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Abstract. An inversion method for reconstructing the precipitating electron energy flux from a set of multi-wavelength
digital all-sky camera (ASC) images has recently been developed by Janhunen (2001). Preliminary tests suggested that
the inversion is able to reconstruct the position and energy
characteristics of the aurora with reasonable accuracy. This
study carries out a thorough testing of the method and a few
improvements for its emission physics equations.

resolution and the possibility of continuous, long-term monitoring of the auroral oval from a fixed position.

We compared the precipitating electron energy fluxes as
estimated by the inversion method to the energy flux data
recorded by the Defense Meteorological Satellite Program
(DMSP) satellites during four passes over auroral structures.
When the aurorae appear very close to the local zenith, the
fluxes inverted from the blue (427.8 nm) filtered ASC images or blue and green line (557.7 nm) images together give
the best agreement with the measured flux values. The fluxes
inverted from green line images alone are clearly larger than
the measured ones. Closer to the horizon the quality of the
inversion results from blue images deteriorate to the level of
the ones from green images. In addition to the satellite data,
the precipitating electron energy fluxes were estimated from
the electron density measurements by the EISCAT Svalbard
Radar (ESR). These energy flux values were compared to the
ones of the inversion method applied to over 100 ASC images recorded at the nearby ASC station in Longyearbyen.
The energy fluxes deduced from these two types of data are
in general of the same order of magnitude. In 35% of all of
the blue and green image inversions the relative errors were
less than 50% and in 90% of the blue and green image inversions less than 100%.

The auroral tomography has been developed from satellite
radio tomography (Austen et al., 1986). The method utilises
data from several auroral imagers viewing the same auroral
feature from different angles. From these observations either
2-dimensional (latitude vs. altitude) or 3-dimensional maps
of the volume emission rate can be inverted by using, for
example, stochastic inversion (e.g. Nygrén et al., 1996) or iterative methods (e.g. Andreeva et al., 1992; Raymund et al.,
1990; Frey et al., 1998; Gustavsson, 1998). In this kind of
tomography, the horizontal resolution of the inversion results
depends on the separation of the ground stations. According to Frey et al. (1996a, b), reasonable distances between
the imagers vary approximately from 20 km to 200 km. The
reliability of the result is also affected by the thickness and
the width of an auroral arc, the separation between the arc
structures as well as the location and orientation of the structures with respect to the imagers. Some a priori information
needs to be included in the auroral tomography. In the case
of the stochastic inversion it is embedded in the regularisation, while in the iterative methods this information comes
into play when choosing the start profile and the stop criteria
for the iteration. The disadvantage of the tomographic inversion is that the experimental setup can be rather complicated
and expensive when putting up a suitable imager array. Also,
when searching for suitable events for tomographical analysis, the experimental setup may lead to further requirements
or limitations.

This kind of systematic testing of the inversion method is
the first step toward using all-sky camera images in the way
in which global UV images have recently been used to estimate the energy fluxes. The advantages of ASCs, compared
to the space-born imagers, are their low cost, good spatial
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Introduction
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In many ionospheric studies the interesting quantities are
the precipitating electron fluxes, field-aligned currents and
average energies instead of the volume emission rates. To obtain these values from volume emission rates, an additional
inversion must be performed (e.g. Kirkwood, 1988). The inversion method by Janhunen (2001) uses multi-wavelength
all-sky camera (ASC) images and solves both inversions as
a single problem. The geometry and the emission physics
are combined and, as a result, the electron differential number flux as a function of geographical latitude, longitude and
precipitating energy is achieved. Thus, we are able to calculate the electron energy fluxes and, in principle, also estimate
the characteristic energy and the upward field-aligned currents carried by the precipitating electrons. The method has
not been designed to be a refined way for solving emission
physics but rather a data analysis tool, which is used in a routine manner in multi-instrumental studies. Consequently, the
method uses certain simplifying assumptions. For instance,
it does not take into account the contribution of precipitating
ions, the photon yield and the emission rates for green and
red lines are assumed to be independent of energy, and the
blue emission rate lacks the correction for fluorescent scattering (Lanchester and Rees, 1987). The energy range of
the inversion extends from 0.1 keV to 8.0 keV and it contains
12 logarithmically spaced energy levels. This range covers
the precipitation energies of primary electrons in typical visual auroral arcs. Like the energies, the altitude range from
90 to 300 km is divided into 20 logarithmically spaced altitude levels. The spatial resolution of the inversion depends
on that of the original ASC image, and instead of a vertical 2-dimensional (latitude vs. altitude) product a horizontal
2-dimensional map is produced. Compared to the auroral tomography the experimental setup for this kind of inversion is
much easier since at a minimum only one ASC is needed.
Before this study, the inversion method has been tested
with only one event, where the Fast Auroral SnapshoT
(FAST) satellite flew over an auroral arc. The arc was located close to the zenith of ASC field-of-view at Kevo, while
the FAST footpoint passed near Kilpisjärvi, on 3 November
1998 at 17:36 UT (Janhunen, 2001; Janhunen et al., 2000).
Only green line images from the Kevo station were used in
the inversion (no blue images were recorded at that time)
and as the ASCs were not yet intensity calibrated an approximation of one digital unit corresponding to about 100 R was
used. The agreement between the reconstructed electron energy flux and the satellite measurement was very good with
a relative error of about 20%. This comparison, as well as
the tests with an artificial event, suggested that the program
would reproduce the morphology, the position and the distribution of the electron energy flux of the aurora very well
when applied to the green (557.7 nm) ASC images. Although
the inversion method was originally designed for the images
from multiple cameras with different wavelengths, it is also
working reasonably well for the single wavelength data from
one imager. The improvement in this method compared to
the earlier procedures, for example, by Rees and Luckey
(1974), is the horizontal 2-dimensional output of the electron
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energy flux. Using data from several ASC stations helps with
the reproduction of the structures close to the horizon, where
the spatial resolution of the ASC images becomes lower.
In this study, we have analysed four satellite conjugate
events using both green and blue images from ASCs, which
have been intensity calibrated. In addition, we have analysed
a much larger data set of over 100 ASC images, together with
nearly simultaneous incoherent scatter radar measurements.
Our main goal is to test this method and to quantify its accuracy. The capability of using ASC images for estimating the
energy fluxes of precipitating electrons will open new possibilities in statistical studies of the magnetosphere-ionosphere
coupling processes causing the visual aurora. Since the inversion method was first published by Janhunen (2001), an
option for emission physics improvements (see Sect. 3.2) has
been included in the inversion program.

2

Instrumentation

In this study, we analyse images of the Magnetometers –
Ionospheric Radars – All-sky Cameras Large Experiment
(MIRACLE) all-sky cameras (Syrjäsuo et al., 1998). The
regular intensity calibrations of these cameras started in summer 2001. The calibration is performed using a reference
light source with a known luminance value. This makes it
possible to convert the recorded intensity values to brightness in Rayleighs. The field-of-view (fov) of an ASC covers
a circular area with a diameter of about 600 km at the altitude of 110 km. The part of the fov where the spatial resolution is high (140◦ ) comprises 440 pixels and thus, gives
an average spatial resolution of 0.3◦ per pixel (or roughly
1.4 km/pixel). The exact spatial resolution varies as a function of the elevation angle, and becomes lower toward the
horizon. Still, the resolution is better than 10 km/pixel everywhere. The images have been flipped in the east-west direction so that the aurorae look like they are being viewed
from above. The normal imaging interval is 20 s for green
(557.7 nm), and 60 s for blue (427.8 nm) and red (630.0 nm)
images. The exposure times are 1 s for the green line and 2 s
for the blue and red line images. Once a minute green, red
and blue line images are recorded in succession with a time
interval as short as possible. This is less than 2 s in between
the exposures (i.e. just enough to read the image from the
CCD, write it into the image file and change the filter). The
continuous imaging season extends roughly from September
to April in mainland, and from November to March on Svalbard. Over 3 million images are stored during one winter (see
http//www.geo.fmi.fi/MIRACLE/). Here we use ASC data
from Muonio (MUO, 68.02◦ N and 23.53◦ E in geographical coordinates) and Kevo (KEV, 69.76◦ N and 27.01◦ E)
in Northern Finland, Abisko (ABK, 68.35◦ N and 18.82◦ E)
in Northern Sweden and Longyearbyen (LYR, 78.20◦ N and
15.82◦ E) on Svalbard.
One of the two European Incoherent Scatter (EISCAT)
UHF radars is located in Longyearbyen, the EISCAT Svalbard radar (ESR). It operates at the frequency of 500 MHz.
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We use field-aligned measurements of the ionospheric electron density from the common program (CP) experiments using alternating codes with 128-s post-integration time. The
altitude range of the field-aligned CP data from ESR reaches
from about 100 km up to several hundreds of kilometres. The
3-dB beamwidth (full width, half power) of the radar is 0.6◦ ,
which corresponds to a circle with a diameter of 1 km at the
auroral altitudes of about 110 km.
Measurements of the SSJ/4 particle detectors on board
the low-altitude Defense Meteorological Satellite Program
(DMSP) satellites F12, F13 and F14 were used as reference values of the total energy fluxes. The energy range
of these measurements extends from 32 eV to 30 keV in 19point spectra with the time resolution of 1 s (Hardy et al.,
1984). The altitude of the DMSP orbit is 800 km and the
average speed of the satellite’s footpoint is about 7 km/s.

3
3.1

Data and analysis tools
Events

We collected two different sets of events: conjugates between
the low-altitude DMSP satellites and ASCs as well as events
with nearly simultaneous observations by the EISCAT radar
and the ASC on Svalbard. When selecting these events, we
accepted only ASC images with clear skies and reasonably
stable aurora both in place and intensity located close to the
zenith. Furthermore, we neglected events where the images
were saturated. All the events were chosen from the imaging season 2001–2002, when the intensity calibration of the
ASCs was started.
Within the constraints given above, four satellite conjugate events were found. The most beautiful one appeared
at the zenith in Muonio when both the green and blue line
images were captured. This event is discussed in detail in
Sect. 4.1. The other three events took place near the zenith
in Longyearbyen. One of these was a double arc for which
both green and blue images were available. The other two
events were a single and a triple arc, respectively, for which
only green images were recorded.
ESR is located very close to the Longyearbyen ASC. On
Svalbard the inclination of the Earth’s magnetic field is 8.2◦
and thus, at the altitude of 110 km, the centre of the fieldaligned looking radar beam is about 14 km southward of the
zenith. Conditions on six days satisfied our requirements and
we selected 73 events for further analysis. For 27 of these
blue and red images were also available, in addition to the
green ones. The radar recordings were analysed using the
Spectrum program by Kirkwood (1988) (more details in Appendix A).
3.2

Inversion method

The detailed solution and description of the ASC inversion
problem is explained by Janhunen (2001), and here we only
show an outline of the procedure. To solve the problem

1963
m=Au, where m is the measurement vector, A is the theory matrix and u is the vector of unknowns, we minimise the
function
f (u) =

1
1 −1/2
[C
(Au − m)]2 + λuT Hu.
2
2

(1)

Here, C is a diagonal covariance matrix containing the errors
due to the camera noise, λ is a regularisation parameter and H
the regularisation operator. The measurements in the vector
m are the all-sky images, unknowns in u are the electron
differential number fluxes and the theory matrix A contains
the information on how to convert the electron differential
number flux into brightness in arbitrary digital units (ADU,
from 0 to 255) of an ASC image. The theory matrix A can be
divided into a geometry matrix G and a physics matrix P, so
that A=GP. The matrix P converts the electron differential
number fluxes u into the volume emission rates e, while G
maps the emission rate values e to all-sky images m. Thus, G
takes care of the camera position calibration and P contains
the emission physics, together with the information of the
intensity calibration.
The formulae used in the physics matrix are given by Rees
(1963) and Rees (1989): Knowing the electron differential
number flux F (θ, ϕ, E) in 1/(m2 skeV), we can calculate the
energy deposition rate (keV/m3 s)
Z
3(D(h)/R(E))nn (h)E
ε(θ, ϕ, h) = dEF (E)
(2)
R(E)
where θ is the colatitude and ϕ the longitude, h is the altitude,
nn (h) is the neutral atmospheric density profile (kg/m3 ) and
R∞
D(h)= dznn (z) is the atmospheric depth (kg/m2 ). The
h

electron range R(E) (kg/m2 ) and the energy distribution
function of an isotropic source 3 (dimensionless) are defined
by
R(E) = [4.30 · 10−6 + 5.36 · 10−5 (E/keV)1.67 ]kg/m2
and
3(x) = max(0, −11.64x 6 + 32.11x 5 − 30.85x 4
+14.61x 3 − 6.338x 2 + 0.614x + 1.495)

(3)

where x=D(h)/R(E). The range R(E) describes the distance away from the source at which an electron with the
initial energy E stops. This is an experimentally derived parameter. The Eq. (3) applies for the electrons with an energy
range of 200 eV<E<50 keV. The energy distribution function 3 tells how the electron energy is dissipated along its
range. The distance of the maximum dissipation from the
source depends on the initial energy of the electron.
To estimate the relation between the energy deposition rate
ε and the volume emission rate of the blue photons (e428 in
photons/m3 s), we recall that the yield of blue photons is approximately 160 R per 1 mW/m2 (Rees and Luckey, 1974).
This value is only good for precipitation of a few keV, but it is
here used for the entire energy range for simplicity. According to the definition of a Rayleigh (1 R=1010 photons/m2 s),
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Fig. 1. A DMSP satellite pass over MUO ASC and an auroral arc
on 31 January 2001 at 17:08:00 UT. The green (557.7 nm) line image is plotted on a geographical map in instrument units (ADU).
The satellite footpoints (blue diamonds) are defined by the standard
output from the Satellite Situation Center Web (SSCWeb) as traced
along the magnetic field from the altitude of the satellite down to
the altitude of 100 km. The biggest diamond shows the satellite position at 17:08:00 UT.

160 R corresponds to 1.6·1012 photons/m2 s. On the other
hand, 1mW/m2 equals 6.24·1012 keV/m2 s. Consequently,
an energy of 1 keV produces 0.256 blue photons and thus
e(θ, ϕ, h)428 = 0.256

photons
· ε(h)
keV

(4)

when e428 is expressed in photons/m3 s and ε in keV/m3 s.
The corresponding emission rate profiles for green and red
photons are then approximated by
e557 (h) = e428 (h) · 101.1−10

−4 (200−h)2

and
e630 (h) = e428 (h) · 101.3−8·10

−5 (260−h)2 −4·10−7 (260−h)3

(5)

Knowing the differential electron number flux after the inversion, we can integrate over all energies (12 levels from
0.1 keV to 8.0 keV) to obtain the total electron number flux
and the electron energy flux. In case only green or red images
are used the inversion method utilises Eqs. (5) for the ratios
of the emission rate profiles to estimate the corresponding
emission rate for the blue line, and does the inversion as if it
was used for a blue line auroral image.
The Eqs. (2) and (4) that are used by the original setup
of the inversion method are based on fairly old references.
Therefore, three modifications according to a newer model
by Sergienko and Ivanov (1993) have been included in the

inversion and are introduced here. First, in the equation for
the efficiency of the excitation of the blue photons V428 an
altitude dependence of the number densities of the main atmospheric constituents (nitrogen and oxygen) at the auroral
altitudes are taken into account instead of assuming a constant value of 0.256 photons/keV. This gives a new excitation efficiency of
nN2
V428 =
· 0.628 photons/keV
(6)
nN2 + 0.7nO2 + 0.4nO
where number densities of nitrogen (nN2 ) and oxygen (nO2
and nO ) are obtained from the MSIS-86 thermospheric
model (Hedin, 1987). In a nitrogen-dominated atmosphere
the factor containing the number densities is always less
than one. Consequently, the yield of blue photons varies
around 200 R/(mW/m2 ) instead of a constant value of
160 R/(mW/m2 ).
The second modification is an adoption of another dissipation function calculated by a Monte-Carlo simulation of
the electron transport into the Earth’s atmosphere (Sergienko
and Ivanov, 1993):
Z
3S (D(h)/RS (E))nn (h)(1 − A(E))E
,ε(h) = dEF (E)
(7)
RS (E)
where 3S and RS (E) are the energy distribution function
and the electron range as defined by Sergienko and Ivanov
(1993), and A(E) is a dimensionless function that indicates
the part of the total energy of the initial electron flux reflected
by the atmosphere back to the magnetosphere. The main advantage of this function is the dependence on the initial electron energy that is in good agreement with laboratory experiments.
As a result of the modifications explained above, we also
end up with different profiles for the green-to-blue and redto-blue emission rate ratios. The latter profile behaves similarly to the one by Rees and Luckey (1974) at the altitudes
lower than 210 km. The modified green-to-blue ratio has a
value close to 5 at the altitude range of 110–180 km, while
the profile by Rees and Luckey (1974) increases monotonically from 2 to 11.
In the next chapter we compare the inversion results with
and without the above modifications to the reference electron
energy flux values measured by the satellites and the incoherent scatter radar.
4
4.1

Results
Simultaneous DMSP and ASC observations

The best satellite event was a conjugate with the ASC in
Muonio on 31 January 2001 at 17:08 UT when the DMSP
satellite F12 crossed an auroral arc system at the zenith (see
Fig. 1).
The triple arc turned out to be very stable both in place and
intensity at the time of the satellite pass. Except for scattered
light from the Moon, this event is perfect for our testing purposes. The satellite measured the differential electron energy
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flux across the arc system and the corresponding total energy
flux over the triple arc is shown in Fig. 2 (green line).
As a first check we can directly compare the energy flux
measured by the satellite to the one calculated from the
brightness of the blue all-sky image using the following
equation:
FE =

I428 − Idark
160R/(mW/m2 )

(8)

Here, the arbitrary digital units (ADU) of the blue ASC image taken at 17:08 UT have first been converted to the luminosity in Rayleighs I428 according to the intensity calibration
results. The dark current Idark ≈5.1 kR is the contribution of
the imager dark current in the ASC image in Rayleighs. This
value is subtracted and the difference is then divided by the
yield of blue photons to give the energy flux FE . From the
geographical grid of the all-sky image we picked out the data
points along the line connecting the satellite footpoints before and after the arc crossing. The flux values along this line
form the red curve in Fig. 2. This curve also shows a clear
triple arc structure with somewhat higher energy flux values
but following closely the behaviour of the satellite measurements. The blue curve in the same figure shows the energy
flux calculated from Eq. (8) but with the yield of blue photons of 200 R/(mW/m2 ) according to the modifications explained in Sect. 3.2. The agreement with the measured flux
is even better with this yield. From Fig. 2 we also notice that
south of the arc system, where the satellite measured almost
no energy flux, the ASC image suggests a background illumination corresponding to about 5 mW/m2 . This is very likely
to be scattered moonlight since the Moon is up (see Fig. 1).
As an example, a map of the inverted electron energy flux
for the satellite conjugate event on 31 January 2001 is shown

25
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Glon
Fig. 3. An electron energy flux map (mW/m2 ) inverted from the
combination of blue (427.8 nm) and green (557.7 nm) line ASC images from Muonio on 31 January 2001 at 17:08:00 UT. The footpoints of DMSP satellite are marked as blue diamonds.
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Fig. 2. The DMSP satellite measurement of the energy flux across
the triple arc (green curve). As a comparison the red and blue curves
show the energy fluxes calculated from the blue ASC image using
the Eq. (8) and the blue photon yields of 160 and 200 R/(mW/m2 ),
respectively.
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Fig. 4. Inverted energy flux of the triple arc from green (green
curve), blue (blue curve) and green plus blue (turquoise curve) ASC
images. The corresponding DMSP satellite measurement is given
by the red curve.

in Fig. 3 as a result of the modified inversion. Here, the green
and blue ASC images are inverted together and the reproduction of the arc system is very good. The satellite trajectory
(blue diamonds) crossed the triple arc in the zenith at the time
when the ASC image was captured. The energy flux curve
corresponding to the satellite trajectory is plotted in Fig. 4
together with the DMSP measurements.
This figure also shows how the modified inversion reproduces the triple arc when ASC images with different wavelengths are used as an input. Although the green line alone
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curve), blue (blue curve) and green plus blue (turquoise curve) ASC
images compared to the measured flux from DMSP (red curve). All
sums are normalised so that the total energy flux measured by the
satellite is one.

(green curve) overestimates the energy fluxes measured by
the satellite (red curve), it gives a very good agreement when
inverted together with the blue image (turquoise curve). The
blue image inverted alone (blue curve) seems to give equally
good results as the combination of the green and blue images.
Like the energy fluxes calculated without an inversion in
Fig. 2 a higher background can be seen in the inverted fluxes
as well. To see the wavelength dependence more clearly,
we subtracted the background from the inverted fluxes (from
Fig. 4 the background levels of 6 mW/m2 for green line and
3 mW/m2 for blue and blue plus green line were assumed),
and calculated a cumulative sum of the energy fluxes (Fig. 5).
Also this figure clearly demonstrates that both the blue line
alone and the blue and green images inverted together give
good estimates of the measured energy fluxes.
An energy flux map similar to the one in Fig. 3 was produced for all of the satellite conjugate events, and the energy
flux curve corresponding to the satellite trajectories was extracted. The energy flux peak values within each arc system
were compared to the corresponding values measured by the
DMSP satellites. Fig. 6 shows the results of this comparison
as a scatter plot where the modified version of the method
was applied to blue (asterisks) and green (diamonds) line images.
In the previous figures we noticed that the agreement between the blue ASC image (with or without an inversion)
and the satellite measurements was good for the triple arc
over Muonio. The peaks of this arc system without the
background subtraction are marked by MUO in Fig. 6 and
show up with a relatively good agreement with the measured
fluxes. Again, the green image inversions produce overestimated energy fluxes. The rest of the symbols in the scatter plot come from the same triple arc captured by the ASC

Fig. 6. A scatter plot of the energy flux peak values within auroral
arc systems of the four satellite conjugate events. The energy fluxes
of the modified inversion method from blue (asterisks) and green
(diamonds) line images are compared to the satellite measurements.
Inversion results of the best event over Muonio (31 January 2001)
are marked by MUO. The other events took place close to the horizon of ASCs in Abisko and Longyearbyen.

in Abisko and a single, double and triple arc observed over
Longyearbyen. All of these took place further away from the
zenith, which makes them less reliable and is the most probable reason for most of them to be underestimations. The
difference between the results from blue and green images is
smaller than in the event over Muonio. In general, however,
all of the events support the agreement between the measured
and inverted energy fluxes with the relative errors of some
tens of percents.
Based on the satellite conjugate events we conclude that:
1) the energy fluxes produced by the modified version of the
inversion method are generally much better and should be
used instead of the original version, 2) the inversion gives the
most reliable electron energy flux when the blue image alone
or the combination of blue and green images is inverted and
the auroral arcs appear close to the ASC zenith, 3) the fluxes
inverted from the green ASC images overestimate the real
fluxes, 4) closer to the horizon the inverted fluxes underestimate the satellite measurements as the size of pixels in the
ASC image grows and the recorded emission spreads over a
larger area.
4.2

ESR conjugates

A relative error err was defined for each of the ESR conjugate events as
| FESR − Finv |
· 100%
(9)
FESR
where FESR is the energy flux calculated from the electron
densities measured by the radar, and Finv is the energy flux
inverted from the ASC image. This value was calculated
for every ASC image, each moment of time and each filter separately. We analysed 73 green images, 26 blue and
err =
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1967

Table 1. Distribution of relative errors between the ESR and the ASC measurements of energy fluxes. In every second row the “+ modifications” refers to the results from the modified version of the ASC inversion. The last three columns are for the total number of inverted
images for each emission line, and the percentage of the events for which the relative error is less than 50% and 100%, respectively.
≤10%

10–50%

50–100%

>100%

Total

≤50%

≤100%

Green
+ modifications

5
2

26
10

35
60

7
1

73

42%
16%

90%
99%

Blue
+ modifications

1
1

5
7

17
16

4
3

27

22%
30%

85%
89%

26 red images. The inverted all-sky images are composed
of 200×200 pixels, which corresponds to an average spatial
resolution of 0.9◦ pixel. At the location of the ESR beam
in the ASC image the grid spacing is slightly denser in latitude than in longitude. We averaged the inverted flux values over the nine (spring season 2001) or four (spring season
2002) pixels surrounding the ESR beam position (the grid
points may change slightly from season to season if the position calibration of the camera changes). This corresponds to
squares of about 6 km by 6 km and about 4.5 km by 4.5 km,
respectively. Thus, the area that we average over is much
larger than the radar fov of 0.6◦ (full width, half power) corresponding to a circle with a diameter of approximately 1 km
at the auroral altitudes. On the other hand, the temporal resolution of the ESR data after a 128-s post-integration is much
lower than the one of the ASC (20 or 60 s). An extra uncertainty in this comparison comes from the time difference
between the ASC and ESR measurements. As the all-sky images are taken every 20 s and the post-integration time of the
ESR data is 128 s, these two measurements are usually not
exactly simultaneous. For our events, their time separation
varies from 0 to 8 s. To minimise this uncertainty, not only
the events with a large time difference, but also events with
very rapidly varying aurora have been omitted.
Table 1 shows the distribution of the relative errors for
green and blue images, with and without the modifications
(see Sect. 3.2). The red images did not give good enough
results to be compared with the ones from green and blue
images (see discussion in Sect. 5). Also included are the total number of the images of both emission lines as well as the
percentage of the events, for which the relative error is less
than 50% and 100%, respectively.
As the table shows, adding the emission physics modifications makes the otherwise overestimated results from the
green images somewhat better by turning more events to
smaller energy flux values and thus, smaller errors (see last
column of the table). In case of blue images, the effect is
similar but the difference is smaller. According to the last
column, for both green and blue images the modified inversion is better and thus recommended. The actual energy flux
values produced by the modified ASC inversion tend to be
lower than the Spectrum output, especially as compared to
the blue image inversions. This is probably due to the higher
spatial resolution of the radar and the fact that the energy

range of Spectrum is not limited at high energies. However,
for most of the cases the relative errors are less than 100%,
i.e. the energy fluxes obtained from both inversions are the
same magnitude.
Taking into account all of the green and blue line ASC images inverted for the radar data comparison (i.e. 73+26=99
images using the modified version of the method), for 35%
of them the relative error was less than 50% and for 88% of
them less than 100%. In the case of the satellite conjugate
events, there were 19 green and blue ASC images inverted
in total. Correspondingly, for 36% of them the relative error
was less than 50% and for 90% of the cases the error was less
than 100%. The error distribution in both the satellite and the
radar data comparisons is fairly similar. The modified ASC
inversion method tends to slightly underestimate the energy
flux values with respect to both the radar and the satellite
data: In 63% of the blue images inverted for the satellite
events, the ASC inversion results were smaller than the satellite measurement, and in 58% of the images inverted for the
ESR events the ASC inversion gave smaller values than the
Spectrum inversion.
5

Discussion

The inversion method for ASC images gives mainly flux
values of the same order of magnitude (relative errors less
than 100%) as measured by the low altitude satellites and
the EISCAT Svalbard Radar. The user must accept errors of
some tens of percents as in the inversion method the emission physics is described by equations where several empirical models are embedded. As mentioned in the Introduction,
the yield of blue photons as well as the emission rates of the
green and red lines are assumed to be independent of energy.
In case the modified version of the inversion method is used,
there will also be some uncertainties due to the contributions
of the MSIS model atmosphere. Each one of the three emission lines also has its own problems: The green line emission
(557.7 nm) is the brightest and most common in the aurora,
but the physics related to it is less known compared to the
other wavelengths. The blue emission (427.8 nm) would provide most accurate results, because it is directly proportional
to the precipitating energy, but it is also affected by atmospheric attenuation, which, in turn, is not thoroughly known.
In the inversion, the attenuation is given by a model that takes
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Fig. 7. A comparison of energy fluxes from blue ASC image along
the DMSP satellite trajectory (dotted line) and blue line photometer
data along the photometer scan (solid line) of the arc system on 31
January 2001 at 17:08:00 UT. Conversion from the intensity (R) to
the energy flux (mW/m2 ) is done by Eq. (8) and the yield of blue
photons of 200 R/(mW/m2 ).

into account ozone absorption, Rayleigh scattering and some
estimates of the aerosol effects (Oikarinen, 2001). However,
the inversion does not take into account an enhancement in
the blue emission due to the fluorescent scattering at the sunlight part of ionosphere (Lanchester and Rees, 1987). The inversion results based on the red line (630.0 nm) images (not
shown) are much less consistent with the measured fluxes
than the inverted blue and green line images. The most obvious reasons for the discrepancy are the different altitude profiles as well as the timing inaccuracy due to the long lifetime
of the red emission. In general, the inversion method yields
the most accurate electron energy flux in the near zenith region of the image. By using data from two nearby stations
the area of reliable inversion results is enlarged. However, if
the distance between the two stations is such that the horizon
of one fov overlaps with the zenith of the other fov (such as
the ABK and MUO stations in the MIRACLE network, see
Fig. 1), the less reliable near-horizon data are mixed with the
more accurate near-zenith observations and the accuracy of
the final results may be deteriorated. This effect should be
studied further in the future.
The default spatial resolution of the inversion is 200×200
pixels per image, but it can be increased up to the resolution
of the original images, in our case 512×512 pixels per image. However, increasing spatial resolution will require more
computation time and the size of the output files will grow.
We briefly tested the effect of the changing spatial resolution on the inversion results, and the accuracy of the energy
flux does not seem to depend much on the spatial resolution
of the inversion. Thus, we consider the default resolution as
the best option for the statistical studies where the computing time and the size of the output files should be reasonably
small.
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Other factors that affect the quality of the inversion results
may be, for example, weather conditions, moonlight and the
image intensifier of the camera. High or thin clouds are often very difficult to distinguish from diffuse or patchy aurora
even by a professional observer. Clouds, together with the
moon, will be treated as aurora by the inversion and thus
overestimate the energy fluxes. Fog or haze may cause the
same effect by scattering the moonlight. On the other hand,
when the moon is below the horizon and no scattered light
is present the cloud cover will diminish the inverted energy
flux. However, errors due to these effects are supposed to
be minor as compared to the uncertainties in the emission
physics, especially because of the careful selection of the
events.
In addition to the approximations in the emission physics,
uncertainties in the ASC intensity calibration cause some inaccuracy in the results. Calibrating an ASC is a challenging
task. For example, the ASCs used in this study have been
calibrated with a known light source and a 90◦ elevation angle only. Although inverting images from several stations
together tend to compensate for these uncertainties, other elevation angles should also be measured in order to obtain a
better flat field correction. Furthermore, the combination of
fish-eye and telecentric lenses in the ASC optics may lead to
some unknown changes in the transmission of the interferometric filters. Further complications follow from the fact that
the amplification and the stability of the ASC image intensifiers depend on their temperature and age.
For our main event on 31 January 2001 (Fig. 1), photometer data from Karesuvanto (Kaila and Holma , 2000), which
is about halfway between Muonio and Kilpisjärvi, were also
available. The photometer scanned the triple arc between
17:08:17 UT and 17:08:27 UT. Using Eq. (8) we calculated
the energy fluxes from the photometer recordings of the blue
emission, as well as from the blue image from the ASC at
Muonio (see Fig. 7). Although the photometer scan is not
aligned with the satellite trajectory (from which the inversion
results are subtracted) and the elevation angle of the measurements varies from 35◦ to 90◦ , the agreement is very good.
Thus, at least in this case, the differences between these two
ground-based instruments are neglible. In the future, comparison of larger sets of ASC images to simultaneous photometer recordings will allow us to discuss more about the
intensity calibration of these instruments.
An additional output of the inversion method is the upward field-aligned current (FAC) density carried by precipitating electrons with the energies between 0.1 and 8.0 keV
(i.e. the total electron number flux times the electron charge).
It ignores downward FAC and since auroral structures often
consist of filaments of upward and downward currents, this
output is not a reliable estimate of the true (net) field-aligned
current. Furthermore, the lower limit of the inversion energy range excludes the current carried by secondary electrons (energies less than 0.1 keV). To get an idea of the FAC
values produced by the inversion program we again examined the triple arc event over Muonio on 31 January 2001.
The energy range of the DMSP particle detector is somewhat
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wider (from 32 eV to 30 keV) than the one of the inversion
method. An integration across the arc measured by the satellite gave a field-aligned current of 0.1 A/m, while the corresponding value from the modified inversion of the blue and
green line image was 0.3 A/m. Although the energy range of
the inversion is more limited, it gives an overestimation of
the electron number flux (or FAC). According to the DMSP
data, a significant part of the energy flux is carried by electrons with energies higher than 8 keV. Since the inversion fits
the energy flux using its own energy range, the result is an
overestimation of the particle flux. Thus, the method gives
reliable electron energy flux, but the number flux (or FAC) is
good only when the energy flux is carried by the precipitating
electrons with energies of 0.1–8 keV.
The characteristic energy of the electron precipitation can
be solved as a ratio between the energy and the number flux.
The inversion energy range appears to be a problem in this
case too. Leaving out the high-energy precipitation (energies over 8 keV) underestimates the electron energy flux,
while ignoring the low-energy precipitation (energies below
0.1 keV) underestimates the electron number flux. Consequently, the ratio of these fluxes may or may not give reasonable mean energy values, depending on the energy characteristics at the time, but it cannot be predicted whether or
not the average energy obtained from the inversion method
is reliable.

6

Conclusions

We have tested the inversion method for all-sky camera images (Janhunen, 2001) and quantified its reliability. The
inverted electron energy fluxes were compared both with
the low-altitude DMSP satellite and EISCAT Svalbard radar
measurements, with and without an option for more advanced emission physics equations. The events for this study
were selected from the imaging season 2001–2002 with intensity calibrated MIRACLE ASC data. In total we found 4
satellite conjugate events and 73 time instants with nearly
simultaneous EISCAT Svalbard Radar recordings. In the
case of the satellite conjugate events, the best agreement was
found with the energy fluxes inverted from the combination
of blue and green all-sky images or blue images alone, when
the emission physics modifications (Sergienko and Ivanov,
1993) were turned on, and the satellite crossed the auroral
arc at the zenith. In this case, the DMSP satellite measured
energy flux peak values of 19.5, 16.0 and 13.0 mW/m2 over
the triple arc (red curve in Fig. 4). The corresponding estimates from the inversion method yielded energy fluxes of
19.5, 18.5 and 19.0 mW/m2 (turquoise curve in Fig. 4). The
results from green ASC images showed an overestimation of
the measured flux values. Closer to the horizon of an ASC
field-of-view the inverted energy fluxes become less accurate due to the low spatial resolution. About 36% of the
19 analysed ASC images showed energy fluxes with relative errors less than 50% with respect to the DMSP satellite measurements. In only one case did the relative error
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exceed 100%. Despite the fairly different spatial and temporal resolutions of the ASC and ESR measurements, the
radar conjugate events show that in general the two inversion
methods give energy flux values of the same order of magnitude. For 35% of the images the relative error of the inverted
energy flux was less than 50%, for 90% of the images less
than 100%. We think that those discrepancies are mainly attributable to the aurora being measured in slightly different
position and time. With respect to both satellite and the radar
data the modified inversion, as applied to blue ASC images,
tends to slightly underestimate the measured flux values, but
still gives the smallest relative errors. Our best satellite conjugate event (MUO, 31 January 2001) shows that when the
conditions are good, the inversion gives very good agreement
with DMSP, as far as the energy flux is compared. The fact
that the agreement is also there in other events, although with
some scatter of data points, shows that the good agreement
of the 31 January 2001 event was not fortuitous.
In summary, we found that the inversion program for
ASC images with the emission physics upgrade, produces 2dimensional energy flux maps that are in quantitative agreement with other (pointwise) instruments. This makes it a
useful tool for event-based and statistical studies of the precipitating electron energy flux.
Appendix A
Spectrum
The Spectrum program (Kirkwood, 1988) was used to calculate the energy fluxes from the electron density profiles
measured by the UHF incoherent scatter radar on Svalbard.
We used a Matlab version of this program (Olsson et al.,
1996). The procedure assumes only one type of precipitation
(protons or electrons) and monoenergetic particle beams at
each step. It takes into account measurements below 200 km,
where the most intense auroral emission occurs. First, an ionisation rate qi (1/m3 s) at the altitude hi is defined as a function of electron number density ni . The relation between the
ionisation rate and the radar measurement ni is
qi = dni /dt + αeff n2i

(A1)

where αeff is a model value of an effective recombination
coefficient. The errors due to the modelling of αeff are of
the order of 30%. The latter term is crucial for stable, diffuse
aurora, while the first term dominates in case of more rapidly
varying intense aurora. The electron energies ej (keV) giving
the maximum ionisation at the altitude hj can be expressed
as
ej = 1.3 · (Z(hj )/4.57 · 10−6 )0.57

(A2)

where 1.3 is an empirical factor and Z(hj ) is the particle
penetration depth (kg/m2 ) (Rees, 1963). The next step is to
calculate the ionisation rates per unit incident flux (1/m)
Sij =

pj · ej /rj · L(Z(hi )/Rj ) · Mx (hi )
eav · Mx (dj )

(A3)
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where pj is the fraction of the energy deposited by ionisation, Rj is the atmospheric depth at the lowest penetration altitude (kg/m2 ), rj =Rj /ρj (m), ρj is the mass density
(kg/m3 ), L is a function of normalised energy deposition distribution (vs. 3 in the ASC inversion), dj is the lowest penetration altitude (m), eav is the constant average ionisation
energy of about 35 eV, and Mx is the number density of ionisable constituents (1/m3 ). Here, i is the altitude index, and
j the energy index. All the neutral atmospheric parameters
(Z, ρ, Mx , R, r) are taken from the MSISE-90 model atmosphere. The connection between the ionisation rate and
the number flux can be written as qi =Sij · fj , where fj is
the differential electron number flux value for the energy ej .
The vector form of this equation can be inverted to obtain the
differential number flux as f=S−1 · q, and finally summed
over all
Penergies above 3 keV, to obtain the total energy flux
FE = ej fj . The energies less than 3 keV would result in
very large uncertainties.
Since the fluxes fj are linear combinations
qP of qi , we can
estimate the flux uncertainties as dfj =
tij2 dqij2 , where
tij are the elements of the inverse matrix S−1 . For our events
these uncertainties are about 10%.
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