 

Figure 13 shows 1'e contours at three altitudes at 1700 UT for 
the upper boundary heat fluxes shown in Figure 12. At 180 km, 
the electron temperature is independent of the upper boundary 
heat flux (compare with Figure 7, bottom right panel). The two 
hot Spots are still present at 300 km, but at 800 km, only the 
trough hot spot is visible. In fact, at 800 km the Te variation 
reflects the changes in heat flux (compare with Figure 12). The 

cusp is now the hottest region with temperatures ranging from 
3500 to over 4000 K (see shaded region in the top panel of Figure 
13), while the remainder of the auroral oval is at 3000 K. Because 
of our choice of heat fluxes, the auroral regions are significantly 
hotter than the other nocturnal regions. On the dayside, the 
electron temperature increases as the solar zenith angle gets 
smaller. The Te variations shown in Figure 13 are more like 

TABLE 2. Locations for Electron Temperature Profiles 

Magnetic Coordinates 

Panel in Figure 9 MLT Latitude Description 

A 1100 44° dayside, mid-latitude 
B 0300 47° night sector trough 
C 0400 71° morning sector oval 
D 1200 80° poleward of cusp 
E 1900 71° old hot spot 
F 1600 65° new hot spot 
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Fig. 10. Altitude proftles of electron temperature (Ie) at six locations for different heat fluxes at the upper boundary. The 
proftles are for 1700 UT. The locations are given in Table 2 and the heat fluxes in Table 3. 

those which could be expected, although the absolute Te values 
depend sensitively on the value of the upper boundary heat flux. 

5. SUMMARY AND DISCUSSION 

We improved our high-latitude ionospheric model by includ­
ing the electron energy equation so that we could study the 
electron temperature behavior at F region altitudes. The 
adopted energy equation takes account of thermal conduction, 
thermoelectric transport, heating due to photoelectrons and 
auroral electrons, Joule heating, thermal coupling to the ions, 
and both elastic and inelastic cooling to the neutrals. 

For our first study using the improved model, we considered 
solar maximum, winter solstice, and strong geomagnetic activ­
ity conditions. The adopted convection pattern was a two-cell 
pattern with enhanced plasma flow in the dusk convection cell. 
From this study, we found the following: 

1. In general, the UT variation of the electron temperature 
that results from the displacement between the magnetic and 
geographic poles is predicted to be only a few hundred degrees, 
except at the times when low-density regions become illum­
inated. 

2. The model predicts the presence of both Te and T; hot 

spots in association with a strong convection cell. In this region, 
ion-neutral frictional heating acts to increase T;, which in turn 
acts to increase Te because of Coulomb interactions (T; > Te). 

3. A second Te hot spot is predicted at the UT when the 
mid-latitude trough in the dusk sector extends across the term­
inator and becomes sunlit. In this hot spot, Te > T;. 

4. The calculations indicate that the dominant parameter 
controlling the Te variation above 200 km is the magnetospheric 
heat flux into the ionosphere, which is essentially unknown. 

5. For realistic values of the magnetospheric heat flux, the 

TABLE 3. Heat Flux Ieey for Figure 10 

Curve Label Heat Flux, eV cm-2 
S-I 

1 0 
2 -1.0E9-
3 -1.0E1O 
4 -3.0E1O 
5 -5.0E1O 
6 -7.0E1O 
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2400 
Fig. 13. Contours of electron temperature (K) as a function of mag­
netic latitude and ML T at three altitudes for 1700 UT. The upper 
boundary heat fluxes used for these calculations are given in Figure 12. 
The shaded cusp region contains temperatures greater than 3500 K, with 
the peak temperature slightly greater than 4000 K. 

maximum electron temperature at 800 km ranges from 5000 to 
10,000 K. 

6. In general, the electron heat flux at high altitudes is 
uniquely related to the electron temperature and gradient via 
q~ = -7.7 X 105Te5/2'VT~ eV cm-2 s-·, except on auroral field 
lines where thermoelectric heat flow occurs. 

7. F or the solar maximum and winter solstice conditions of 
this study, the T~ variation with altitude changed markedly 
depending on the UT, location, and magnetospheric heat flux. 

In this and previous studies, it has been clearly established 

that the electron temperature in the ionosphere is strongly 
affected by the neutral densities and temperature, the ion 
temperature, the electron density, the volume heating rate due 
to photoelectrons and precipitating auroral electrons, the heat 
flow conducted down from high altitudes, and the plasma Con­
vection pattern. Since these parameters display a marked varia­
tion with altitude, latitude, longitude, universal time, season 
solar cycle, and geomagnetic activity, the electron temperatur~ 
is also expected to depend on these parameters. Consequently, a 
meaningful quantitative comparison of our predictions with 
observations is possible only if all of the relevant parameters are 
measured simultaneously at multiple high-latitude locations. 
Such studies are in progress and will be reported in the near 
future. 

Although a detailed quantitative comparison is not possible 
at this time, our predicted electron temperatures can be com­
pared in a qualitative fashion with the large body of data col­
lected over the last two decades [cf. Schunk and Nagy, 1978; 
Wick war and Kolman, 1984; Curtis et al., 1985; Brace et al., 
1982]. These data indicate that T~ is higher on the dayside than 
on the nightside; T~ is generally higher in the auroral oval than 
outside the oval; the maximum values of 1'e are usually found in 
the cusp; T~ is typically elevated in the trough; and at certain 
locations, T~ can display a significant increase with altitude. 
Our predicted electron temperatures are in qualitative agree­
ment with all of these trends. 

Recently, several empirical models of the ionospheric elec­
tron temperature have been developed, and it is useful to quali­
tatively compare our predictions to these empirical models. 
Unfortunately, most of these empirical models pertain to the 
daytime, middle-low-latitude ionosphere, while our results are 
relevant to the high-latitude ionosphere. Using AE-C satellite 
data, Brace and Theis [1978] constructed an empirical T~ model 
for the daytime (solar zenith angles less than 85°), low-altitude 
(130-400 km), middle-low-latitude (between ± 50°) ionosphere 
for solar minimum conditions. In a subsequent paper [Brace 
and Theis, 1981], these authors presented global empirical 
models of electron temperature in the upper F region and 
plasmasphere based on AE-C, ISIS I, and ISIS 2 satellite 
measurements. Empirical T~ models were presented for fixed 
altitudes of 300, 400, 1400, and 3000 km for solar minimum 
conditions and for June solstice, December solstice, and equi­
nox. The T~ models include diurnal variations and pole-to-pole 
coverage. Mahajan [1977] constructed empirical T~ models 
using incoherent scatter measurements of T~ and N~ at Arecibo 
and St. Santin. The T~ models are limited to low altitudes 
(200-400 km), mid-latitudes, and daytime conditions, but 
models are presented for both low and medium levels of solar 
activity. These models were subsequently extended to high alti­
tudes by Mahajan and Pandey [1980]. Thiemann [1980] used 
AEROS-B satellite data to construct an empirical T~ model for 
the daytime ionosphere at altitudes between 300 and 700 km. 
Finally, we note that Kohnlein [1981] constructed an empirical 
Te model for the height range 200-3500 km, for quiet geomag­
netic activity, and for solar maximum conditions. The model 
was constructed using data from the Arecibo, Jicamarca, Mill­
stone Hill, and St. Santin incoherent scatter radars as well as 
data from the ISIS 1 satellite. 

Our theoretical study pertains to the high-latitude ionosphere 
for solar maximum, winter solstice, and active geomagnetiC 
activity conditions, and therefore, none of the empirical Tt 
models discussed above are directly relevant to our results. 
Nevertheless, a qualitative comparison is still possible. First, we 
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note that at all latitudes, the empirical models show a marked 
diurnal variation of Te in the F region, which is consistent with 
our results. Also, for the daytime mid-latitude ionosphere, the 
empirical models indicate that Te is essentially independent of 
Nt below 200 km, but varies inversely with Ne at higher alti­
tudes. For comparison, we found that at high latitudes, Te 
varies inversely with Ne at high altitudes as it does at mid­
latitudes, but Te is not always independent of Ne below 200 km 
in the high-latitude ionosphere. In particular, in regions of 
strong plasma convection, the ion temperature can be signifi­
cantly enhanced below 200 km, and depending on the electron 
density, the thermal coupling between the ions and electrons can 
lead to elevated electron temperatures. 

At high latitudes, the Te data used to construct the empirical 
models show an appreciable scatter even for the same geophysi­
cal conditions. For example, in the daytime high-latitude iono­
sphere at 500 km and for low geomagnetic activity, the Te values 
vary from 1000 to 3000 K [Thiemann, 1980]. If strong geomag­
netic activity conditions were considered, the scatter in Te prob­
ably would have been larger. Nevertheless, our daytime values 
at 500 km fall within this range for topside heat fluxes less than 
about -1 X 1010 eV cm-2 s -I (see Figures 7, 8,10, and 13). With 
regard to the empirical model of Brace and Theis [1981], Te 
values ranging from 1500 to 2500 K are obtained in the winter 
high-latitude ionosphere at 400 km. However, the actual Te 
values that produced the empirical model varied from a factor of 
2 lower to a factor of 2 higher than the model values. Conse­
quently, almost all of our cases fall within this Te range; only for 
very large upper boundary heat fluxes do our predicted Te 
values go beyond this range. 
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