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Abstract. Aurora Computed Tomography (ACT) is a fulin analyzing multi-instrument data and, in particular, 3-D
method for retrieving the three-dimensional (3-D) distribu- data, which will be obtained in the upcoming EISCAD.

tion of the volume emission rate from monochromatic auro- : :

ral images obtained simultaneously by a multi-point cameraKeywordS' Magnetospheric physics (Auroral phenomena)
network. We extend this method to a Generalized-Aurora
Computed Tomography (G-ACT) that reconstructs the en-

ergy and spatial distributions of precipitating electrons from1 Introduction

multi-instrument data, such as ionospheric electron den-

sity from incoherent scatter radar, cosmic noise absorptiodn the past, techniques for analyzing auroral data have dealt
(CNA) from imaging riometers, as well as the auroral im- Primarily with a single type of observational data in one or
ages. The purpose of this paper is to describe the recorfwo dimensions. In recent year, however, many different
struction algorithm involved in this method and to test its kinds of auroral data have been obtained by comprehensive
feasibility by numerical simulation. Based on a Bayesian observations using a variety of instruments. Furthermore,
model with prior information as the smoothness of the elec-New projects involving three-dimensional (3-D) ionospheric
tron energy spectra, the inverse problem is formulated as &bservations such as EISCAD are planned in the near fu-
maximization of posterior probability. The relative weight- ture. Detailed information of the EISCA3D project is de-

ing of each instrument data is determined by the crossscribed in the web padettp://www.eiscat3d.seThus, new
validation method. We apply this method to the simulated@nalysis methods are required that can evaluate data from
data from real instruments, the Auroral Large Imaging Sys-multiple instruments in addition to 3-D data.

tem (ALIS), the European Incoherent Scatter (EISCAT) radar One promising methods is Aurora Computed Tomography
at Tromsg, and the |mag|ng Riometer for |0n05pheric Study(ACT), which reconstructs the 3-D distribution of auroral lu-
(IRIS) at Kilpisjarvi. The results indicate that the differential minosity from monochromatic images obtained simultane-
flux of the precipitating electrons is well reconstructed from ously at multi-point stations (e.g., Aso et al., 1990, 1993,
the ALIS images for the low-noise cases. Furthermore, wel998; Frey and Frey, 1996; Nyan et al., 1996). In previ-
demonstrate in a case study that the ionospheric electron deus studies, the determination of the altitude of auroral emis-
sity from the EISCAT radar is useful forimproving the recon- sions was performed by using a meridian scanning photome-
structed electron flux. On the other hand, the incorporatiorter chain or stereo TV cameras (Romick and Belon, 1967;
of CNA data into this method is difficult at this stage, be- Stenbaek-Nielsen and Halliman, 1979; Vallance Jones et al.,
cause the extension of energy range to higher energy causd991; Dashkevich et al., 2007). The tomographic inversion
a difficulty in the reconstruction of the low-energy electron technique for aurora analysis has been developed with the
flux. Nevertheless, we expect that this method may be useconstruction of ground-based camera networks such as the
Auroral Large Imaging System (ALIS) (Gustavsson, 1998;
Brandstdm, 2003). In particular, algebraic reconstruction

Correspondence to¥.-M. Tanaka techniques (ARTs) such as MART (Muliplicative Algebraic
BY (ytanaka@nipr.ac.jp) Reconstruction Technique) and SIRT (Simultaneous Iterative
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Reconstruction Technique) were often adopted for the recon- 71
struction algorithm (Gordon et al., 1970; Tanabe 1971). Au-
roral tomography is generally an under-determined and ill-
posed problem due to the limited number of ground-based
stations. Therefore, prior information on the auroral lumi-
nosity was used to regularize the inverse problem.

The altitude profile of auroras obtained by tomographic
inversion provides us with important information about the ]
energy spectra of precipitating electrons, the mechanism ofi.U
auroral emission, and the atmospheric gas. Gustavsson et 69 &
al. (2001) estimated the energy distribution of incident elec- -8_ 5
trons from the volume emission rate of the 427.8-nm emis- ©
sion based on the inversion technique. Janhunen (2001) pre-o
sented an excellent technique for retrieving the precipitating @ Abisko
electron flux directly from multi-wavelength all-sky images O 8-
without reconstruction of the 3-D volume emission rate as an

titude

A
A Silkkimuotka

intermediate step. 1S4 Kiruna
In northern Scandinavia, there are a number of instruments A
other than ALIS, such as the European Incoherent Scatter Tjautjas
(EISCAT) radar and the Imaging Riometer for lonospheric 15 ‘ ‘ ‘ ‘ 2‘0 ‘ ‘ ‘ ‘ 25
Study (IRIS) at Kilpisgrvi (Folkestad et al., 1983; Detrick : )
and Rosenberg, 1990). Similar to auroral emission, both the Geographic Longitude

electron density obtained from the EISCAT radar and the
cosmic noise absorption (CNA) from the imaging riometer Fig- 1. Location of stations used in this paper. The quadrangles cor-
are closely related to the precipitating electron flux. Thus, it"éSPond to the fields of view of the ALIS imagers mapped to 110 km
is possible for us to combine all these data to allow recon_altltude and the ovals show3 dB contour of the main beams of the

struction of the precipitating electron flux. Aso et al. (2008) IRIS at 90 km. The square surrounded by a dashed line indicates the

h d f lized hic i simulation region at 110 km alitutde. Note that this figure shows one
ave_ proposg a concept of a gener.a 1ze ,tomerap IC Ir]éxample of the fields of view for each instrument and is valid only
version technique to reconstruct the differential flux of auro- ¢y, the calculation in this paper.

ral precipitating electrons from multi-instrument data using

a Bayesian model. We call this method as a Generalized-

Aurora Computed Tomography (G-ACT). servation stations, the number of instruments, and noise in
The G-ACT method is capable of retrieving the horizon- the observational data. The reconstruction tests under vari-

tal 2-D map of the primary auroral electron precipitation. ous more complicated conditions will be explored in future
Thus, this method is suitable for researches on the tempoyork.

ral and spatial development of the precipitating electron flux

for various types of auroras, such as the quiet arc during the

substorm growth phase, multiple auroral arcs, folds and spi2 Forward problem

rals. In particular, the coordinated observations with the EIS-

CAT_3D will allow us to estimate the precipitating electron 2.1 Instrumentation

flux more accurately. The comparison of the precipitating

electron flux with the neutral and plasma parameters willFigure 1 shows the location of the stations used in this study,

be useful in investigating the influence of the auroral pre-and their coordinates are listed in Table 1. In Fig. 1, the

cipitation on the neutral atmosphere and the magnetospherdields of view of the ALIS imagers at 110 km altitude and the

ionosphere coupling process of small scale auroral phenom—3 dB contour of the main beams of the IRIS at 90 km are

ena, including the 3-D current system in the nonuniformalso shown together with the simulation region. It was as-

ionosphere and the active role of the ionosphere. sumed that aurora was observed simultaneously by five im-
In this paper, we present the concrete algorithm of the G-agers comprising ALIS, the EISCAT radar at Tromsg, and

ACT in detail, based on Aso et al. (2008), and test the feathe IRIS at Kilpisgrvi.

sibility of this method by numerical simulation. We apply  ALIS consists of unmanned remote-controlled CCD im-

this method to some specific cases, in which we assume agers with 1024 1024 pixels resolution and it is assumed

simple but realistic electron energy distribution, station loca-that the pixels are binned to 256256. The observation

tion, and observational noise. In general, the reconstructioomode of ALIS is assumed to be the EISCAT mode, in which

results depend on several factors including the auroral formall cameras are directed to the ionospheric region over the

the geometric constellation between the aurora and the obEISCAT Tromsg site. The field of view of each camera is
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Table 1. Coordinates of stations used in this paper.

No. Station Name Latitude Longitude Altitude Instrument Type

1 Skibotn 692100.0/ 20°2136.0° 200m ALIS

2 Kiruna 675026.6° 20°2440.0 425m ALIS

3 Silkkimuotka 680147.0" 21°4113.4’ 385m ALIS

4 Tjautjas 672002.4" 20°4523.27 470m ALIS

5 Abisko 682106.8° 184935.0" 360m ALIS

6 Tromsg 693511” 19°1338” 86m EISCAT radar

7 Kilpisjarvi 69.050 20.790 Om IRIS

The IRIS system installed at Kilp&ijvi, Finland, has an
-/-;Clay](E) Y Pe

8 x 8-element dipole antenna array and produces 49 indepen-
dent beams in an area of about 20200 knt at an altitude
E of 90km. It produces a 2-D image of CNA at a frequency
of 38.2 MHz every second. CNA is generally due to elec-
tron density enhancement in the ionospheric D region, which
T Zmax is primarily caused by precipitating electrons with energies
above 20< 10° eV. Hence, it is expected that CNA may con-
tribute to improving the reconstruction of the electron flux in

Energy

X, yl(z) the high-energy range.
2.2 Calculation of auroral emission and electron density
[Zm enhancement in the ionosphere
East
South 0O >y Figure 2 shows the coordinate system used for both forward
% Skibotn and inverse analyses. We adopted an oblique coordinate sys-

tem with the origin (O) at Skibotn, the x-axis anti-parallel
to the horizontal component of the geomagnetic field, the
y-axis eastward, and the z-axis anti-parallel to the geomag-
netic field. Here, the z-coordinate does not signify dis-
tance from O but rather altitude. The simulation region was
between about 60 to 90which corresponds to about 0.6 —50~ 88km,—73~ 65km, and 80~ 230 km for the x-, y-,
to 1.2km spatial resolution at an altitude of 100km over and z-directions, respectively, and an energy ange of
Tromsg. The monochromatic filter and exposure time of the300~ 20x 10*eV or 300~ 100x 10° eV was used. This re-
ALIS imager can be programmably changed during the ob-gion was divided linearly inta, x ny x n, voxels along the
servation. Of the observed wavelengths (427.8, 557.7, 630.0¢-, Y-, and z-axes and logarithmically inkg: in the E direc-
844.6 nm, etc.), itis assumed that the wavelength of 427.8 nntion. We set the paramete(s,,ny,n;,ng) to (46, 46, 50,
is used for all the stations, because this wavelength corre50), corresponding to a spatial mesh size of 3x 3km?.
sponds to a simple emission process. The details of ALISThese parameters were selected so that all voxels have at
are described in Bindstom (2003). least one crossing of the line of sight of the pixels in the au-
The EISCAT UHF radar is assumed to be operating inroral images.
CP1 mode, which measures plasma parameters along the ge-The incident electrons at a locationxi( y1,
omagnetic field line direction from Tromsg (Elevation angle 7 ..(=230km)) cause auroral emission in the vox-
of 77.4 degrees and azimuth angle of 185.8 degrees). It igls below zmax along a field line. We define a vector
also assumed that the electron density is detected at altitudep, | (E) = {fi|i = 1,2,....,ng} [m2stev~1] for the
between.102 and 166 km at intervals of 4km. To reduce FhQ:iifferentiaI flux of the incident electrons ati( y1, zma)
observational error, the radar observation generally requiregnd L,, ,,(z) = {Li|li = 1,2,....,n;} [m~3s71] for the
the integration of data over several minutes. Thus, it is takem27.8-nm volume emission rate ati( y1, z), where f; is
as implicit that the aurora is stable during the integration pethe differential flux in energy betweefy andE; + AE; and
riod. L; is the volume emission rate at the altitude betwgeand

Fig. 2. Coordinate system used in this studyy is the directional
vector of the geomagnetic field.
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zi + Az;. The relation betweerf,, ,,(E) andL,, y,(z) is
given by

1)

wherem; is an, x ng matrix for calculatingLy, ,, (z) from
Sfx1,y(E) and is described in detail in the Appendix. As-
suming thatm; is independent o1 andy, Eqg. (1) can be
expanded in the x- and y-directions as follows:

Ly y, = mleLy‘l’

L1 mp 0 - 0 fia1
Lz} _[om f?z : @
L”;J’ly O O' ms f";s"y

L=M1f. )

In Eq. (3), f and L are functions ofc andy as well ase
andz, i.e., f(x,y,E)={fili=12,.....,n} and L(x,y,z) =
{L;li=1,2,...,m}, wheren =ng xny xny, andm =n; x
ny xny. My is a large sparse matrix defined by

mq 0O ---0

M= 0 my (4)
¢
0 ... Omg

In a similar manner ta., we defineD(x,y,z) = {D;li =

1,2,....,m} [m~5] as a square of ionospheric electron density

generated by the incident electror.has a linear relation-
ship with respect tgf, as shown by

D:M2f7 (5)
where
mo 0O .--0
Mp=| O M2 (6)
: .. 0
0 ..0 mo

Again, m; is an, x ny matrix for obtainingD,, y, (z) from
fx1.31(E) (see Appendix).

2.3 Projection to observational data

In this subsection, we formulate the projection of the volumevational datag, d, anda (in this paper a tilde
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where(r,60,¢) are polar coordinates whose origin is located
at the center of the camera lens, ap@, ¢) is a sensitivity
and vignetting factor (Aso et al., 1990). Atmospheric attenu-
ation was ignored in this study. Equation (7) is expressed by
the matrix operation

g=PiL=PiM1f, (8)

whereg = {g;|i =1,2,....,1,} is a gray-level vector whose
length isl, andP; is al, x m matrix used to calculatg by
integratingL in Eq. (3) along the line of sight, and includes
the sensitivity and vignetting factor.

For the EISCAT radar, the location of the observation
points in the ionosphere is known. The square of elec-
tron density at the observation points of the EISCAT radar,
d={d;li=1,2,.....13} [m~ 5], can be given by the matrix ex-
pression

d=PoD=P:M>f, 9)

where P, is al; x m matrix that derives data at the vox-
els including the radar observation points frdhx, y,z) in
Eq. (5).

CNA q; [dB] measured at beainof the IRIS is approxi-
mated by

a4 = %/\/D(n@,q&)v(n@,@dn

where (r,0,¢) are polar coordinates whose origin is at
Kilpisjarvi, w is the observation angular frequenay £

27 x 382 [MHz]), v is the electron-neutral collision fre-
quency, and, is a constant with a value of.@x 102 in
MKS units. It should be noted that in Eq. (10) we assumed
that the main lobe is very sharp and the effect of side lobes is
small, although this assumption is not always practical, par-
ticularly for the beams on the edge (Hargreaves and Detrick,
2002). Then, the vecter={a;|i =1,2,....,1,} is given by

a=P3v/D=P3/M>f,

wherePs is al, x m matrix operator that integrates the prod-
uct of /D andv along the line of sight. We note that the
square root in Eq. (11) applies to all elements of the vector.
v was derived from Table 3a of Aggarwal et al. (1979) and it
was assumed to be dependent only on the altitude
Finally, we added noise tg, d, anda to obtain the obser-
L signifies

(10)

(11)

emission ratel(x, y,z) and the square of ionospheric elec- observational data).

tron densityD(x, y, z) to the observational data, i.e., auroral
images from the ALIS, electron density from the EISCAT

radar, and CNA from the IRIS at Kilpigjvi.
A gray levelg; [photons n2s~1ster 1] at a pixeli in the

auroral image is approximated by a linear integration along a

line of sight, as follows:

&ZE%EQ/LM&¢ML (7)
JT

Ann. Geophys., 29, 55562 2011

3 Inverse problem
3.1 Bayesian model

The inverse problem is based on the Bayesian model and is
formulated as a problem of maximization of posterior proba-
bility. We defineP (b| f) as the probability of observing data

www.ann-geophys.net/29/551/2011/
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I;given modelf, andP (f) as the prior probability of model instrument data. To maximize the posterior probability, it is
f. According to Bayes’ theorem, the posterior probability necessary to minimize the function:
P(f|b), which is the probability that modef is true given

; : ~ T -

observational dath, is expressed by o(fiw))= wa (bj —bj(f)) Z;l(bj —bj(f))
~ J
~  POINHPS) ~ 2
P(flb)=——""—"L2 x P(b|f)P(f), 12 2
where P (b) is the marginal probability ob. b corresponds ~ Where
to the observational dag d, anda in Sect. 2. .
We adopted a smoothness constraintfofor the prior wi1Z, *(2-2(f)
probability of £, as given by r(fiw) = w2 d_d(f)> . 17)
I/ vy
P(f)ocexp| — 5 |, (13) f
202

It should be noted that mip[ f;w;)] is a non-linear least
whereo? is the variance o¥2 f and the second-order deriva- squares problem with respect fo because Eq. (16) includes
tive of f is taken with respect to, y, andE. Assuming that ~ the square root of for CNA data (see Eqg. 11).

datab has Gaussian errors, the likelihood is expressed by o . )
3.2 Ad hoc modification of f by non-negative constraint

PGLH aexp{—Z; <5j —b,—(f))T):_,Tl(Ej —bj(f))}, (14) and method to solve the minimization problem

! To take advantage of the non-negative constraint of the dif-
where j signifies the kind of datab; corresponds tg, d,  ferential flux f (i.e., f = 0), the change of variablesf, =
anda for j =1, 2, and 3, respectively, anls};(f) corre- exp(x), was carried out. Then, miafx; w;)] isa non-_llnear
sponds tqg, d, anda. ijl is the inverse covariance matrix. least squares problem with respectaeven if CNA is not

] i used for data analysis. We solved this problem by the Gauss-
Assuming that the data are independent from each o}]}Tér, Newton algorithm.

has zero off-diagonal elements and the inverse variances in |, the Gauss-Newton method. the paramatesroceeds

the diagonal elements. by the iterationx *tD = x® 1 Ax®) | where the increment

The properties of the inverse covariance mamix™ for Ay at thek-th step is a solution of the following equation:
each kind of data are described below. Since the photon

count detected by the ALIS CCD follows Poisson statistics, ?JT(x(k))‘](x(k))) Ax® = 37 (x®)p (x®)y. (18)
the standard deviation of the noise equals the square root o

the mean. When the mean value of the photon count is largéiere, J(x) is the Jacobian matrix af(x) with respect to.
enough, the Poisson distribution can be approximated by d@(x) can easily be obtained, if the derivative mofx) with
Gaussian distribution. Thus, we assumed that theé){th  respect tar can be analytically solved such as in this case.
entry of 27 is 1/g;. For the electron density and CNA, on Equation (18) is a normal equation with a large sparse ma-
the other hand, it was assumed that the noise was the samgx; therefore, we solved it by the Conjugate Gradient (CG)
for all data elements. This assumption allows us to changenethod.

r,tandz; to 1/02-1 and Yo-1, respectively, where? The Gauss-Newton method requires an initial gue8s
andog are the variances of the electron density and CNA andSince it is not sure that the posterior distribution has only a
| is an identity matrix. . single maximum and that this method can always find the
By substituting Egs. (13) and (14) into (12(f|b) is highest one, we need to select a suitable initial value for
given by x© carefully. Thus, we first used only gray levgl to
L solve minfp(f)] with respect tof, which yielded a linear
7 2(7 ) r least squares problem. We solved the problem by the SIRT
PCf1B) O(eXp[_ﬁ {;wi (b’ —b (f)> method with f© =10’ [m~2s 1 eV-1] and used the solu-

tion f* for the initial value of the Gauss-Newton algorithm

Zfl (l;,- _bj(f)> + H V2 f HZH . @15)  (i.e.x©@=log(f*).

3.3 Determination of hyper-parameters w1, wo,
wherewf ares?, 02/02, ando?/o2 for j=1, 2, and 3, re- yperp W1, w2, w3)

spectively, andzgl and):?j1 can be replaced with the iden- Unfortunately, there is no information of the hyper-
tity matrices. w; are the so-called hyper-parameters, which parameters. We used the 10-fold cross-validation method to
are constants corresponding to the weighting factor for eaclietermine the hyper-parameters (Stone, 1974). First, the full

www.ann-geophys.net/29/551/2011/ Ann. Geophys., 29,562-2011
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30 (b) (a) Aurora image (427.8nm) (b) Electron density
14 T 4 180
= <
“E - .. -
B zZ 3
Zo g
107, & _ =140
T 2 ; _“g’
W ~ 2120
604020 0 20 40 6D 0 10 10° HeV) 10' ; <
y(km) ¢ 100
Fig. 3. (a) Spatial distribution of total energy fluxQJp) of inci- 80

dent electrons at 230-km altitude. Top and right correspond to the West— 10" (m-3) 10%

northward and eastward direction, respectively. The cross marked

A indicated the line-of-sight direction of the EISCAT radgr) En- Fig. 4. (a) Auroral image at a wavelength of 427.8 nm observed

ergy distribution of incident electrons at point A. The distribution with CCD imager at Skibotn. Gray levels in this image include a

was produced in almost the same way as Strickland et al. (1993). background noise of 300 ) Electron density measured with the
EISCAT radar at Tromsg. The electron density includes a Gaussian
noise with a mean of 0 and a standard deviation of 3% of the

data set was divided into 10 subsets, wherektile subset  density.

consists of thé-th, (k + 10)-th, ¢+ 20)-th, ... elements of

the vectorsg, d, anda. Then, the cross validation score for

the assumed hyper-parametexs (w2, w3) was calculated 4 Results and discussions

as follows. .

Of the 10 subsets, one was selected as a tesbﬁ%ténd 4.1 Reconstruction from multiple auroral images
the others as a training sdit].’(i). We found the solutior® ' ' _ _
to minimize(x: wy, wo, ws) using only the training sai™ In this sgbsectlon, we demon_strate a reconstructlon using
; . J only multiple auroral images. Figure 3 shows the spatial and

and then the test set was predicted frbﬁ?ﬁ(x).. We then energy distributions of the incident electrons assumed for the

calculated the sum of the_ squares of the residuals bem’eeﬂ)rward problem. The auroral arc was assumed to have a si-

the test data and the predicted data: nusoidal shape in the y-direction and a Gaussian shape in the

2 x-direction. The total energy fluxdp) of the incident elec-

: (19) trons has a maximum value of 30 m Wéat the center of

the arc. The energy distribution was assumed to be Gaus-

sian with low- and the high-energy slopes, which has been

reported by Strickland et al. (1993) to be typical of auroral

electrons. The position of the energy pede) varies lin-

early from 2x 10° to 8x 10% eV with increasing longitude.

5(w1, w2, w3) was determined by a trial and error method. The scaling exponents of the power-law distributions were

In addition to the hyper-parameters, the number of iterationsS€t 10—1.0 and—3.0 for low-energy and high-energy slopes,

for the Gauss-Newton algorithm was also simultaneously de€SPectively, and the values of these distributions at Ep
termined so as to minimize were assumed to be equal to 0.2 times of the peak value of

Furthermore, we set the upper limit of the hyper- the Gaussian distribution. The pitch angle distribution was

parameters. The reconstructed results were poor without th@SSumed to be isotropic.

upper limit for several cases, in which the smoothness of en- Figure 4 shows the 427.8-nm auroral image observed at

ergy and spatial distributions of differential flux was much Skibotn and the electron density profile measured with the

weaker than expected. The reconstructed results using thEISCAT radar at Tromsg. The gray levels in Fig. 4 include a

hyper-parameters determined by the cross-validation methoBackground noiseNg) of 300 R. Since the gray level noise

tend to fit the observational data more closely than the priofor @ pixeli was assumed to have the standard deviation of

distribution (i.e., smoothness constraint). The upper limits+/¢ + Vs, the standard deviation is greater theB00 R for

of the hyper-parameters were determined by a trial and errofll pixels. The electron density includes a Gaussian noise

method so as to suppress the reconstruction error but retriey#ith @ mean of 0m?® and a standard deviation of 3% of the

the substantial spectral peak to some extent. The upper lim@ensity.

values were fixed through this paper. Figure 5 shows the reconstruct@g from five auroral im-
ages for various amount of noise levels. The reconstruction
is accurate for the case of low noise (see Fig. 5a and b).
As the noise increases, however, some regions suffer from

S(w1, w2, w3) = Z HEB@S_ btjes()e)
J

The cross-validation sco w1, w, w3) was calculated by

averaging over 10 (w1, w2, w3)s, which were obtained by

replacing the test set with one of the training sets in turn.
The values ofw;, wp, and w3 required to minimize

Ann. Geophys., 29, 55562 2011 www.ann-geophys.net/29/551/2011/
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NB=0R 30 (a)
10l B
ZOOE =, A0
% % 10
105 %10t — Input
& ;| —%—No noise
-60-40-20 (]9 )20 4060 ° —10 —=—Ng=100R
y(km
NB=500R 1d ——Ng=300R
2 3 4
10 10 E(eV) 10
(b)
11
10 D
=, 10
> 10
-60-40-20 0 20 40 60 -60-40-20 0 20 40 60 - 9
y(km) y(km) w10 — Input
& —x— No noise
Fig. 5. The dependence of reconstructed total energy floy)( = 108 ~— Ng=100R
on noise. Background noise ¢d) OR, (b) 100R,(c) 300R, and N==300R
(d) 500 R has been added to the auroral images for all five ALIS 10702 BT3 »
stations.
1 10 EeV) 10

underestimation or overestimation of the energy flux. OneFig. 6. Differential flux of the incident electrons reconstructed from
example is the northern and southern boundaries of the re@nly auroral images(a) and(b) show the results for points B and
construction region wheréy is highly overestimated, and D in Fig.. 3a, respectivgly. B.Iac.k and blue curves repre§ent the
another is the western part of the argyat —73~ —40km qmerentlal flux of the original |nC|de_nt electrohs and th_e differen-
whereQy is slightly underestimated (see Fig. 5c and d) Thetlal flux reconstructed from auroral images with no noise, respec-
. . o ) . ' tively. Green and red curves correspond to the differential flux re-
latter is attrlbu.ted N t-he pqsmon of the ALIS stations, be- constructed from images with a background noise of 100 and 300 R,
cause f(_)ur of five _statlons lie to the south of th_e reconstruc—respective|y_
tion region (see Fig. 1). We have already confirmed that the
underestimation of)g in the arc aty = —73~ —40 km is im- ) ] N )
proved by moving one of four southern stations (ex., Tjaut-_tors with large singular value_s.lﬁ stands out, which results
jas) to the north of auroral arc (not shown here). The reconi" the appearance of the additional peaks.

struction works well when there are the stations on both the Heré we briefly describe the errors of the inversion re-
north and south sides of the aruroral arc (Aso et al., 1998). Sults. The standard deviation of théh element of the recon-

Figure 6 exhibits the reconstructed differential flux of the structed differential flux £) can be roughly approximated
incident electrons at points B and D in Fig. 3a. The recon-py [o2/ <<p//(f)) , Whereo? is the variance of the prior
i1

struction is quite good for the no-noise case (blue curve), R

where no noise means that both the mean and standard ddistribution in Eq. (13) anc(<p”(f))_ _is the second order
viation of noise are zero. Even with the noise (greenandred, . . . N A .

curves), the position afp in the reconstruction is almost the derivative ofp(f) with respect tof; at f = f. Afgz IS un-
same as that for the incident electrons. On the other handknown, it was roughly estimated froa ~ H VZfH /n. The

the deviation of the differential flux increases with increas- obtained standard deviations were about 10 to 60 percent of
ing image noise and underestimation of the flux can be seefhe reconstructed differential flux for the cases tested in this
atEp. paper.

The additional peaks seen in Fig. 6b are attributed to the We emphasize that the non-negative constraint of the dif-
observational system of auroral luminosity, i.e., the matricesferential flux plays an important role in the reconstruction.
P1 andM;. The solutionf of min[e(f;w;)] can be ex-  If we do not use CNA data and the non-negative constraint,
pressed as a linear combination of the singular vectors of @he inverse problem becomes the linear equations, which can
matrix which is a function oP; andM1. When the gray be more easily solved by the CG method. However, the dif-
level noise is added, the singular vectors with small singularferential flux reconstructed by the CG method without the
values are neglected and the contribution of the singular vecnon-negative constraint often included negative elements.
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Fig. 8. (a)Energy distribution of the incident electrons at the center
of the arc. The distribution is similar to Fig. 3b, but the high-energy
tail has been replaced with a kappa distributi@m. CNA detected
with the IRIS at Kilpisparvi. Top and right correspond to the north-

10 2 3 ‘ 4 ward and eastward direction, respectively. Note that the center of
10 10 10 this panel corresponds to the position of Kilgisji. Each colored
E(eV) area shows-3 dB contour of the main beam. Gaussian noise with

a mean of 0 dB and a standard deviation of 0.03 dB has been added
Fig. 7. The differential flux of the incident electrons at point A re- to the CNA data.P and Q are the beams where the precipitating
constructed from only auroral images (purple curve) and from bothelectrons at points C and E in Fig. 3a contribute to the generation of
the auroral images and the EISCAT electron density (green and re@€NA.
curves). A background noise of 300 R was added to the image data
and a Gaussian noise with a mean of 0%rand a 1% (3%) stan-
dard deviation. Black and blue curves correspond to the differentia#.3 Reconstruction from auroral images and CNA
flux of the original incident electrons and the differential flux recon-
structed from auroral images with no noise, respectively. It is well known that CNA is sensitive to precipitating elec-
trons with energies greater than:200° eV. Thus, the energy
range for the calculation was extended to 30D00x 10° eV.
Furthermore, a kappa distribution was adopted for the high-
energy tail of the incident electrons, instead of the power-law

Figure 7 shows the reconstructed differential flux at point A, distribution used in Sects. 4.1 and 4.2. The kappa distribution
which corresponds to the line-of-sight direction of the EIS- is often observed in diffuse auroras, and is thought to be at-
CAT radar. The purple curve corresponds to a reconstructiorifibuted to the electrons in the plasma sheet. The high-energy
from only auroral images with a background noise of 300 R.tail is given by

The green (red) curve corresponds to a reconstruction using 1

both the auroral images and the electron density with addeqr(E) xE (1+ i) for E > Ep. (20)
Gaussian noise with a mean of Gfand a 1% (3%) stan- K Ep

dard deviation. From this figure, the differential flux recon-  The energy distribution becomes harder with decreasing
structed from only auroral images is less than the incident. ang it approaches a Maxwellian distribution &agoes to

flux for energies at and belowp and greater than the inci-  jnfinity. It was assumed that the distribution of total energy
dent flux for energies abovEp (purple curve). Itis evident f,x is same as in Fig. 3a anfgh in Eq. (20) is equal tdp in

that the underestimation and overestimation of the differenyhe Gaussian distributionZp and« were fixed everywhere

tial flux were significantly corrected by using the electron , g, 103 eV and 6, respectively. Figure 8a and b show the
density from the EISCAT radar. The improvement of the re- anergy distribution of the incident electrons at the center of
construction is limited taf > 700 eV, because the electron {he arc and CNA observed with the IRIS at Kilgisji, in-
density at < 170km was used for the inversion.  ¢yding a Gaussian noise distribution with a mean of 0dB
icant only around A, because the observation region of the 14 examine the usefulness of CNA for the inversion, we
EISCAT radar is limited to along the geomagnetic field line at 5 ded a well-characterized noise to image data for four sta-
A. In addition, the temporal resolution of the EISCAT radar tjons |ocated to the south of Skibotn. The background noise
data is usually lower than that of the ALIS data. Neverthe-gecreases gradually from 200 R on the northern edge (clos-
less, the correction imparted by the radar data is very imporest tg the horizon) to 0 R on the southern edge (farthest from
tant, because the next generation EISCAT facility will b the horizon). On the other hand, a uniform background noise
capable of measuring the ionosphere in a wide area at highsf 100 R was added to the image at Skibotn. Such spatial
spatial and high-temporal resolutions. We are planning t0gradient of the noise tends to make the reconstructed energy

observed by the EISCABD in future.

4.2 Reconstruction from auroral images and electron
density
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Fig. 9. (a) CNA calculated by using the differential flux recon- 10 10 10% 10°
structed from ALIS images only(b) CNA obtained by using the E(eV)
differential flux reconstructed from both auroral images and CNA. (b)
109, E
Figure 9a exhibits CNA obtained by using the differen- ?109
tial flux reconstructed from ALIS images only. CNA in % Input
this figure is greater than the observed CNA (shown in gl T ™
Fig. 8b) in the auroral precipitation region. Figure 9b shows N'E 10 —»—ALIS(No noise)
CNA calculated by using the differential flux retrieved from =10 :g__ﬁtig(w'm no!se)
both auroral images and CNA. It was confirmed by com- with I(I\:/{vIIS(gO;S:%)OBdB)
paring this figure with Fig. 8b that the minimization prob- 10° 3 i 5
lem (minfp(x; w1, ws3)]) including CNA data was properly 10 E 10 10
solved. (eV)

Figure 10 shows the differential flux at points C and E (in Fig 10. (a)The differential flux of incident electrons at points C
Fig. 3a) reconstructed from both the auroral images and CNAgnd E in Fig. 3a reconstructed from the images only (green curve)
(red curve), together with the reconstruction from the imagesand from both the auroral images and CNA (red curve). The format
only (green curve). The differential flux at points C and E of this figure is similar to that of Fig. 7.
contributed to the generation of CNA for the beafmsnd
Q, respectively (see Fig. 8b). The reconstructed differen-
tial flux was slightly corrected by using CNA in the very- D region (Penmann, 1979), which causes an uncertainty of
high-energy rangeH > 70x 10% eV). The energy spectra be- the reconstructed high-energy differential flux.
came smoother by using CNA data, indicating that the rel- Therefore, we conclude that it is difficult at this stage to
ative weight of the smoothness constraint increased in thi$/s€ CNA data when applying the G-ACT to actual data. Nev-
case. On the other hand, the differential flux was poorly re-ertheless, it is worth further investigating how to make use of
constructed in the lower-energy range including the peak af©NA for the energy reconstruction, as it is the unique data
E = Ep. measured from the ground that includes the significant infor-

We extended the energy range up to ¥0T03 eV to in- mation of the high-energy flux. To extend the energy range,

corporate CNA data into our method, however, that made ifit M@y be necessary to add the other information of the low-

difficult to reconstruct the differential flux in the low-energy €N€rgy electron flux as well as of the high-energy electron

range. The low-energy differential flux is prone to be affectedluX- For instance, auroral images at different wavelength

by the observational noise, because the 427.8-nm emissiofid"ds (€x., 844.6 nm) will improve the differential flux in the

and the electron density enhancement caused by the loW©W-€nergy range. ltmay also be effective to make an a priori

energy flux are very small. In addition, the reconstruction er-2SSUmption about the shape of the high energy tail.

ror in the high-energy differential flux arisen from the obser-

vgtionalinoise .also affects .the.emission arid the electron derg  conclusions

sity at high altitude, resulting in the error in the low-energy

differential flux. We provided the concrete algorithm of the Generalized-
Moreover, the atmospheric parameters such as the neutrédluroral Computed Tomography to reconstruct the energy

density, the neutral temperature, the electron-neutral colli-and spatial distribution of a precipitating electron flux from

sion frequency, and the effective recombination coefficientmulti-instrument data. Based on a Bayesian model, the in-

were regarded as the known quantities in this paper. Howverse problem was formulated as a maximization of the pos-

ever, these parameters are generally unknown and involve aterior probability. This inversion method enables us to uti-

ambiguity. In particular, there is a large amount of ambiguity lize not only auroral images, but also the ionospheric elec-

in the effective recombination coefficient in the ionospheric tron density, CNA, and prior information on the incident
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Table Al. Simulation parameters.

Parameter Value References
I 12.6 -
Ap-190-0
S Ao 0.197 Vallance Jones (1974)
Ae 350eV Sergienko and lvanov (1993)
Agion 35.5eV Semeter and Kamalabadi (2005)
Mz, E) - Semeter and Kamalabadi (2005)
R(E) 430x1064+536x10°E167 [kgm—2] Rees (1989)
(E isin keV)
p(2) calculated from MSIS90 model Hedin (1991)
p(2) calculated from MSIS90 model Hedin (1991)
Sergienko and Ilvanov (1993)
a(z) 4.30x 10~ 12exp(—2.42x 1072) Gledhill (1986)

+8.16x 10Pexp(—0.524) [m3s~1] (z is in km)

electrons. It was confirmed that the differential flux of in- function that is dependent oriz)/R(E). s(z) [kgm~2] is
cident electrons is well reconstructed from the ALIS imagesdefined as follows:
for the low-noise cases. We demonstrated in a case study 00
that the combination of the ALIS images with the electron s(z) =sec/) p(2)dz. (A2)
density profile from the EISCAT radar is useful for recon- 2
structing the precipitating flux more accurately. On the other - The N} (427.8 nm) emission is due to the transition from
hand, it is difficult at this stage to use QNA data when apply- N;(BZE;“)UZO to N;’(XZE;)vzl- According to Sergienko
ing the G-ACT method, as the extension of energy range to . 3.1

- . - and Ivanov (1993), the volume emission ratg) [m~> s ]
about a hundred keV causes difficulty in the reconstruction. .

is approximated by

of the low-energy electron flux.

It should be noted again that the reconstruction test was Ao-190-0 Ao-190-0 p(2)e(2)
performed only for a few specific cases in this paper. The > Aoy > Aoy Ag
test should be performed for various situations of the form v v
and location of aurora, the location of stations, and noise iNyhereA,_; is the Einstein coefficient for the transition from
the obtsiﬁrvta}[tr:pnal ?r?tz, V\_/lrlugh remains a? :‘uturcla V\_/o:k. |¥VeN+(BZE;“)v:o to N{(XZE;)UZL w(z) [m3s7Y is the
expect that this method will become a usetulanalysis tool1ory, 4, ction rate otV (B2X;"), go—o is the Franck-Condon
analyzing many kinds of data obtained by the comprehensw(—factor of the electronic transition fromV(X1E ) 0
observation of auroras. In particular, the 3-D ionospheric ™% : y 2(X"%g)v=0 )
parameters measured by the new EISCiT facility willbe N2 (B“X,)v=0, p(2) is the probability ot (z) Usid tc; excite
a most interesting target for this method in the near future. N2, andAe [eV] is the excitation energy cost of; (B“X;).

The production rate de“L(BZEj), w(z), can be obtained by
dividing the energy dissipated to exci?& (= p(z)e(z)) by

: (A3)

Appendix A the excitation energy cost of; (B2X;"), Ae. Sergienko and
o Ivanov (1993) demonstrated thAt is approximately inde-
Derivation of m; and m pendent of the energy of the incident electrons.

Similarly to the volume emission rate, the square of elec-

In this section, we describe how to obtain the matrix opera-,qn density,D(z) [m~9], enhanced by the incident electrons
torsmj; andmy in Sect. 2.2. The energy deposition rate) atz is given by

[eVm~3s71] due to the incident electron flux at an altitude

of z is given by D) = qzzz(j) _ a(ze)(il ’ )
A(s()/R(E)Ef(E) ion
o SeC(I)P(Z)/ R(E) a (AD wheregion(z) [m~3s71] is the ionization rate due to the inci-

dent electronsg(z) [m3s™1] is the effective recombination
coefficient, andAsjon [eV] is the energy used to produce a
pair of ion and electron.

where/ [radian] is the angle between the vertical axis and
the magnetic field linep(z) [kgm~2] is the atmospheric
mass densityR(E) [kgm~2] is the range of incident elec-
trons with an energy of, andA is an energy dissipation
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If f;jis f(E)intherange of£; < E<E;+AE; and if Dashkevich, Zh. V., Ivanov, V. E., and Khudukon, B. Z.: Fea-

L; andD; areL(z) andD(z) inz; <z <z; + Az, L; andD; tures of stable diffuse arcs observed by means of auroral tomog-
are obtained from Egs. (A1), (A3), and (A4) as follows; raphy, Ann. Geophys., 25, 1131-113#i:10.5194/angeo-25-
1131-20072007.
L= Zml’ij fis (A5) Detrick, D. L. and Rosenberg, T. J.: A phased-array radiowave im-
j ager for studies of cosmic noise absorption, Radio Sci., 25(4),

325-338, 1990.
D; :Zmz*i/f/’ (A6)  Folkestad, K., Hagfors, T., and Westerlund, S.: EISCAT: An up-
7 dated description of technical characteristics and operational ca-
pabilities, Radio Sci., 18(6), 867—879, 1983.
wheremy ;; andmy ;; are the {, j)-th entries ofm; andmy, Frey, S. and Frey, H. U.: Auroral emission profiles extracted
respectively, which are given by from three-dimensionally reconstructed arcs, J. Geophys. Res.,
101(A10), 21731-21741, 1996.

i — Ao-190-0 seal) @) A(Z'))\(ZisEj)EjAEj (A7) Gledhill, J. A.: The effective recombination coefficient of electrons
YT Y A0, As PPz R(E;) ’ in the ionosphere between 50 and 150 km, Radio Sci., 21(3),
v 399-408, 1986.
Gordon, R., Bender, R., and Herman, G. T.: Algebraic Recon-
sed!) p(zi) )»(zi, Ej)EjAEj struction Techniques (ART) for three-dimensipnal electron mi-
maij = (A8) croscopy and X-ray photography, J. Theor. Biol., 29, 471-481,

Agion a(z;) R(Ej) 1970.

The parameters used for the calculation is summarized if?ustavsson, B.: Tomographic inversion for ALIS noise and resolu-
Table AL. tion, J. Geophys. Res., 103(A11), 26621-26632, 1998.
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