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Abstract. In this paper we study the spatial distribution of
optical volume emission rates and peculiarities of the lumi-
nosity intensity within weak diffuse auroral arcs recovered
by means of auroral tomography. The tomographic images
are obtained from sets of scanning multi-channel photome-
ter data obtained in February 1999 on the Kola Peninsula in
Russia at three sites of a chain extending 226 km along the
geomagnetic meridian. The 427.8- and 557.7-nm emissions
of a 15-s time resolution observed within one hour during
low geomagnetic activity are analyzed. We found that the
intensity profile of an individual arc along the geomagnetic
meridian has an inverted-V-shape. The luminosity maximum
altitude decrease by 4–14 km at about 140 km distance in the
south-north direction can be observed during two or more
diffuse arcs. The parameters of the precipitating electron flux
are obtained from an integral equation, which determines the
best relationship between the 427.8-nm intensity height pro-
file and an arbitrary particle energy spectrum. A dimension-
less function of the energy dissipation is used as the core in
the integral equation. The estimated average energy of elec-
tron flux, which generated the isolated diffuse arc, is 1–2 keV
higher in the central part of the arc in comparison to values
at its borders.

Keywords. Ionosphere (Active experiments; Auroral iono-
sphere; Particle precipitation)

1 Introduction

Direct satellite and rocket optical observations of aurora phe-
nomena, which were performed for many years, have col-
lected a lot of information about processes occurring in the
upper atmosphere during auroral precipitation. Such mea-
surements are quite expensive but they cannot provide data
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needed to perform comprehensive studies of the electron flux
generating auroral forms in the ionosphere. Ground-based
observations help to obtain the necessary knowledge on the
spatial distribution of auroral emission intensity and charac-
teristics of the electron flux.

However, very important problems, such as explaining the
fine structure of electron flux parameters producing discrete
auroral formations (arcs, belts and separate rays), structural
and dynamic properties of precipitation in various auroral
forms, can be solved by using indirect ground-based meth-
ods. One of them is an investigation of the spatial structural
peculiarities in the aurora luminosity.

As a rule, the pioneer papers describing altitude luminosity
intensity profiles use data obtained by photographic or pho-
tometric observations performed at two separated stations
(Störmer, 1955; Romick and Belon, 1967). Then the height
distributions of the volume luminosity intensity are recov-
ered under the assumption that an aurora structure is a thin
layer of a homogeneous luminosity across the auroral form.
Therefore, such experiments can only result in the estimation
of the lower border and the maximum.

Further development may be based on auroral tomogra-
phy, if a set of images is recorded simultaneously from mul-
tiple locations. The tomographic inversion can be used to
estimate the spatial distribution of the volume emission rate
in a physical coordinate system. It allows one to avoid the
approximations made in the case of two observational sites.
If the region of interest is 80–500 km away, the optical to-
mography detectors must also be separated by comparable
distances.

The works by McDade and Llewellyn (1991), Frey et
al. (1996) are focused on the detailed description of the tomo-
graphic inversion algorithm, which is used for reconstructing
altitude intensity profiles and based on both rocket photo-
metric data and ground-based observations. Some examples
of the obtained distributions can be found in these papers.
An investigation of an auroral arc system excited by soft
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Fig. 1. The experiment geometry showing the locations of the scan-
ning photometers.

electrons is made by using simultaneous rocket and ground-
based measurements during the ARIES campaign (Vallance
Jones et al., 1991; McDade et al., 1991). The authors studied
altitude distributions of the volume emission rates at 470.9,
557.7, 630.0 and 844.6 nm; a comparison of the tomographic
images and direct rocket observations shows a reasonable
agreement. It has been shown that the observed auroral arcs
could be produced by an auroral electron flux of Maxwellian
or Gaussian energy spectra with characteristic energies of the
order of 3 keV. Frey et al. (1998) estimated some parameters
of conductivity distributions by simultaneous electron den-
sity and spectral measurements made by the EISCAT radar
and three CCD cameras. Some luminosity properties in the
emissions of 557.7 and 630.0 nm for the Polar Cap arcs and
mid-latitude auroras are investigated in the papers by Doe et
al. (1997) and Semeter et al. (1999) by using the tomographic
approach.

However, the features of the luminosity distribution just
within an individual isolated auroral form cannot be found
in the above papers. The objective of the present work is to
study properties of both altitude and meridional distributions
of the volume auroral emission rate, as well as to estimate
the parameters of precipitating electron spectra correspond-
ing to the intensity distributions. Our studies are based on
the results of optical auroral tomography experiment, carried
out by the Polar Geophysical Institute in the Kola Peninsula
in 1999. The parameters under study are the average flux
energy and the energy and particle fluxes. We use the to-
mographic algorithm based on stochastic inversion (Markka-
nen et al., 1995) modified for the inversion of optical data.
For our analysis we selected time intervals when one or two
weak diffuse arcs of the 557.7-nm emission with intensities
less than 2.5 kR can be clearly observed.

Table 1. Technical specifications of the photometers.

Photometer specifications

Resolution 0.5–0.8◦

Sensitivity 5–20 P
Dynamic range 3×104

Field-of-view 0–180◦

Scan step 0.5◦

All-sky scan time 15 s

Filter characteristics

4278Å 5577Å

Apatity 4280 18 5582 20
Verkhnetulomsky 4275 18 5578 18
Nikel 4274 17 5580 19

centerÅ width Å centerÅ width Å

2 Experiment description

The brightness of the auroral emission was registered by
three scanning photometers installed on a chain lying approx-
imately along the magnetic meridian. The optical receivers
were installed in Apatity, Verkhnetulomsky and Nikel, lo-
cated from south to north, respectively. During the pho-
tometer observations, the all-sky camera images were also
obtained at Lovozero Observatory, which is located close to
the southern station. Figure 1 presents the experiment geom-
etry. The main viewing line of the scanners between Apatity
and Nikel has the azimuth of 323.82◦, the viewing line of
the scanner at Verkhnetulomsky was also parallel to the main
viewing direction. This scanner location was about 8 km
westward relative to the line between Apatity and Nikel. The
instruments were directed along the operational azimuth with
an accuracy of about±0.25◦. The four-channels scanning
photometers are described in Korotkov et al. (1997). Table 1
shows the technical specifications of the photometers. The
scanning rate of the photometers is four scans per minute and
the timing accuracy of the computers is about one second.
The instruments are able to record four emissions, including
557.7 and 427.8 nm.

The diffuse arcs of 557.7-nm brightness and approxi-
mately of 2.5 kR are studied by using all three sets of exper-
imental data. These arcs are well observed at wide viewing
angles of all sites at the midnight hours. Figure 2 shows a
557.7-nm brightness time history observed by the photome-
ters. A magnetogram recorded at Lovozero Observatory is
also included here. One can see from the magnetogram that
the ionosphere is quiet on 11 February before 00:35 UT,
but later, however, a storm occurred with its peak at about
01:00 UT. The hourly magnetic K-index on 10 February at
23:20 UT is close to 1, but it is about 5 on 11 February at
01:00 UT when the breakup is the strongest. A detailed ex-
amination of the all-sky TV camera images also confirms that
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Fig. 2. The intensities of the emission 557.7 nm measured at three
sites, as well as the magnetogram obtained at Lovozero Observatory
on 10–11 February 1999. The gray bar shows the aurora observing
period.

two stable arcs and a series of slightly moving arcs existed
between 23:10–00:30 UT. We selected the following obser-
vational times for study at 23:17, 23:19, 23:21, 23:50, 00:01,
and 00:15 UT. It is rather important to obtain correct esti-
mates of the emission brightness from the experimental data,
however, it seems to be quite difficult to estimate true back-
ground values by means of direct measurements. It might
be acceptable that the background values correspond to the

Fig. 3. Luminosity records obtained at the sites at the same time
during quiet geomagnetic conditions. The measured records are
shown as the solid lines, and the corresponding smoothed dashed
lines represent the values obtained from the tomographic recon-
structions.

minimum values of brightness recorded at times without any
detectable aurora.

3 Results

3.1 Tomographic reconstruction of 427.8-nm and 557.7-
nm luminosities

The auroral tomography analysis is based on the Bayesian
stochastic approach. The idea is to find the most proba-
ble values of the volume emission rate in the selected grid
points. This approach has been successfully used in satel-
lite tomography for reconstructing the electron density in
the ionosphere during more than ten years (Makkanen et al.,
1995; Kunitsyn and Tereshchenko, 2003). We applied it here
for reconstruction of the spatial distributions of auroral emis-
sions. The inversion programs used in satellite tomography
have been modified for reconstructing the volume emission
rate of aurora, as in Nygrén et al. (1996). In our auroral to-
mography analysis the pixel size of the reconstruction grid
is 2.5 by 2.5 km, while in the satellite phase difference to-
mography the grid cell size is usually about 30 by 30 km or
slightly less.

Bigaussian regularization is used as an initial guess in ob-
taining emission rate images. A usual criterion of estimat-
ing reconstruction errors is the values and number of neg-
atives within the grid, which do not exist in reality. An-
other one is a comparison of initial raw luminosity records
and those found from reconstructed images. Discrepancies
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Fig. 4. Tomographic reconstructions of the 427.8- and 557.7-nm volume emission rates on 10–11 February 1999.

between the curves also depend on data quality, stability of
investigated processes and some other reasons. The dashed
curves in Fig. 3 are obtained from the reconstructions, and its
smoothness depends on a grid cell size. The reconstructed
curves shown in the figure satisfy the above criteria. They
were selected after more than a dozen inversion procedures
with different regularization profiles. The preliminary recon-
structed images of the auroral volume rate distribution can be
found in Kunitsyn and Tereshchenko (2003) and Efstafiev et
al. (2001).

Figure 4 displays the tomographic images above the chain
of the optical instruments on 10–11 February 1999 during
quiet and disturbed ionosphere conditions at 23:17, 23:19,
23:21, 23:50, 00:01, and 00:15 UT. The X-axis shows the dis-
tance from Apatity. One can see that reconstructions display
main morphological peculiarities of the luminosity structures
seen well in the all-sky camera frames, for example, the two
closely located arcs in the meridional plane along the chain at
23:17–23:19 UT on 10 February. Another distinctive feature
of the images is an elongation of luminous structures approx-
imately along the geomagnetic field line, which is inclined
by about 13◦ to the south from the vertical in this region.
This peculiarity of the reconstructed images is an additional
confirmation of the consistency of our results conforming to
conventional concepts of the electron beam motion in the at-
mosphere.

Finally, we show a tendency for a decrease in altitudes of
both the lower edge of the entire auroral structures and the
maximum luminosity inside the auroral forms in the south-
to-north direction. This, in turn, is a confirmation that the
hardness of the precipitated electron beams is increasing
northward.

3.2 Volume emission rate profiles and experimental inten-
sities ratio

The reconstructions of auroral luminosity allow us to esti-
mate the height profiles of auroral emission intensities at any
position of the aurora meridional cross sections. An exam-
ple of reconstructed height profiles for the volume emission
rates of 427.8 and 557.7 nm is displayed in Fig. 5a. The max-
imum luminosity positions are determined from distributions
of the auroral intensities shown in the previous Fig. 4. The
profiles are shown at the positions of the maximum luminos-
ity at various observation times. As was mentioned above,
the distances here originate from the reference station of Ap-
atity. When the two arcs at 23:19 UT were observed, the
distance of the southern arc luminosity maximum from Ap-
atity is 130 km and the northern arc distance is 165 km. It
can be seen in Fig. 5a that at the same time the southern arc
at 23:19 UT is located higher than the northern arc. The ef-
fect of decreasing the altitude of the maximum luminosity
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in the south-to-north direction is shown in Fig. 5b. Here the
volume emission rate profiles of 427.8 nm at 23:21, obtained
at various distances from Apatity, are also shown. It is clear
that the altitude of the volume emission rate peak decreases
when moving from Apatity.

The height profiles of the 557.7-nm and 427.8-nm inten-
sities ratio are presented in Fig. 5c. Here we also show
some experimental results obtained by different researchers
for similar types of aurora (Feldman, 1978; Vallance Jones,
1979; Sharp et al., 1979; Deans et al., 1978; McDade et
al., 1985; Stelle et al., 1990). Our intensity ratios are in
the same interval as reported in the above papers. The ra-
tio I557.7/I427.8 values are 6–9 at heights from 90 to 120 km,
which correspond to the aurora luminosity maximum.

3.3 Meridional features of aurora emission intensity char-
acteristics and parameters of the precipitating electron
flux

In order to estimate the parameters of auroral electron flux,
we use the technique described in detail in Appendix A. First,
we have estimated the spectra of primary electron precipitat-
ing during the considered events on 10–11 February 1999.
The electron spectra were reconstructed using the height pro-
file of the 427.8-nm volume emission rates obtained from the
tomographic reconstructions.

Let us consider how the following parameters act inside an
auroral formation.I427.8 is the 427.8-nm emission intensity
integrated over a vertical column,I557.7/I427.8 is the intensity
ratio, Hmax is the height of the 427.8-nm volume emission
rate peak (Imax), Fe is the energy flux andEev is the mean
energy of the precipitating electron flux.

Figure 6 presents some examples of change in these char-
acteristics along the meridional direction inside the auroral
formation during the period between 23:17 and 00:15 UT,
covering the extended quiet phase of the aurora. Notice that
at 23:17, 23:19, 23:21 UT two arcs are observed and only one
auroral arc is observed at 00:01 and 00:15 UT. The altitude
of the volume emission rate peak and the 427.8-nm emission
intensity were estimated from tomography reconstructions.
There is a tendency of decreasingImax in the south-north di-
rection by about 4–14 km, which corresponds to increasing
the mean electron energy along the meridian by 1–2 keV. In
most cases, the intensity ratioI557.7/I427.8 varies between 7
and 5, thus displaying a tendency of decreasing northward.
At the same time, it was expected that the energy flux should
have a maximum near the center of the luminosity region and
a decrease toward the arc edges, as well as a correlation with
the 427.8-nm emission intensity.

Figure 7 shows a common tendency of variations of both
the altitude of the 427.8-nm volume emission rate peak and
the mean energy of the precipitated flux along the merid-
ian. The events were grouped at the time intervals of 23:17–
23:21 UT and 23:50–00:15 UT. It can be seen that the altitude
of the volume emission rate peak decreases in the south-north

Fig. 5. (a), (b): Volume emission rates of 427.8 and 557.7 nm ob-
tained during various observational conditions;(c): Intensity ratio
I557.7/I427.8. Lines mark the results, obtained trom tomographic
reconstructions, crosses mark the results by Feldman (1978), solid
rhomb – Vallance Jones (1979), open rhomb – Sharp et al. (1979),
circle – Deans et al. (1978), solid square – McDade et al. (1985),
open square – Stelle et al. (1990).

www.ann-geophys.net/25/1131/2007/ Ann. Geophys., 25, 1131–1139, 2007
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Fig. 6. Meridional variations of different auroral emission intensities and parameters of the precipitating electron flux inside the entire auroral
formation.

Fig. 7. Variations of the altitude of peak of the 427.8-nm volume emission rate along the meridian(a) and the mean energy of the precipitating
electrons(b) at various times in a wide observational sector. The mean electron energy is averaged individually during both events when we
observed only one arc at 23:17–23:21 UT or two arcs at 23:50–00:15 UT. The vertical bars indicate the confidence interval.

direction along the geomagnetic meridian while the mean
electron energy increases.

The next step is to study the small-scale structure of the
distribution of the luminosity characteristics and electron
flux parameters. Figure 8 (the upper panel) represents the

Ann. Geophys., 25, 1131–1139, 2007 www.ann-geophys.net/25/1131/2007/
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Fig. 8. Meridional behavior of auroral emission intensity characteristics and parameters of the precipitating electron flux inside the individual
arcs.

curves describing features of the 427.8-nm volume emission
rate peakImax and the height of this peakHmax. Only the
northern arc can be seen at 23:17–23:21 UT. We see from the
figure that the variations in the volume emission rate peak
Imax are quite opposite to the variations in the altitude of
this peakHmax. Because these parameters vary across the
arc, we can first conclude that the hardness of the electron
beam inside the arc close to its center is maximal, which is
caused, in turn, by the meridional distribution of the mean
energy within the electron flux which forms separate auro-
ral arcs. We can see the variations of the electron flux pa-
rameters across the arcs: the energyFE , the mean energy of
the precipitating electron fluxEev and the particle fluxFn.
We can also clearly see the inverted V-structure in the val-
ues of the mean electron energy across the arc for all cases
in our study. However, the variation features of the energy
and particle fluxes differ at different times. We see a similar
V-structure in both the energy and in the particle flux val-
ues across the arc at 00:01 and 00:15 UT when only one arc
is observed. During appearances of two arcs at 23:17, 23:19
and 23:21 UT the inverted V-structure is observed only in the
mean energy of the electrons while the energy and electron
fluxes smoothly decrease from the south to the north.

The results obtained show that if only one arc exists, then
all the parameters of the precipitating electrons (the mean
energy, energy flux and particle flux) have the inverted V-
forms along this auroral arc. If several arcs exist, the inverted
V- structure is observed in the mean energy of electrons only.
The energy flux and the particle flux are smoothly decreasing
towards the north.

4 Conclusions

The experimental results obtained by the optical tomogra-
phy have been described in this paper. Three scanning pho-
tometers of four channels were installed along the merid-
ional chain observing 427.8 and 557.7 nm auroral emissions.
Two-dimensional images of a stable diffuse arc observed
on 10–11 February 1999 have been obtained in the form
of 557.7- and 427.8-nm intensity distributions. The val-
ues of ratiosI557.7/I427.8 lie between 6 and 9 at heights of
about 90–120 km, which are in agreement with earlier ex-
perimental works. The spectra of electrons precipitating dur-
ing the selected events have been calculated. Several pecu-
liarities of the meridional variations of both the precipitating

www.ann-geophys.net/25/1131/2007/ Ann. Geophys., 25, 1131–1139, 2007
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Fig. 9. The upper panel: examples of reconstruction of energy spec-
tra. The lower panel: all dashed lines illustrate the energy spec-
tra measured by the AE-C satellite on 21 March 1974 (Rees et al.,
1977), the solid line indicates the reconstructed energy spectrum
using experimental high profile of 381.4 nm intensity (Sharp et al.,
1979).

electron parameters and auroral emission intensity character-
istics have been revealed, namely:

1. A tendency for a decrease in the altitude of the emis-
sion intensity peak in the south-north direction can be
revealed inside the entire auroral structures. It was
found that height variations of the emission intensity
peak could be about 4–14 km at about 140-km distance.
We can also see a tendency for an increase in the mean
electron energy in the same direction up to 2 keV.

2. A typical feature inside an individual isolated arc is an
inverted V-structure observed in the mean electron en-
ergy along the meridian, as well as corresponding V-
shaped changes in the altitude of the emission intensity
peak across the arc.

Appendix A

Reconstruction of the initial energy spectrum of the
precipitating electron flux

The substance of this method is in estimating the initial en-
ergy spectrum of the electron flux by means of experimen-

tally obtained altitudinal intensity distributions of optically
permitted auroral emissions.

The volume emission rateIλ(h) at the altitudeh can be
defined by the following expression:

I (λ, h) = n(h) · Aλ, (A1)

wheren(h) is the concentration of the excited particles,Aλ

is the Einstein coefficient, andλ is the wavelength.
The concentration of excited particles which is not sub-

ject to processes of collisional quenching, under steady-state
conditions can be found as follows:

Q(h) − n(h) ·

∑

Ai = 0, (A2)

whereQ(h) is the excitation rate by the direct electron im-
pact,6Ai is the sum of the Einstein coefficients of all possi-
ble optical transitions for the current state.

TheQ(h)-expression can be found, for example, in the pa-
per by Sergienko and Ivanov (1993). It is based on the exact
solution of the electron transfer problem by the Monte-Carlo
method. In this paper the relation between the initial spec-
trum of auroral electrons at the upper boundary of the iono-
sphereF(E) and the excitation rate of the atmospheric gas
Q(h) is solved by using the function of the electron energy
dissipation.

The results derived in the paper by Sergienko and Ivanov
(1993) give the following expression of the volume emission
rate:

I(λ, h) =
Aλ

∑

Ai

∫

E

K(h, E) · F(E)dE, (A3)

where

K(h, E) =
ρ(h)Pj (h)

εi
j (h)

Eλ (E, χ)

R (E)
(1 − Alb(E)), (A4)

whereρ(h) is the atmosphere density at the heighth in g/cm3,
Pj (h)is the dimensionless multiplier corresponding to thej -
th kind of the gas,λ (E,χ) is the dimensionless dissipation
function, χ is the distance from the upper boundary of the
ionosphere to the altitudeh, expressed in units of the pass-
able mass in cm2/g, εi

j (h) is the energy cost of the gas with
the i-th state andj -th kind in eV,R(E) is the average range
of the electron flux from the upper boundary of the iono-
sphere in g/cm2, Alb(E) is the albedo-flux.

So, in order to determine the initial electron flux from the
altitude profile of volume emission, it is necessary to solve
an integral equation. Applying experimental values ofI(λ,h)
and expressing the integral as a sum by the trapezoid method,
we obtain:

I (λ, h) =
Aλ

∑

i

Ai

(

K(h, E1)F11E1

2
+

K(h, EM)FM1EM

2

+

M−1
∑

k=2

K(h, Ek)Fk (1Ek − 1Ek−1)

2

)

. (A5)
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Then the problem reduces to the determination ofFk values
by the least-squares method.

We have tested the present method by two arbitrarily de-
fined initial distributions of the auroral electrons, such as
F(E)=C· e−E/5000 and F(E)=C·(E–270)−0.7. The altitudi-
nal profiles of the 427.8-nm emission volume rates of 1NG
short-lived molecular nitrogen ions are estimated using these
spectra. Next we calculate the spectra using these profiles
and the MSIS-86 atmospheric model. The results of test-
ing are shown in Fig. 9, where the defined and reconstructed
electron energy spectra are presented. A qualitative compar-
ison of the defined and estimated spectra leads to a conclu-
sion that our technique of the electron spectra reconstructing
might give quite good results.

One more examination of this method was made by using
experimental data obtained during the coordinated rocket-
satellite campaign (Rees et al., 1977; Sharp et al., 1979).
The experimental and reconstructed spectra are shown at the
bottom of Fig. 9. It is reconstructed using the experimen-
tal height profile of the 391.4-nm intensity. An assumption is
taken into account that the pitch-angle electron distribution is
isotropic, which is acceptable for quiet forms of aurora. The
values of the neutral gases density were borrowed from the
above rocket-satellite experiment. A conclusion can be made
that the experimental spectra and the ones estimated here are
in a good agreement.
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