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Abstract. employed on up to six images viewing the aurora in the same

The aim of aurora tomography is to reconstruct the 3D lu-volume from different viewing positions together with some
minosity distribution of aurora from multiple monochrornicat ~ constraints for this under-determined and ill-posed bl
images taken with a multi view-point observing network. As To stabilize the solution, we use the a priori constrain th
a logical extension of this, we propose a generalized tomothe aurora is excited by electrons traveling along the mag-
graphic inversion of aurora in which different simultansou netic field lines and that the altitude profile of luminosity
signatures of particle precipitation are invoked in thecegal  does not change abruptly. In August 2005, the Japanese
lation in order to retrieve more comprehensive information Reimei satellite was launched and is taking monochromatic
about the initial differential energy spectrum of preatiitg images of aurora from above, i.e. topside and lateral side of
particles at the top of the atmosphere. The method combinegurora. This makes it possible to use less constrained and
information from the luminosity distribution of aurora ob- time-dependent reconstruction of the auroral volume emis-
tained by optical imagers, electron density data from ti& El sion rate. This combination of ground based and in situ
CAT radar, and cosmic noise absorption data from imagingimaging is an advance in auroral tomography, but it is dif-
riometers. All these data are integrated together in asstati ficult to get observations in satisfactory conjunction. T g
tical sense to infer the energy spectrum of the primary elechbeyond the conventional tomography, it is here proposed to
trons causing the aurora. In this scheme, minimization orutilize in the solution of the inverse problem all multimbda
optimization in the inverse problem is converted to eshibli  data of parameters that result from precipitating aurora pa
ing a Bayesian model that gives the most probable functiorticles. These data are the simultaneously enhanced electro
model, as well as the relative significance of each type ofdensity observed by the EISCAT radar and the increased cos-
input data used in the calculation. mic noise absorption detected by imaging riometer. Itisieve

Keywords : aurora tomography, inverse problem, Bayes possible to include observations of the total electron et
model, precipitating particle energy, EISCAT radar, irmagi  (TEC) which is an integration of electron density along the
riometer propagation path of a radio wave.

Inversion methods to retrieve the electron energy spec-
trum solely from ion production or electron density observe
by the EISCAT radar have been developed by many work-
ers, e.g. the CARD method by Brekke et al. (1989), SPEC-
. TRUM by Kirkwood (1988), and a time-dependent inversion
We have been working for more than ten years on tomo by Semeter and Kamalabadi (2005). For TEC data, Raymund

graphic inversion of aurora in Antarctica, in Iceland (Aso :
et al., 1990, 1993), and since the start of the Swedish ALI<Et al. (1990) compared the reconstruction of electron den-

(Auroral Large Imaging System) in the Kiruna region (Aso ity d.istrib.ution with ?ncc')herent spatter radar measuresie

et al., 1998; Gustavsson et al., 2001a; Brandstrom et al'lmaglng _rlc_Jm_eters give information about_the hgrder part of
2003). In this analysis, both an analytical method and alge—fhe precipitating pa_rtlcle spectrum, and inversion aresys
braic reconstruction techniques (ART) such as MART (Mul- based on imaging riometer have been carried out by Kosch

tiplicative ART) or SIRT (Simultaneous lIterative ART) are etal. (2001_)’ Ashr_afl etal. (200_5)'_ )
For the ionization and excitation of atmospheric con-

Correspondence to: T. Aso (t-aso@nipr.ac.jp) stituents by precipitating electrons, which is a basic -‘for

1 Introduction
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ward” problem, many theoretical formulations have been de-and estimated primary electron spectra from the altitude di
veloped. According to Rees (1963) (also in Rees, 1989)tribution that was derived from two station images with athi

the ionization rat€j(z) for the initial differential energy flux
spectrum at the top of the atmosphefigEg) can be ap-
proximately expressed by an integral over the relevanggner
range as

N(2)
Aé€jon

p(R) fo(Eo) Eo4(Eo, x)
R(Eo)N(R)

q(Z) = dEg

1)
— A® / fo(Eo) EeQ(Eo)dEg

wherez = p/gis the scale heighp the atmospheric density,
/. the normalized energy dissipation distribution functign,
the atmospheric depth or distance from the tap,the ini-
tial electron energyAeionthe ionization energy cos the
number density of ionizable constitueni&the range or pen-
etration depth for the particle with ener@y, and A(z) and

Q(Ep) collect the corresponding terms together. This simpli-

sheet assumption (Gustavsson et al., 2001b). Subsequently
the electron distribution function is calculated by inirgtT
as

fo(E) = T~ A4278(2) 2

We propose to combine these inversion approaches for exci-
tation and ionization observations, i.e., observatiorsunb-
ral luminosity and electron density enhancements, in &sstat
tical sense to infer the energy spectrum of precipitating pa
ticles from the magnetosphere. In our scheme, minimization
or optimization in this inverse problem is converted to find-
ing a Bayes model that will give the most probable function
model, as well as the relative significance of each type of
input data used in the calculation.

In the following sections, we will present a formulation for
comparing the excitation and ionization with observatiohs
aurora, cosmic noise absorption, and electron densities; t

fied ionization rate is based on the empirical curves for en-Propose an inversion algorithm based on Bayes principle to

ergy dissipation distribution and effective range whichegi

infer the particle spectrum of the primary auroral elecsron

energy deposition as a function of fractional range. These
together with scattering depth and neutral density yield an

altitude-dependent ionization rate for electron beams; mo

noenergetic and others.

In a similar way, the volume emission rate or aurora lu-

minosity profile A(z) for fo(Ep) can likewise be expressed
(Sergienko and lvanov, 1993; Rees, 1963, 1989) as

A, p(2QPR(2

fo(Eo) Eo/(Eo, ¥)
/ dE
SA 4@ i

A@ = R(Eo)

@
— B / fo(Eo) EoL (Eo)dEg

where A;is the Einstein emission coefficiert, the excita-
tion energy cost of the transition j for speciesd, the ex-
citation probability for species iR the average range for
Eo, and B(z) and L(Ep) collects the corresponding terms
together. This is a simplified emission rate fos N 1NG
427.8 nm from a given altitude-dependentilnization rate
for mono-energetic electrons. Incorporation of image$wit

2 Basic concepts and fundamental equations

An inverse problem in tomography is generally associated
with the forward convolution process as

ka= [ Ky a0 =6) ®
Here §(y) is the observed column emission rate of image
pixel aty, A(x) the volume emission rate in a voxeband
k is an integral kernel corresponding to the image projection
from x to y. This integration inevitably implies smoothing
and increase of entropy, i.e., loss of information and hence
with a limited number of noisy observations the inversion
becomes an ill-posed problem.

If the back projection or approximate inverse operator of
K is K, the i+1 th iteration for retrieving can be expressed
as

AHD = AD L K(g—-KAD) 4)

different wavelength in the present tomographic approachwherei is the index for iteration number. Algebraic recon-
should be targeted for further study since ratios of emissio struction methods such as ART, MART and SIRT are used

intensity between particular wavelengths bear infornmedio
the characteristic energy of the precipitating particled ac-
cordingly the altitude profile of the auroral emission.

for this iteration. Our analysis has been mostly relying on
the SIRT method for its better robustness to noise.
The other approach, the optimization model, defines an

As an inverse problem, Gustavsson et al. (2001b) ex-appropriate “functional” and optimizes it. A functionalbe
pressed the above integral over energy as a simple “mixed daninimized is

termined” system of linear equations specified by the temsf
matrix T as

Ay (Z) =ZTi,j fo(Ej) (N
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IKA = §I° + Q(A) (5)

whereQ (A) represents the functional term for unbiased con-

straints of the smoothness structureAin
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In the present approach of integrating available informa-can solve for the electron energy spectriigiEg) at the top
tion on particle precipitation, we begin with an optimizasti  of the ionosphere. In this case, atmospheric structures and
model in which the following functional composition can also be parameters to be inferred.

pl (fo; w1, wo, w3) =1(fo; w1, w2, w3) + Q(fo) (6) 3 Conversion to a Bayesian model

is to be minimized with respect tdo for given hyper- ~ Observed data are usually finite and limited and at the same

parameter values1, ws, ws. time .susceptlble to stochastl_c errors. On _the other hand,
physical models expressed in the above integral include
many assumptions and approximations. If we derdtas

i=6 a model which delineates the forward process Bnds ob-

|(fo: w1, w2, w3) =w1 D > served data, the posterior probabil@(M|D) for modelM

i=1,2 Uv when dateD are at hand is expressed by the Bayes’ theorem
2 as
e—a;,/cos& ~
500 [ SEoh 0. od =gy o |5y PRIMPM) PO MPM)

R , P(D) > P(D1M)P(M)

—I—wg‘q(r, fo)—aﬁg(r,t)‘ (8)

whereP(M)andP(D|M)are the prior probability for model
M taking place and the probability of daafor the assumed

+ w3 / 8 — v 5 /q(r, fO)ds — bsa(u, v, t) modelM or the likelihood of observed data as a function of
o0t o+ v a model parameters, respectively.
@) Relying on this, we will convert the optimization model

into a Bayesian model formulation, adapted to “multi-
Symbo|s are as followsl: line of Sight,r: point in space, modal” stochastic data with the forward model based on
ri: observation pointa,: atmospheric absorptivitjﬁm: ob- our approximate understanding and knowledge of the iono-
served radio wave absorptio); sensitivity and vignetting Sphere. Maximizing a posterior probability leads to model
factor,d, ¢: zenith and azimuthal anglée: observed elec- Pparameter determination with sophisticated adjustment of
tron concentrationg: effective electron recombination rate, hyper parameters of the relative contribution of three ggrm
A: wavelengthuw1 — w3: weighting factorsa,,: specific ab-  being based on data Tanabe (2004).

sorption atw, w: riometer angular frequency; electron - Now we define a Bayes model as
neutral collision frequency. Alsa(r) andq(r) are deter- d
mined by integratingfo(Eo) as in Egs. (1) and (2). In the f~ 1(¢) 9)

abovel (fo; w1, w2, w3) is composed of three parts: (1) A that expresses modél by a finite number of parameteys
aurora tomography part with e.g. six images, (2) an elec+or smoothness constraint, vanishing approximated second

tron density profile part for energy range of 0.2-50 keV, and order derivative might be appropriate.
(3) an imaging riometer part for energies greater than 10keV

with e.g. 8x8 receiving beams. Of course, we should be Q4(¢) = Q(f9¢)) (10)
deliberate on the differences in spatial resolution of #e r o .
spective data sets and also on the horizontal inhomogene-l-—h(?n the likelihood of data for assumed mo@D[M) is
ity of precipitating particle energy. Specifically an EISTA defined as

radar observation mode using beam scanning might be more exp(—l (fd(¢)))
preferable in discrete aurora which has large spatial gradi L:(G, ) =
ents in electron precipitation, leading to sharp gradiémts

the ionosphere. To optimize the EISCAT observation for thein Whichlis a residual defined in Eq. (7) alj is a normal-
inversion proposed here, antenna scanning will provide adization factor which is an integration of the numeratorgby
ditional information about the spatial variation, widthsda  Very little prior knowledge of parameteis before getting
precipitation characteristics of such structures. Fofauni  data corresponding tB(M) is likewise expressed as

diffuse aurora with less spatial gradients in the ionospher Q(fd

scanning the radar beam will not give us much additional in- (¢) = exp(-Q (1)) (12)
formation, but might rather reduce the temporal resolution Nz

that might be more interesting for this case, e.g pulsating a Here, N, is a normalization factor. Hence the posterior dis-
rora. In the minimization, we usually adl( fp) as a smooth-  tribution for parameterg when datag are given or, equiv-
ness constraint. By putting Egs. (1) and (2) into Eq. (7), wealently, the probability of model parametgibeing realized

N (w1, w2, w3) D

www.irf.se/publications/proc33AM/aso-etal.pdf Proc. 33AM
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with model parameterg and characteristic enerdyo in a
possibly simple form or through node values of spline-type
form. Also the termsA(z) and B(2) includes parameters for
atmospheric structures and relevant ionization and eiaita
processes. The numbers of parameters depend on the avail-
able quantity of orthogonally independent data and also on a
trade-off with the computing time for global search for max-
ima in the aforementioned procedures.

Prior knowledge
on ¢ before
getting data

Energy spectrum
of precipitating
electrons

RE. %)

Aurora CT

image data

EISCAT Ne
data

Imaging

riometer CNA
data
........................ : 4 Discussions, suggestions and summary

....................... £ Observed data
¢:f Model parameters

PDF of data

Likelihood
LE.6

’ POSTZNC}%@@) A proposed model of generalized aurora tomography is given
‘ which aims at integrating information from ALIS, EISCAT
and imaging riometers to estimate comprehensive differen-
tial electron energy spectra through a Bayesian statistiza
Fig. 1. Concept of generalized aurora CT proach. The tentative formulation is targeting the inigat
ergy spectrum at the top of the atmosphere through energy
deposition and ionization. Janhunen (2001) did a generaliz
tion of spectroscopic ratio methods to off-zenith viewing d
rections to retrieve electron precipitation charactessrom
a set of multiwavelength all-sky auroral images. In our ap-
L:(§ proach, further comparison between the Bayesian method
¢ HIG) (¢ = (w1, w2, w3)) suggested and the conventional approach of solving the prob
JL:@ pTip)dg ° b s 0 o o

(13) lem stepwise, i.e., first the tomographic inversion from the
A denominator is a marginal likelihood which is a projection

images to the three-dimensional volume emission followed
by integrating out model parameters and represents the prokpy an estimate of the electron spectra remains. In both cases
ability of obtaining the present dafa Maximizing the above

establishing relevant forward models are really important
posterior distribution function with respect¢o corresponds Also an intermediate way of integrating multi-instrument
to the minimization of the optimization model.

data can be suggested in which 3D aurora emission struc-

The estimation procedure proceeds in the following ::dr.i Ztr:(jci)r;srtr:g;}g: dfrg mcgzqugzone?:agtlﬁ ;?]r?jé?g?g;%hgg_
way. We search for the hyper-parameter set — soJr tion calculated b );etriev[()ed rgi’mar spectra wi)t/h obse
(w1, w2, w3) which attains maximum of marginal likelihood P y ap ysp

- 2 PR . vations. Also, neutral composition can or should be a target

ML) = [Le(@ )I1($)d¢ ate = (iy, ida, 3). This for reconstruction together with energy spectrum at the top
set determines the relative weight of the three input dat se
aurora brightness, electron density and cosmic noise pbsor

of the atmosphere.
tion. In step two, we obtain an estimafe = fd(¢3) by

Geophysics is in principle an inverse problem based on
determining model parametegswhich maximize the poste- “observation” and then “induction” which derives theory or
rior distribution functionHE(qs, §) and minimizes the func-

structures from data. Geophysics problems are frequently
. drin. m o m A edr . A A A “under-determined” or mathematically “ill-posed”. Whesea
tlonadl P (F5($): b1, D, 3) = 1(T%(¢): b1, D2, D3) +  wgeqyction” is a cause-&-effect argument as in e.g. com-
Q(1%(¢). This completes the preser'lt' algorithm.  This puter simulation and is in principle a forward and logically
two-step procedure is a so-called empirical Bayes methO%\/ell—defined approach, comprehensive induction explgitin

In other words,_ the hyper-parameter _set E.IMEO) are heterogeneous data can do more convincing and versatile de-
searche_d that give the maximum marginal likelihood. The ., o\tion. The present approach assumes some kind of
search is separated into an "inner” problem Where for eaCI%teady-state condition and temporal variation is not seho

Set, of hyper parameters we searF:h for the opt|MEo). taken into account. But it will hopefully contribute to the-r
This then ”?a"es up the optimal likelihood _fun<_:t|on f?r the,,construction of auroral excitation in a statistical sensth w
corresponding set of hyper parameters which is the “outer'yoqq ¢ongtraints and more flexibility and will help undemsta

target functpn to maximize. The whole procedure is illus- more comprehensibly aurora formation processes.
trated as a diagram in Fig. 1

The initial differential energy flux spectrum at the top of
the atmospherdy can be described either as

under the condition of given datais expressed by Bayes
formula Eq. (8) as

(¢, 9) =
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