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Determination of auroral heat fluxes and thermal ion
outflows using a numerical ionospheric model and
incoherent-scatter radar data

Q.-L. Min! and B. J. Watkins
Geophysical Institute, University of Alaska, Fairbanks

Abstract. A comprehensive one-dimensional model of the polar ionosphere has
been used in conjunction with incoherent-scatter radar data from Sondrestrom,
Greenland, to determine downward heat fluxes and thermal ion outflows at very
high latitudes. For periods of very quiet geomagnetic activity the model closely
simulates the observed time-dependent behavior of the electron density, ion and
electron temperatures. To obtain this similarity between model and data, the upper
boundary conditions of the model, namely downward heat flux, and magnetic field-
aligned ion flows, are continually adjusted with time to provide a best fit with data.
The heat fluxes and ion flows are determined indirectly from this fitting procedure.
The technique has been applied to a 10-hour daytime data set for February 12,
1990, to search for enhanced downward heat fluxes and outward thermal ion fluxes
associated with dayside auroral oval. Variations of heat flux ranged from about
2 x 10° to 2 x 10'° eV cm~2 571, and vertical outward fluxes of ionization ranged
from about zero to 8 x 108 cm~2 s~1. For both quantities the peak values occurred
when the radar site was located under the dayside auroral oval. It is suggested that
these marked upward thermal ion flows in the dayside auroral ionosphere may be
associated with energetic Ot ion outflows that have been observed at high altitudes

with spacecraft.

Introduction

In this paper we present the comparison of a new
one-dimensional ionospheric model with very-high lat-
itude incoherent-scatter radar data. The incoherent-
scatter radar located at Sondrestrom, Greenland has
been used. The model, originally developed by Min
et al. [1993] has been further refined by including the
effects of neutral winds, and updating the collision fre-
quencies. The unique features of the model is the in-
corporation of parallel electric fields, the self-consistent
computation of the ambipolar electric field, and the ef-
fects of time-varying auroral and photoelectron energy
distributions. Since the model is one-dimensional, the
effects of horizontal transport can not be taken into
account, and therefore we have chosen to restrict the
data comparisons to periods of quiet geomagnetic activ-
ity when horizontal transport is minimal. The altitude
coverage of the model used for the data comparison is
100 to 500 km, although the model itself extends to
800 km.
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The upper boundary conditions of the model, namely
field-aligned thermal ion flow, and downward heat fluxes,
are not directly measured with our radar experiments.
The model-data fitting procedure is, however, particu-
larly sensitive to these two quantities. We have there-
fore used this model-data combination to indirectly de-
termine these parameters on a continuous time-varying
basis. The model solves the electron transport, con-
tinuity, and energy equations, and both ion flow and
heat flux values may be determined. The radar-derived
temperatures are fitted to the altitude profiles of tem-
perature derived from the model. In the upper iono-
sphere the magnitude of the total ion composition from
the model, and the gradient, is also fitted to the corre-
sponding electron densities and gradients measured by
radar.

In the next section the model and method of analysis
is presented in more detail.

Model and Method of Analysis

The structure of the thermosphere at high latitudes
is significantly affected by solar EUV, and by auroral
activity which is caused by precipitating energetic elec-
trons and ions. The solar EUV photons are absorbed
in the thermosphere by photoionization and photodis-
sociation, leading to the production of ionization and
primary photoelectrons. The primary auroral electrons
and/or embedded primary photoelectrons are trans-
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ported in the atmosphere and produce impact ioniza-
tion and secondary electrons by ionizing and exciting
the neutral species. As a consequence, the tempera-
ture and composition of the thermosphere are affected.
In turn, the affected atmospheric/ionospheric parame-
ters may perturb the electron transport. A comprehen-
sive one-dimensional self-consistent time-varying auro-
ral model has been developed and used to study the ef-
fects of a parallel electric field and the geomagnetic field
on the auroral and photoelectron energy distributions,
and the response of the ionosphere to auroral precipi-
tations [Min, 1993; Min et al., 1993]. In the model the
mass spectrometer/incoherent scatter (MSIS) neutral
atmosphere is adopted [Hedin, 1991], and the electron
transport equation, ion continuity equations and elec-

tron and ion energy equations are solved self-consistently.

This model is described in detail by Min [1993] and is
only briefly sketched below.

The transit time of auroral and photoelectrons in
the thermosphere is short by comparison with changes
in the host medium in response to electron impact.
Thus the electron transport as well as the energy bal-
ance in the thermosphere is considered to be quasi-
static. Taking into account elastic and inelastic colli-
sions, the geomagnetic mirror effect, the electric field,
the guiding center approximation and conservation of
the first adiabatic invariant, and defining the intensity
I(r,e,Q,t) = v2f(r,v,t)/m [Duderstadt and Martin,
1970], the one-dimensional steady state transport equa-
tion is
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where I(s,¢,p) is the electron intensity as a function

of the position s, energy ¢, and cosine pitch angle u; L
is the loss function representing the energy loss to the
ambient electrons; E is the electric field related to the
potential drop ¢ by E = —-V0¢, hence € = %mv2 + q9,
and ¢ = —e for electron; B is geomagnetic field; o;%
is the sum of all loss cross sections; Q%, Q°, @Q*°" and
Qphoto are the sources of elastic collision, excitation,
ionization and photoionization, and the summation is
taken over all species j. Solving the electron transport
equation by adopting and modifying the discrete ordi-
nate method [Stamnes et al., 1988] yields the electron
intensity for calculation of the impact ionization and
electron heating rates.

To evaluate the ion composition as a function of time
and altitude requires solution of the coupled time de-
pendent continuity equations for all reacting species.
The continuity equation of species ¢ with density N; is
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Here 7}, and 5}, are the respective production rates from
direct ionization and from chemical reactions. L} is the
local chemical and radiative loss rate, and ®; is the flux
due to ambipolar diffusion and the drift motion resulted
from meridional neutral wind through ion-neutral colli-
sions. This flux is computed from

d; = —N; D; (Ni,% + % lnTp + H,') + Niwp (3)
where D; is the ambipolar diffusion coefficient, T}, is the
plasma temperature, and H; is the plasma scale height.
The collision frequencies incorporated in the diffusion
coefficients are adopted from Schunk and Walker [1970]
with the multiplicative factor of 1.7 suggested by Salah
[1993]. The drift velocity wp is

wp = —Wysinacosa

4

where Wy is the meridional neutral wind in the north-
ward direction and a is the dip angle.

We solve the coupled diffusion equations for O+ and
Ht as the major ions in the F region and above. OF,
NI, N*, and NOt are assumed to be in photochemi-
cal equilibrium, and therefore we can eliminate the flux
divergent term in the continuity equations. In the E re-
gion, ionosphere chemical lifetimes are short (a minute
or less) which permits this assumption of chemical equi-
librium, with diffusion being negligible. Higher in the F'
region, diffusion is a dominant process and time-scales
of an hour or more are required for equilibrium. The
time step for our model is 5 minutes. The chemical reac-
tions included here are listed in the work by Rees [1989].
Bulk charge neutrality prevails in the ionosphere; hav-
ing calculated the ion densities, the electron density
equates to the sum of all positive ion species.

Several reaction rate coefficients are temperature de-
pendent, requiring the continuity equations to be cou-
pled with the energy equations for the electron and ion
gas. Solution of the energy equations yields the electron
and ion temperatures. The steady state electron energy
equation is

()

where K is the electron thermal conductivity, Q. is the
electron heating rate, and L, is the cooling rate. The
contribution of the thermoelectric current to the heat
flow has been neglected. In the upper F region iono-
sphere there is substantial exchange of energy between
ions and electrons through Coulomb collisions. The ion
energy equation

sin? aa% [Ke%] +Q.—L.=0

Qie+ Qe — Lin=0 (6)
is therefore coupled into the system of equations to be
solved. Q;. is the ion heating rate by Coulomb collisions
with electrons (an energy loss process for the electron
gas), Qg, identifies the joule heating rate, and L;, is
the ion cooling rate due to elastic and inelastic collisions
with neutrals. Conduction in the ion gas is negligibly
small and all ions are assigned the same temperature
T;, an adequate assumption for our purpose. Details
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and numerical values for all @ and L are given by Rees
[1989] and Min [1993].

There are three groups of coupled equations corre-
sponding to the main physical processes in the ther-
mosphere, which are electron transport, ion diffusion
and chemical reaction, and electron and ion energy bal-
ance. Simultaneous solution of all the equations is not
attempted. Instead, physical arguments are used to
simplify the computational problem according to differ-
ent timescales and altitude regimes [Min, 1993]). Those
differential equations require boundary conditions ap-
propriate to the physical problem being investigated.
For the electron transport equation the lower bound-
ary is assumed to lie within the atmosphere where the
density is large, so that the intensity of the electron dis-
tribution becomes vanishingly small, while at the upper
boundary, we specify the intensity of an assumed elec-
tron distribution to fit with data or of a distribution
derived from rocket or satellite measurements. For the
coupled diffusion equations, photochemical equilibrium
prevails at the lower boundary. The Ot and H* fluxes
are specified at the upper boundary in order to match
the observed profile of electron density. In the mean-
time, local equilibrium between T, T;, and T, prevails
at the lower boundary for the electron energy equation.
A heat flux is appropriate at the upper boundary and
is adjusted to match overall the profile of the measured
electron temperature from the radar.

The model is one-dimensional and therefore excludes
the inclusion of horizontal transport effects. Therefore,
we have chosen periods of very quiet geomagnetic activ-
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Figure 1. The variation of the electron density, ion
and electron temperatures measured over Sondrestrom
on February 12, 1990.
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Figure 2. The variation of the electron density, ion and
electron temperatures simulated by model over Sondre-
strom on February 12, 1990.

ity when horizontal transport is expected to be minimal.
Only the component of the meridional neutral wind
that is parallel to the geomagnetic field has been taken
into account, which forces the ionization up and down
at F region heights through ion-neutral collisions and
thus changes the height of the F layer peak [Rishbeth,
1972]. Therefore, to obtain similarity between model
and incoherent-scatter radar data, the meridional neu-
tral wind and the upper boundary conditions of model:
namely primary electron distribution, downward heat
flux, and field-aligned ion flow, are adjusted to provide
a best fit with data.

Our model covers the region between 100 and 500 km,
where the radar signal-to-noise ratio of the measure-
ments is at reasonable level. The outputs of our model,
electron density and temperature as well as ion tem-
perature, are nonlinearly dependent on the the merid-
ional neutral wind and the upper boundary conditions
of model. In order to simplify the fitting process, we
only select a few key parameters to compare with data
based on physical arguments. As we know, during typ-
ical auroral events, the predominant ionization source
for E region altitudes is the auroral electron impact
ionization, which allowed us to adjust the auroral elec-
tron distribution to fit with data. The height of the
F region peak and peak density value, as well as the
slope of measured electron density, which represents
the overall profile shape of electron density, are deter-
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mined by solar EUV and X ray, geocoronal, the merid-
ional neutral wind and field-aligned ion flow at the up-
per boundary, along with auroral electron precipitation.
The electron temperature and its gradient at the up-
per boundary are primary affected by the electron heat
flux from magnetosphere. Therefore we are able to in-
directly determine these parameters from incoherent-
scatter radar data; this is accomplished by fitting the
model] to the data; the height of F' region peak, F region
peak value, the electron temperature, and the slope of
measured electron density and temperature in the top-
side ionosphere, are all fitted with the model by using
the steepest descent method [Press et al., 1989]). The
time-dependent computation is carried out with a 5-min
time step which is much less than the interval of radar
measurements (about 15-min). Linear interpolation of
the upper boundary conditions is applied to the model
time steps between radar measurements.

Results

The variation of the electron density, electron and
ion temperatures at various altitudes over Sondrestrom
(66.99°N, 309.05°E) on February 12, 1990, have been
measured, and a 10-hour sequence of data (0800 LT to
1800 LT) is shown in Figure 1. For this day geomag-
netically quiet conditions prevailed (Ap index of 6, and
the solar activity index F;g7 was 140). We note that
just before 0930 LT, the electron density in the E re-
gion was even larger than that due to the solar EUV
ionization after sunrise, while the electron temperature
was enhanced in the F region and above.

The comprehensive ionospheric model is used to sim-
ulate the observed time-dependent behavior of the elec-
tron density, ion and electron temperatures. The height
of F region peak, F region peak value, and the elec-
tron temperature and the slope of electron density and
temperature at the top altitude from measurements are
used as fitting parameters for the model calculations.
The EUV flux model of Tobiska and Barth [1990] has
been used for the solar radiation. However, after the
fitting procedure mentioned above, a systematic differ-
ence remained between the computed Fi-peak densities
and the radar measurements. To achieve the best fit,
we have increased the EUV model flux by 50%, which
has removed the systematic differences and resulted in
the best overall fit. Without auroral precipitation we
include a small soft electron flux or photoelectron flux
by specifying a downward flux of 0.01 erg cm~2 s~ with
the characteristic energy of 50 eV as the upper bound-
ary condition for the electron transport equation. As
described above, the upper boundary conditions and
the meridional neutral wind are adjusted to obtain the
similarity between model and data. Comparison of the
contours in Figure 1 and 2 shows that the model closely
predicts the radar measurements.

The variation of adjusted parameters such as the
meridional neutral wind, downward heat flux, and mag-
netic field-aligned ion flow are shown in Figure 3. The
heights of F' region peak are well matched between the
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Figure 3. The variation of the F region peak height
and density, meridional neutral wind, vertical ion out-
ward flow, and heat flux. The dots represent the mea-
surements, and solid lines represent the model results.

model results (solid line) and measurements (dots) as
shown in Figure 3, but the computed densities of the F
region peak are smaller than the observations around
local noon. The meridional neutral wind increases from
sunrise to sunset. The variations of heat flux ranged
from about 2x 10° to 2x 10'° eV em~2 s~1, and vertical
outward fluxes of ionization ranged from about zero to
8x 108 cm~2s~1. There is a simultaneous enhancement
in both downward heat flux and magnetic field-aligned
ion flow which correspond to the radar location beneath
the dayside auroral oval.

Detailed analysis at three different local times has
been conducted by comparing the computed and ob-
served profiles of the electron density, electron and ion
temperatures as shown in Figures 4, 5, and 6. These
three data sets respectively correspond to times when
the radar site is beneath the dayside auroral oval, at
the midday density peak, and after sunset. For the
first case at 0908 LT (Figure 1) the computed elec-
tron density agrees with the measured electron density
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Figure 4. The computed and observed profiles of the
electron density, electron and ion temperatures at 0908
LT: the radar measurements (Radar), the model results
with solar EUV and auroral precipitation (Model A),
and the model results with only solar EUV (Model_S).

at the F region and above, but the solar EUV input
alone is inadequate to explain the observed profiles be-
low 200 km; an auroral precipitation with 750 eV char-
acteristic energy and a 0.5 erg cm™2 s~! energy flux
has been used to match model results with the obser-
vations (see Model S and Model_A curves in Figure 4).
At 1211 LT near local noon the calculated electron and
ion temperatures agree with the observed temperatures
as well as the overall shape of the electron density pro-
file, however, the magnitude of the calculated electron
density is slightly less than the measurements. Figure
6 also shows good agreement between the model results
and the radar measurements at 1622 LT, although some
differences still exist below 200 km altitude which we
attribute to weak time-varying auroral precipitation.
The ion-neutral atomic oxygen collision frequency
and the solar EUV flux are crucially important in mod-
els of the upper atmosphere and in the derivation of
atmospheric results from experimental measurements.
Sensitivity tests have been undertaken by varying the
ion-neutral collision frequency and the solar EUV flux.
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Figure 5. The computed and observed profiles of the
electron density, electron and ion temperatures at 1211
LT.
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Figure 6. The computed and observed profiles of the
electron density, electron and ion temperatures at 1622
LT.

It has been found that a variation of the solar EUV by
a factor of 2, results in only about 30% changes in the
computed values of the heat flows and ion flows. The
main effect of solar EUV flux variation is to change the
peak F region density.

The sensitivity test with variation of the collision fre-
quency has shown increases of the heat fluxes and ion
flows approximately in direct proportion to decreases
of the collision frequency. This follows from (3) where
the diffusion coeflicient contains the collision frequency.
Since collision frequencies in the ionosphere are not well
known, we therefore suggest values computed in this pa-
per could be subject to future a revision, however such
changes would probably be minor, and the pattern of
time variations would remain valid.

Summary

Field-aligned thermal ion fluxes and downward heat
fluxes have been indirectly determined. This has been
accomplished by using a comprehensive one-dimensional
model of the polar ionosphere in conjunction with
incoherent-scatter radar data from Sondrestrom, Green-
land. The model closely simulates time-varying electron
densities and temperatures measured by incoherent-
scatter radar. To obtain this similarity, the meridional
neutral wind and the upper boundary conditions of
the model, viz primary electron distribution, downward
heat flux, and field-aligned thermal ion fluxes, are ad-
Jjusted to provide a best fit with data. Enhanced down-
ward heat fluxes and outward thermal ion fluxes associ-
ated with dayside auroral oval have been determined by
applying this procedure to a 10 hour daytime data set
for February 12, 1990. Variations of heat flux ranged
from about 2x 10° to 2x10'° eV cm~2 s~!, and vertical
outward fluxes of ionization ranged from about zero to
8x 108 cm~2 s~1. It is suggested that these marked up-
ward thermal ion flow in the dayside auroral ionosphere
may be associated with energetic Ot ion outflows that
have been observed at high altitudes with spacecraft
[e.g., Yau et al, 1984] and future comparisons with
spacecraft data may prove valuable. We wish to em-
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phasize that the model is one-dimensional and is only
applicable to quiet-time data at high latitudes when
horizontal transport effects may be ignored. Expansion
of this work to three dimensions would permit the in-
clusion of horizontal transport, and in turn then allow
simulation of the disturbed high-latitude ionosphere.
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