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Characterization of the Auroral Ionosphere
Using Optical Remote-Sensing Techniques

R. D. Sears*
Lockheed Palo Alto Research Laboratories, Palo Alto, Calif.

This paper reviews the theoretical and technological basis for determining some of the properties of the
auroral ionosphere by optical remote-sensing techniques. Spectrophotometer and imaging experiments are
described which provide detailed, quantitative information on properties of the E region: total energy deposited,
ion pair production rate, electron density, and height-integrated Hall and Pederson conductivities. Examples of
these measurements are given and compared with equivalent measurements made using the Chatanika in-
coherent scatter radar. It is shown that measurements made with spectrophotometric methods compare well in

accuracy with the radar measurements.

Introduction

GENERAL understanding of the morphology of the

aurora and of the magnetospheric processes leading to
these impressive displays has been derived from visual and
photographic observations made over the last half century.
However, detailed descriptions of the nature of the
precipitating particle fluxes and their effects upon the
ionosphere have been approached only during the last decade
or so with the advent of in-situ rocket and satellite-borne
probes as well as sophisticated spectrophotometric remote-
sensing optical instrumentation.

This presentation reviews the theoretical and technological
basis for application of optical remote-sensing techniques to a
- description of the auroral processes which deposit energy at
high latitudes in the Earth’s atmosphere. The use of these
techniques to determine the response of the ionosphere to the
auroral particle flux is described.

Analytical Basis
for Visible Near-Infrared Spectrophotometry

Extensive quantitative spectrophotometric measurements
of the intensities, morphology, and occurrence statistics of
many auroral emission features have been made. These are
summarized in several review articles.!2 However, quan-
titative understanding of tl§e parameters of the principal
precipitating particle fluxes (electrons and protons) can be
obtained by careful photometric observations.of only a few
spectroscopic emission features, namely, the H, or Hg
emissions at 656.3 and 486.1 nm, respectively, the forbidden
emissions of OI at 557.7 and 630.0 nm, and one or more of
the first negative bands of N (e.g., 0-0 band at 391.4 nm or
0-1 band at 427.8 nm).

Several workers have developed analytical relationships
between the incoming fluxes of protons and electrons and
observed spectrophotometric features of the above-mentioned

emissions. 3>* The work presented in this article centers on the

theoretical model developed by Rees and Luckey,* which
allows the total energy deposit by electrons to be determined
from the 427.8 nm N first negative band intensity and which
allows the mean energy parameter of an assumed Maxwellian
energy distribution for the precipitating electron flux to be
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determined from the ratios R, = 1(630.0 nm)/1(427.8 nm) and
R,=1(557.7 nm)/I(427.8 nm) which are derived from
spectrophotometric measurements. A simplified represen-
tation of the Rees and Luckey model is illustrated in Fig. 1.

Instrumentation

Recent technological advances which have been made in
narrowband - spectral filter construction, digital photon-
counting electronics, and sensitive image-intensified TV
detectors have been incorporated into the spectrophotometric
and imaging detectors described in this section. Coupling of
high-responsivity extended spectral range photomultipliers to
digital photon counting and recording electronics allows very
high sensitivity, high spectral resolution spectrophotometry to
be accomplished. A typical digital photon-counting,
multispectral photometer is illustrated in Fig. 2.5 This in-
strument is a direct descendant (although highly improved) of
the photometers fielded during the International Geophysical
Year6 and further developed by Eather and Mende.” An -
example of multispectral photometric data obtained during a
pulsating aurora is given in Fig. 3. )

Development of multistage image-intensifier tubes during
the recent decade has -allowed even very weak spectral
emissions from the upper atmosphere to be imaged and
presented in a TV display format. Hence, combination of
these intensified detectors with narrowband spectral filters
and sophisticated computer-based control logic allows one to
view and to analyze the subvisual emissions from the upper
atmosphere in terms of the physical and chemical processes
which are related to specific emission features. A block
diagram of a typical image-intensified auroral all-sky TV
system is presented in Fig. 4.8 Images derived from this
system in two spectral regions, the 427.8 nm 1 NG (first
negative) band of N4 and the 630.0 nm emission line of O,
are illustrated in Fig. 5. Digitized representations of such
images can be used to determine the auroral particle flux
characteristics as well as the response of the ionosphere as
described in the following sections.

~ Optical Characterization
of the Auroral Precipitating Flux
The principal ‘energetic charged particles which create the
visible aurora and consequently enhance the ionospheric
electron density are protons and electrons. The spatial and
temporal morphology of these particle fluxes can be mapped
using either spectrophotometric instruments which are
operated in a scanning mode or by use of the IITV system
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Fig. 1 Theoretical model which relates the characteristic energy
parameter of an energetic precipitating auroral electron flux to the
observed spectrophotometric ratios R and R,. Thls model is a.sim-
plification of that produced by Rees and Luckey. ¢

which gives a series of snapshots of the auroral morphology
as illustrated, for example, in Fig. 5. Both photometric and
imaging instrumentation can be calibrated with sufficient
precision that the theoretical techniques described in a
previous section can be applied in order to determine the total
energy and mean energy parameters of the . precipitating
electron flux.

A variety of techniques have been developed to optimize the
presentation of the intensity data in terms of spatial, tem-
poral, or spectral morphology. Examples of the temporal
morphology of auroral precipitating electron energy flux, plus
the characteristic energy parameter, are provided in Figs. 6
and 7. Figure 6 is in the format of a KEOGRAM,? in which
the latitudinal variation of the relevant parameters is plotted
as a function of time. The absolute values of the quantities
presented are indicated by the density of the gray scale. A
more conventional plot of the same quantities is illustrated in
Fig. 7.10 In both cases illustrated here, the photometers were
scanned in the magnetic meridian such that an ionospheric
swath approximately 800 km in extent was covered.

Response of the Ionosphere to Auroral Precipitation

Auroral precipitation creates excess ionization in all regions
of the ionosphere depending upon the total energy of the
precipitating flux, its characteristic energy (or penetrating
power), and relative balance between electron and proton
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constituents. Auroral ionization and its effects upon radio
wave propagation have been monitored and described by
numerous workers over the last several decades. However,
only recently has it been possible to describe the response of
the ionosphere by spectrophotometric techniques. These
techniques depend upon the specification of a multiparameter
model for the precipitating electron (and proton) flux by
means of spectrophotometric measurements described in
previous sections. In this section, we show how the auroral £
region can be modeled from spectrophotometric data over a
range of auroral conditions.

Construction of an electron density model for COIldlthnS of
auroral precipitation requires a model for the effective
recombination coefficient as a function of altitude and some
means of defining the temporal stationarity of the
precipitating electron flux. For most conditions of auroral
precipitation, it is reasonable to assume that a
quasiequilibrium condition exists in the ionosphere such that
the following condition holds: dN,/dt=Q—aN2=0.
Transport has been ignored in this formulation. Examination
of direct electron density measurements, ionization source
temporal variations, and the recombination coefficient value
as a function of altitude for many auroral conditions indicates
that this approximation is adequate at least for the E region. !!

Numerous theoretical and numerical methods have been
used to determine the altitude distribution of the ionizing
source function Q, given either a detailed numerical or a
parametric description of the precipitating electron flux above
the atmosphere. Fortunately, it has been found that the
altitude distribution of Q in the E region is not very sensitive
to the detailed physical parameters of the flux, such as the
pitch angle distribution, and details of the energy
distribution. !’ The total energy flux and the characteristic
energy parameter for a pseudo-Maxwellian energy
distribution have been applied to several codes (Auroral, 12
Rees, and SRI TANGLE!) to determine Q as a function of
altitude. Except for a few problems relating to low-energy
electrons (<1 keV), all of these computation techniques
produce substantially the same value of Q vs altitude. Given Q
and o (from Ref. 14), computation of the value of N, vs
altitude is straightforward. An example of the computation of
N, as a function of altitude for an intense aurora is illustrated
in Fig. 8. This figure also shows a direct comparison between
the electron density profile derived from spectrophotometric
measurements and the TANGLE code and that measured
using the Chatanika incoherent scatter radar.

Given that spectrophotometric measurements can provide a
useful and reliable model of ionospheric electron density in
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Fig. 3 Spectrophotometric data taken by a photon-
counting photometer system during a pulsating aurora. Three spectral
channels are illustrated. Data were obtained on nine spectral channels
simultaneously with a temporal resolution of 1s.

ALL_SKY‘ PN MONITORS
LENS C——— T """ FILTER WHEEL
MODULE( ~ ——‘ S
[
L] FLTER
CONTROL Ll 2
INTENSIFIED DIGILTAL et 3
SEC
VIDICON ] GONTROL ] s
L_._ VIDEO DISK ]
AMP STORAGE
' —»VIDEO,
‘ MAG.
VIDEO <_, TAPE
FRAME MINICOMPUTER
STORE DIGITAL
UTPUT
DIGITAL
=

Fig. 4. Block diagram of a multispectral image-intensified TV (IITV)
imaging system. This system may be controlled by a minicomputer or
a microprocessor, and monitors and displays images in four successive
wavelength channels. Optical coverage is over 150 deg of the sky.

the F region during auroral activity, one may then apply a
model for ionic Hall and Pederson mobilities and derive the
height-integrated Hall and Pederson conductivities. These
quantities are especially important for derivation of the
electric current patterns associated with auroral conditions.
Up to the present time, these quantities have been derived
mainly through the use of incoherent scatter radar
measurements. ' Figure 9 illustrates comparisons of con-
ductivity results obtained during coordinated radar-
photometer measurements.!> As can be seen, the height-
integrated Pederson conductivities obtained from the two
independent techniques compare well; in contrast, there
appears to be a systematic underestimation of Hall con-
ductivity from the photometer technique as compared with
the radar technique. The source of this moderate systematic
disagreement at large values of Hall conductivity is not
determined at present.

Verification of Spectrophotometric Measurements

Ground- and aircraft-based spectrophotometric intensity
and imaging measurements have been shown to provide

AIAA JOURNAL

Fig. 5 Example of the data obtained by the IITV system in two
wavelength regions. Each picture represents 2 150 deg all-sky view of
the optical emissions. The left picture is representative of emission
caused by relatively low-energy auroral particles as contrasted to the
right-hand picture which characterizes the overall energy deposited by
the aurora in the aimosphere.
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Fig. 6 Plot of the distribution of auroral emission vs latitude and
time derived from meridional scanning photometer data. The form of
the plot is 2 KEOGRAM wherein the intensity of the energy deposit is
characterized by the gray scale intensity. Note: 1 deg of geomagnetic
latitude approximates 110 km, so that the KEOGRAM represents
auroral intensity variations over about 900 km range in latitude.

useful information relevant to the auroral precipitation
morphology as well as the response of the auroral E region. It
is desirable, however, to verify independently the accuracy of
the quantities derived or inferred from spectrophotometric
measurements. For example, numerous comparisons of
rocket-based precipitating particle measurements!6 with
ground-based photometric measurements of auroral spectral
features have been conducted. A consensus of the published
data dppears to indicate that careful ground-based
photometric measurements provide accurate characterization
of the precipitating electron and proton flux, to within the
error limits of the technique (typically a 10-30% combined
statistical and systematic error).

Spectrophotometric measurement techniques and the IITV
measurements presented herein depend to a significant degree
upon the care taken in defining and quantitatively specifying a
number of important experimental parameters: instrument
spectrophotometric calibration, atmospheric extinction vs
wavelength, and the zenith angle effects caused by varying -
extinction and the Van Rijn effect. Most of the data presented
herein are based upon more extensive studies reported in the
appropriate references which dealt with these factors.

Atmospheric extinction, for example, is based upon a clear
arctic atmosphere model, which is then degraded depending
upon visual observations of stars of known magnitude.
Because the measurements reported herein were made in
central Alaska, at Chatanika, we were able to assume on a
reasonable basis that the atmosphere was stable enough
within our nominal scan range +80 deg zenith angle that
tropospheric scatter was constant under our good to excellent
seeing conditions. Comparison of the atmospheric extinction
vs the Van Rijn effect shows that they are self-compensatory
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Fig. 7 Conventional plot of auroral spectral intensities obtained
during three successive scans of a multispectral, photon-counting
photometer. Digitized data obtained in this format may be con-
veniently converted into the KEOGRAM format by offline
processing.
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Fig. 8 Comparison of electron: density vs altitude curve modeled
from spectrophotometer = data with incoherent scatter radar
measurements made at the same time. Both optical and radar fields of
view were boresighted such that the ionospheric volume observed was
nearly identical. Measurements were made at Chatanika, Alaska.
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within a given zenith angle, depending upon the extinction
coefficients. In practice, these effects compensate one
another, within experimental error (20%), to a zenith angle of
about 50-60 deg in a clear arctic atmosphere.

Calibration of the IITV system is more complex. Internal
calibration using an internal -radioactive light source is
conducted, but with sometimes varying accuracy because of
temperature hysteresis of the phosphor emitter, and because
of the low-emission intensity. The internal calibration source
is augmented by meridional scanning spectrophotometric data
which are used finally to calibrate the IITV data frames after
digitization. A fairly complex computer-based routine is used
for this procedure. Results of the application of the cross-
calibration procedure sampled from a data base of over 200
frames of IITV data are described by Kumer et al. 7

An intensive effort has been conducted to verify
ionospheric properties which are inferred from spec-
trophotometric data with other independent measurements.
This effort has centered about simultaneous spec-
trophotometric intensity measurements and incoherent scatter
radar measurements using the Chatanika, Alaska, incoherent
scatter radar and optical instrumentation located at this site.
Previous sections have referred to comparative measurements
of E region electron density profiles, and height-integrated
Hall and Pederson conductivities.

The author and collaborators have found good agreement
between radar and photometer-derived quantities. In most
cases, total energy deposit, characteristic energy parameter,
electron density profile data, and height-integrated Pederson
conductivity data agree well within mutual experimental
errors (30%). Poorer agreement has been found for height-
integrated Hall conductivities, but this discrepancy may lie
more within the conductivity models used than with the basic
measurements.

Summary and Conclusions

This paper has described advances in spectrophotometric
and image-intensified TV characterization of the auroral
region particle precipitation and the response of the
ionosphere to the energetic particles. Optical remote-sensing
techniques have their own obvious limitations, but also have
been shown to provide a useful supplement to radio frequency’
measurements. of the auroral ionosphere. These conclusions
aré reinforced by efforts described here which show that
accurate characterization of auroral particle energy deposit,
characteristic energy parameter, ionospheric electron density
profile, and height-integrated Hall and Pederson con-
ductivities can be obtained from spectrophotometric data.
The accuracy of spectrophotometrically derived quantities has
been verified by comparison with other observing techniques.
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The field of rarefied gas dynamics encompasses a diverse variety of research that is unified thfough the fact that all
such research relates to molecular-kinetic processes which occur in gases. Activities within this field include studies of (a)
molecule-surface interactions, (b) molecule-molecule interactions (including relaxation processes, phase-change kinetics,
ete.), (¢) kinetic-theory modeling, (d) Monte-Carlo simulations of molecular flows, (e) the molecular kinetics of species,
isotope, and particle separating gas flows, (f) energy-relaxation, phase-change, and ionization processes in gases, (g)
molecular beam techniques, and (h) low-density aerodynamics, to name the major ones. )

This ficld, having always been strongly international in its makeup, had its beginnings in the early development of the
kinetic theory of gases, the production of high vacuums, the generation of molecular beams, and studies of gas-surface
interactions. A principal factor eventually solidifying the field was the need, beginning approximately twenty years ago, to
develop a basis for predicting the aerodynamics of space vehicles passing through the upper reaches of planetary at-
mospheres. That factor has continued to be important, although to a decreasing extent; its importance may well increase
again, now that the USA Space Shuttle vehicle is approaching operating status.

A second significant force behind work in this field i< the strong commitment on the part of several nations to develop
better means for enriching uranium for use as a fuel in v:ower reactors. A third factor, and one which surely will be of long
term importance, is that fundamental developments witiin this field have resulted in several significant spinoffs. A major
example in this respect is the development of the nozzle-type molecular beam, where such beams represent a powerful
means for probing the fundamentals of physical and chemical interactions between molecules.

Within these volumes is offered an important sampling of rarefied gas dynamics research currently under way.The
papers included have been selected on the basis of peer and editor review, and considerable effort has been expended to
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