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Abstract

This paper presents a new fully automatic method for quickly finding the average peak
emission height of an auroral structure from a pair of all-sky camera images with over-
lapping fields of view. The peak emission height of the aurora must be estimated in or-
der to calculate several other important parameters, such as horizontal spatial scales,
optical flow velocities, and ionospheric electric fields. In most cases the height is not
measured, but a value is assumed, often about 110km. It is unclear how accurate
this assumption is. A future statistical study of the auroral height in which the method
presented here will be applied to many years of observations will lead to more accu-
rate assumptions of the height with quantitative error estimates, and therefore more
accurate estimates of parameters derived using these assumed auroral heights. In the
present work the performance of the new method is compared to another recent auto-
matic method. It is found that the new method is more suitable for a statistical study,
although it would be advantageous to apply both methods to each pair of images. On
average the new method produces the correct result, unlike the other recent method,
but the new method is less consistent.

1 Introduction

An estimate of the height of maximum auroral emission is often needed for the deriva-
tion of other parameters, such as the widths of auroral structures, optical flow veloci-
ties, ionospheric electric field estimates, and electron precipitation energies (e.g. Kaila,
1989; Knudsen et al., 2001; Whiter et al., 2008; Dahlgren et al., 2009; Partamies et al.,
2010; Obuchi et al., 2011). However, the height of the aurora is rarely measured; often
when a numerical value is required it is assumed, typically at about 110—-130 km for the
most prominant emission at 557.7 nm. The accuracy of these assumptions is generally
not well known.
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This paper presents a new automated method for determining the peak emission
height of the aurora from a pair of simultaneous all-sky camera images with partially
overlapping fields of view. The motivation for this work is to develop a method suitable
for performing a large statistical study of the height of the aurora in which hundreds
of thousands of images will be analysed. Such a statistical study is expected to sub-
stantially improve estimates of the height under different conditions and the uncertainty
introduced by assuming a value for the height in the derivation of other parameters.
The peak emission height of the aurora depends on the energy of electron precipita-
tion producing the aurora and the concentration profiles of the major neutral species in
the thermosphere (e.g. Rees, 1963b; Judge, 1972). Long term change and periodicity
in these parameters could be identified using such a large statistical study of the height
of the aurora.

In this work the performance of the new method and another recent automatic
method based on 2D-correlation (Ashrafi et al., 2005) are evaluated and compared
using a set of synthetic images. To allow completion of the statistical study in a reason-
able amount of time both methods are fast, requiring about 5-10 s to analyse a pair of
images on a typical modern computer (as of 2012), and both methods are automatic
and require no human input during the analysis. It is desirable that the method used in
the statistical study can successfully analyse all possible shapes and types of aurora.
The present work examines the accuracy of the methods when analysing a variety of
shapes and sizes of a single auroral structure located between two stations.

2 Instrumentation

The MIRACLE (Magnetometers — lonospheric Radars — All-sky Cameras Large Ex-
periment) network includes several all-sky cameras distributed across northern Fenno-
Scandinavia (Syrjasuo et al., 1998) with overlapping fields of view. The all-sky cameras
have been in continuous winter operation since 1996, and have produced many thou-
sands of images of the aurora (~105 images per station per season), making them
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particularly suited for a statistical study into the height of the aurora. In this work three
of the cameras, stationed at Abisko (68.36° N, 18.82° E), Kilpisjarvi (69.01° N, 20.79° E)
and Sodankyla (67.21° N, 26.39° E), have been used. Initially the MIRACLE cameras
used intensified charge-coupled device (ICCD) detectors, but these were upgraded to a
mixture of colour CCDs and electron-multiplying CCD (EMCCD) detectors in 2006 and
2007. In this work only ICCD data are used, but data from the EMCCD observations
will also contribute to the future statistical study.

The ICCD and later EMCCD all-sky cameras are each equipped with a filter wheel
and set of narrow passband interference filters for observing auroral emission at
630.0nm (“red”), 557.7nm (“green”), and 427.8 nm (“blue”), together with panchro-
matic images. The filter wheels attached to the EMCCD cameras also include filters
for observing background emission. Only green images have been used in this work,
but it is expected that the statistical study will involve all filters. The imaging sequence
can be modified but is synchronised across all MIRACLE stations such that all cameras
are observing in the same wavelength at the same time. Generally the cameras have
produced a green image at least once per 20 s and blue and red images at least once
per minute.

3 Previous work

Sangalli et al. (2011) used a manual triangulation method to find the peak emission
height of an auroral arc observed with the same all-sky cameras as are used in the
present work. They found the peak emission height of the arc varied by about 40 km
along its length, and the mean height varied between 120+ 10km and 140+ 10km
over a period of 6 min. Although the method they used gives information about the
variation in height along auroral arcs, it is not ideal for a large scale statistical study as it
is time consuming and requires considerable human input, prompting the development
of the new method presented here. The new method does not give information about
the variation in height along an arc, but is fast and automated.
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Several workers developed methods to identify the height of the aurora during the
1960s. Naturally these methods were applied manually, athough some could now be
automated to take advantage of modern computers. However, modern computers allow
the application of other methods (such as the new method presented here) which would
have been prohibitively time consuming in the 1960s.

Roach et al. (1960) used a triangulation method to find the height of exceptional
“monochromatic” red aurora at low latitude using three all-sky cameras. They found a
peak emission height of 412 £ 23km. The method relies on the assumption that the
auroral arc lies along parallels of equal magnetic dip angle, which is valid for the ex-
ceptional red arcs but renders the method unsuitable for a statistical study in the Arctic.
Rees (1963a) developed a method for determining the height of similar auroral forms
to Roach et al. (1960) from a single all-sky camera image. The main disadvantage
of this method is that it only works for arcs which are exactly east-west aligned. This
assumption is most valid for arcs at relatively low latitude (for which this method was
developed) with heights well above 100 km, and is therefore not suitable for application
to the MIRACLE data or for a statistical study.

A method for determining the height of aurora which involves measuring the parallax
between corresponding images from a pair of simultaneous wide-angle (nearly all-sky)
cameras was used by Brandy and Hill (1964). This method relies on accurately iden-
tifying the lower border of a well-defined arc, and gives the height of this lower border
rather than the height of peak emission. Similar parallactic photography methods were
used many years earlier with narrower field-of-view cameras (e.g. Stormer, 1955; Ha-
rang, 1951; McEwen and Montalbetti, 1958). Boyd et al. (1971) discussed the reasons
for measuring the peak emission height rather than the height of the lower border of
the arc. The peak emission height is more closely related to the energy of the precipi-
tating electrons than the height of the lower border of the arc (Rees, 1963b). Also, the
location of the lower border is dependent on the sensitivity of the observing instrument,
and therefore combining measurements from different instruments can produce incor-
rect results for the height of the aurora, especially if the instruments are of different

897

()
)

I
2, 893-924, 2012

Automatic method
for estimating auroral
emission height

D. K. Whiter et al.

Title Page
Abstract Introduction
Conclusions References

Tables

Figures

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

() ®

uI
| II I


http://www.geosci-instrum-method-data-syst-discuss.net
http://www.geosci-instrum-method-data-syst-discuss.net/2/893/2012/gid-2-893-2012-print.pdf
http://www.geosci-instrum-method-data-syst-discuss.net/2/893/2012/gid-2-893-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

ages. The new method presented in this work measures the height of peak emission,
and so does not suffer from these problems.

Romick and Belon (1967a) evaluated the accuracy of a triangulation method for find-
ing the height of maximum auroral intensity from a pair of meridian scanning pho-
tometer (MSP) observations separated by 226 km and located on the same geomag-
netic meridian. They produced a mathematical formulation for synthetic auroral arcs as
viewed by MSPs, and tested the triangulation method for different arc positions, widths,
and height profiles. They found that the method overestimated the height when the arc
was located between the two stations, and underestimated the height for arcs which
were far away from both stations, but worked well when the arc was overhead one of
the two stations. They also suggested an iterative technique to determine volume emis-
sion rate profiles of quiet auroral arcs using this method, which was used in a second
paper (Romick and Belon, 1967b).

Boyd et al. (1971) used the triangulation method tested by Romick and Belon (1967a)
for identifying the peak auroral emission height from a system of three meridian scan-
ning photometers located on the same dipole meridian. The scanning photometer in-
strumentation resticts their study to quiet and homogeneous structures. Other workers
also used this technique, but applied to two photometers only (e.g. Sandholt et al.,
1982; Sigernes et al., 1996; Deehr et al., 2005). Sigernes et al. (1996) emphasise
that their analysis is restricted to narrow auroral structures. Jackel et al. (2003) argued
that a good angular resolution is required for this technique, as the resulting height
measurement is sensitive to errors in the angle of the intensity peak. Instead they de-
veloped a technique in which scans from a pair of meridian scanning photometers are
projected onto an invariant latitude grid at a range of assumed heights. The height
which produces the largest correlation coefficient between the two scans is taken as
the peak emission height. Ashrafi et al. (2005) expanded the method to 2-dimensional
camera images. A fast and automatic version of this method is evaluated in this work,
and is described fully in Sect. 4.1 below.
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Tomographic-like inversion is another technique which has recently been used for
finding the height of atmospheric emission from camera images (e.g. Frey et al., 1996;
Aso et al., 1998; Gustavsson, 2000; Tanaka et al., 2011). However, this method is
not ideal for a statistical study as it requires too time-consuming computations and
human input to preprocess the images. Also, to be accurate it requires images of the
same structure observed from many stations, which is not often possible due to varying
local weather conditions and cloud cover at the different stations. This would therefore
reduce the size of a statistical study.

With the exception of the method used by Ashrafi et al. (2005) none of the above
methods are suitable for a statistical study using all-sky cameras either because they
are not fully applicable to the instrumentation, they are too time-consuming, or they
are not sufficiently accurate when applied to a range of different auroral structures
(including measuring the lower border of the arc rather than the peak emission height).

4 Methods and analysis

The two methods used in this work to determine the auroral peak emission height both
involve projecting or “remapping” overlapping images from a pair of stations and max-
imising the correlation between the remapped images. The main difference between
the two methods is the type of remapping. Method 1 is a version of the method used by
Ashrafi et al. (2005) in which images are mapped on to a horizontal plane. The second
method is novel and has not been previously used to estimate the height of atmo-
spheric emission. In this new method images are mapped on to the Earth’s magnetic
field lines.

4.1 Method 1: horizontal plane

This method involves projecting simultaneous all-sky camera images from two stations
onto a horizontal plane at a given height. A 2-dimensional linear Pearson correlation
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coefficient is calculated between the two images for the portions which are overlapping.
This is repeated for different heights of the horizontal plane, and the height which leads
to the largest correlation coefficient is taken to be the height of the aurora. In the version
of the technique used here heights from 80 km to 270 km are initially tested at 10 km
separation before a second iteration tests heights with a separation of 1 km at up to
10 km either side (higher or lower) of the initial result. This iterative procedure reduces
the computational time required in the analysis.

The method is illustrated in the middle panel of the 2-dimensional cartoon shown
in Fig. 1. Images of an auroral arc observed by two stations, S; (blue) and S, (red),
are shown projected on to a horizontal plane at three different heights. On the central
plane the images (red and blue brightness curves) are most highly correlated, and so
the height of this plane is taken as the peak emission height of the aurora. Figure 1 is
explained in more detail later in this paper.

4.2 Method 2: magnetic field lines

In this method the all-sky camera images are projected onto individual magnetic field-
lines rather than a horizontal plane. This is illustrated in the right panel of Fig. 1, where
the images of the arc from S; and S, are shown projected on to three different field lines
at different locations. On the central field line the two projections are highly correlated.
In this method many field lines are tested, and the projections for field lines which
lead to very similar profiles from the two images (such as the central field line in the
illustration) are averaged together to produce a mean volume emission rate profile for
the auroral structure. Projecting the images on to the other two field lines shown in
the illustration do not lead to profiles which are highly correlated, and therefore these
profiles would not be included in the mean volume emission rate profile.

The details of the method are shown in Fig. 2, which demonstrates its application
to a single auroral structure viewed simultaneously by the Sodankyla and Kilpisjarvi
MIRACLE stations. The method for generating these synthetic images is described in
Sect. 5. A grid of magnetic field lines is generated across the brightest feature within
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the overlapping portions of the images, which is identified using a clustering algorithm.
The outline of the selected region is shown by a white box in panels a) (Kilpisjarvi)
and b) (Sodankyla) of Fig. 2. The positions of test field lines within this region are
random, following a uniform distribution with a mean spacing of 0.05° in latitude and
0.075° in longitude at 100 km altitude (~ 5km separation). A selection of 10 random
field line footprints are marked with coloured crosses in the top panels of Fig. 2. The
field lines at each grid point are traced between 80 km and 200 km altitude using the
10th generation International Geomagnetic Reference Field (IGRF-10) model (Maus
et al., 2005). The images are projected onto each of these field lines individually, such
that each field line corresponds to a curved cut across each image, as shown in the
middle panels of Fig. 2. Those field lines which successfully pass three specific tests
are averaged together to produce a mean emission altitude profile for the structure.
The height of peak emission is taken from this mean altitude profile. The three tests
are:

1. The correlation coefficient between the projections from the two images must be
greater than 0.5.

2. Thefield line must show a clear peak in the brightness altitude profile (peak bright-
ness substantially higher than the means of both the upper and lower portions of
the field line. The required peak to mean ratio varies depending on the overall
brightness of the structure, in order to work with different types of image).

3. The seperation between the centres of mass of the two projections must be
smaller than 20 km.

After analysis under these conditions, a second iteration is performed in which the
mean field line grid spacing is reduced by a factor 3 and only the regions surrounding
field lines which “passed” the first iteration are considered. For this second iteration the
tests are made more stringent; the correlation coefficient must be greater than 0.7 and
the spread between the centres of mass must be smaller than 1 km. The analysis is
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performed over 2 iterations in this way to reduce the computational time required. The
bottom panels of Fig. 2 show the altitude profiles extracted from the dark blue (left) and
dark red (right) field line cuts. The profiles from the Kilpisjarvi and Sodankyla images
are shown as solid and dashed lines respectively. The brightness scale is arbitrary. The
horizontal black lines mark the centres of mass for the brightness profiles. In the case
of the dark blue field line (left panel), the centres of mass of the Kilpisjarvi (solid) and
Sodankyla (dashed) profiles are close, and the field line passes the tests for inclusion
in the average profile. However, in the case of the dark red field line (right panel), the
separation between the centres of mass is quite large, and so this field line is rejected
in the second iteration.

Figure 3 shows synthetic images of the same arc as in Fig. 2, but with one geo-
magnetic field line marked in cyan in the altitude range 80-200 km. Figure 4a shows
the emission altitude profile extracted from the two images for the field line marked in
Fig. 3. It is clear that these two profiles are highly correlated (correlation coefficient
0.99). Figure 4b shows the emission altitude profile for the whole arc, created by aver-
aging together the altitude profiles for all field lines which passed the three tests in the
second iteration, as described. The peak height is found to be 110 km, which is equal
to the true peak height of the synthetic arc.

5 Synthetic images

A set of 9310 pairs of synthetic images has been created to test the two analysis
methods. Each pair of synthetic images shows a single auroral arc as viewed from
the Sodankyla and Kilpisjarvi MIRACLE stations. In all cases the centre of the arc is
located between the two stations. The performance of each method can be evaluated
as the emission height profile of the simulated arcs is known.

The process of generating a pair of synthetic images is illustrated in Fig. 5. Firstly, a
rectangular grid of regularly spaced auroral ray “footprints” is generated, as shown in
Fig. 5a. These footprints are defined with an arbitrary altitude of 100 km, in a N-S/E-W
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cartesian coordinate system (hence the curvature of the grid when plotted in the
latitude-longitude coordinate system of Fig. 5a). Each footprint is 2.5km from each
of its neighbours. The length (450 km) and width (10 km) of the grid of ray footprints de-
fines the length and width of the resulting simulated arc. The locations of the Sodankyla
and Kilpisjarvi observing stations are marked in Fig. 5 with blue and red points respec-
tively. Curvature is added to the grid of footprints (Fig. 5b) to more accurately represent
a real arc, according to a “bendiness” parameter (described below). Next, the grid of
footprints is rotated (Fig. 5c¢), before each footprint is shifted a small random distance
in a random direction to add noise to the grid (Fig. 5d). The final step is to apply the
estimated emission altitude profile shown in Fig. 6 to each auroral ray footprint and to
map the emission to the image plane of each camera. The magnetic field line passing
through each footprint at 100 km is traced using the IGRF-10 model (Maus et al., 2005)
to estimate the 3-dimensional shape of the auroral rays. The emission height profile
shown in Fig. 6 was created by scaling an atomic oxygen concentration profile from the
MSISE-90 model (Hedin, 1991) so that the peak concentration (emission) is at exactly
110 km. Example synthetic images are shown in Fig. 5e and f for the Sodankyla and
Kilpisjarvi stations respectively, generated from the footprints shown in Fig. 5d.

The shape of each synthetic arc is defined by a set of four parameters: Length, width,
angle, and “bendiness”. In the set of 9310 pairs of synthetic images used in this work
each pair has a different combination of arc parameters. The length ranges from 50 km
to 700 km in steps of 50 km. The width ranges from 5km to 35km in steps of 5km.
The angle ranges from 0° (east-west aligned) to 90° (north-south aligned) in steps of 5°
(clockwise looking down). The bendiness ranges from 0.05 to 0.25 in steps of 0.05. The
curve of the arc is made up of a combination of sinusoidal and polynomial components
designed to produce a variety of shapes while accurately representing an auroral arc.
The sinusoidal and polynomial components are functions of the bendiness parameter
as well as random values. Therefore the bendiness parameter cannot reproduce an
exact arc shape, but controls how straight the arc is, with a value of zero corresponding
to a perfectly straight arc. Examples of two arcs with different bendiness parameters
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are shown in Fig. 7. This figure approximately illustrates the extremes of curvature of
the synthetic arcs used in this study, although it should be noted that as the shape of
the arc has some dependence on random values, it is probable that both straighter and
more curved arcs form part of the set. Figure 7a and b show the location of the ray
footprints for simulated arcs with bendiness 0.05 and 0.25 respectively. Figure 7c and
d show these two arcs as viewed from Sodankyla. In both cases the arcs are 450 km
long, 10 km wide, and have an angle of 10° with respect to a circle of latitude.

The range of auroral arc lengths within the set of synthetic images (50—700 km)
provides an accurate representation of real observations; arcs of length 700 km reach
close to the edge of the field of view at both ends of the arc and at both stations,
representing large scale structures which are only partially observed by the cameras,
while the shorter lengths represent smaller isolated structures. The range of arc widths
(1-20km) is representitive of a continuous distribution with a lower limit cutoff at 1 km
due to the instrument resolution (Partamies et al., 2010). While Knudsen et al. (2001)
found arc widths larger than 20 km, this result is likely biased towards larger widths
due to the aspect angle problem (Semeter et al., 2008; Partamies et al., 2010). Also,
Knudsen et al. (2001) defined arc widths at 135 km altitude, and so these widths will be
slightly larger than those here which are defined at 100 km. The true distribution of arc
angles will be dominated by east-west aligned arcs (angles close to 0°) with a small
north-south aligned component (Syrjasuo and Donovan, 2005). However, ideally the
method for finding the height of an auroral structure would work well for all possible arc
angles, and so the set of synthetic images is not dominated by any particular direction.
Arc angles between 90° and 180° have not yet been tested, although it is expected
that both methods would perform best on these arcs as they would lie aproximately
perpendicular to the baseline between the two stations and so would have a minimum
length-height ambiguity.
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6 Results and discussion

The two methods described in Sect. 4 have been evaluated using the set of synthetic
images described in Sect. 5. The height produced by the two methods has been com-
pared to the true peak height of the synthetic arcs, which is fixed at 110 km. Figure 8a
and b shows histograms of the difference between the found height and the true height
for methods 1 and 2 respectively. The narrow distribution in Fig. 8a (standard devia-
tion = 1.3 km) shows that the horizontal plane method gives a consistent result. How-
ever, the peak of the distribution has an offset of —2km showing that, on average,
the method underestimates the peak emission height. In contrast the distribution for
method 2 (Fig. 8b) is considerably wider (standard deviation = 4.8 km), but has its peak
at zero height offset, showing that on average the magnetic field-line method produces
the correct answer, but the uncertainty is larger than for method 1.

The most probable cause of the 2km offset in the results from method 1 is that an
auroral structure located between the two stations will be projected onto the horizontal
plane such that one image will be a mirror image of the other. This can cause the
correlation coefficient to be at maximum for a horizontal plane which is not at the height
of peak emission. This problem does not occur when projecting onto magnetic field
lines as in method 2, which allows the two projections to be aligned. This concept is
illustrated in Fig. 1. The left panel shows a cartoon of an auroral arc (black) located
between two cameras (s; and s,). The blue and red curves above the cameras’ fields
of view indicate the brightness of the arc as observed by s; and s, respectively. The
middle panel shows these two brightness curves projected onto a horizontal plane at
three different heights, including the peak volume emission height of the auroral arc
(middle projection), as for method 1. The arrows indicate the “up” direction from each
projection. It is clear that the shape of each brightness profile is flipped horizontally
with respect to the other profile. The right panel of the figure shows the two brightness
curves instead projected onto three different magnetic field lines, as in method 2. In
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this case the two profiles are aligned, and are most highly correlated when the peaks
are at the same height, as for the central field line projection in the right panel of Fig. 1.

Figures 9a and b are histograms showing the distribution of synthetic arc angles for
images present in the tails of the distributions in Fig. 8a and b respectively. Only syn-
thetic images which produce a height value further than 1 standard deviation from the
mean are included in these histograms. These show that the vast majority of unreli-
able results from both methods correspond to analysis of simulated arcs with angles
of about 20-55° (approximately NW-SE aligned). These arcs roughly follow a line con-
necting the two stations, so within the overlapping region of the images there is a large
ambiguity between height and length along the arc (the baseline between Kilpisjarvi
and Sodankyla corresponds to an angle of 37.6°). When excluding all arcs with an-
gles between 15° and 75° both methods become more consistent. Figure 10 shows
histograms which are the same as those in Fig. 8 except that only simulated arcs with
angles less than 15° (east-west aligned) or greater than 75° (north-south aligned) are
included. Both distributions are narrower than those for all angles shown in Fig. 8, with
standard deviations of 0.7 km and 2.9 km for methods 1 and 2 respectively. This shows
that both methods are most reliable for arcs which do not lay on the baseline between
the two stations and therefore do not have a large ambiguity between height and length
along the arc.

In addition to analysis of the set of synthetic images, the methods have been tri-
aled on a short set of real images of 557.7 nm emission acquired by the Abisko and
Kilpisjarvi cameras. Abisko is approximately 110 km south-west of Kilpisjarvi. Exam-
ples from this image set, which displays a single quiet arc, are shown in Fig. 11. The
top panel shows an image from Abisko, and the bottom panel shows the coincident im-
age from Kilpisjarvi. Although this is only a single short event it is suitable as a simple
initial test for the methods presented in this paper as the arc is stable, approximately
east-west aligned, and there are no other auroral structures in the images which could
confuse the analysis. The variation in height along the length of the arc present in this
image set was analysed by Sangalli et al. (2011) using a triangulation method. While
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our automatic methods give only a single value for the height of the arc it is useful to
compare the results to those from the more manual method employed by Sangalli et al.
(2011). The results obtained from this analysis are shown in Fig. 12. Methods 1 and
2 are shown as black and green dots respectively. The results of Sangalli et al. (2011)
are shown as red bars to indicate the range of heights identified across the arc. As with
the analysis of the synthetic images, it is clear that method 1 produces lower height
values than method 2. The results from method 2 consistently agree more closely with
the more comprehensive method employed by Sangalli et al. (2011), although there is
more variation in the results from method 2 than from method 1, which is consistent
with the wider distribution of results found from the analysis of the synthetic images.
It should be noted that some of the images at the start and end of the event produce
results using method 1 but not using method 2 (not shown in Fig. 12). At these times
the arc was weak. When analysing these images using method 2 either no field lines
led to high correlation between the two images or none of the emission profiles on
the magnetic field lines were found to have a clear peak, and therefore no result was
obtained. At these times the results using method 1 are unreliable. In order to avoid
such unreliable results a test could be applied to images before analysis to ensure they
contain aurora with a sufficient brightness. Available machine vision methods would be
able to perform this test with an accuracy greater than 90 %, although this is not a trivial
process (Syrjasuo and Partamies, 2011).

7 Conclusions

This paper presents a new method for finding the peak emission height of the aurora
using simultaneous all-sky camera images from a pair of stations. This method has
been developed and tested to evaluate its suitability for a statistical study into the height
of the aurora using hundreds of thousands of all-sky camera images from northern
Finland. For a statistical study of this magnitude it is vitally important to have a fast and
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reliable analysis method which is fully automatic. Another method (horizontal plane)
has also been tested in the same way as the new method.

While reasonably consistent (+1.3km) in tests on a variety of shapes and sizes of a
single arc between the two stations, on average the horizontal plane method (method 1)
gives a result 2 km lower than the true height of peak emission for the volume emission
rate profile used here. This is most likely because the method relies on the correlation
of mapped images which are mirror images of the emission height distribution. This is
an important finding, as the method has been used by other researchers (Ashrafi et al.,
2005; Jackel et al., 2003). The novel magnetic field line method presented in this paper
(method 2) gives the correct altitude on average. However, the uncertainty is larger
than for the horizontal plane method. Both methods perform better for arcs which are
perpendicular rather than parallel to the baseline between the two stations.

Neither of the two methods evaluated here are perfect, but are a large improvement
on earlier methods when considering speed, accuracy and level of automation. The
new method is most apropriate for a statistical study, as on average it correctly identifies
the height of peak auroral emission, but each result could be checked using the more
consistent and simple horizontal plane method. Either method would provide valuable
new information on the peak height under different conditions for a large enough data
set.

Future work will investigate the possibilty of utilising simultaneous observations from
several (more than two) MIRACLE stations to ensure accurate results from arcs with
any orientation. It may also be possible to apply a combination of the two methods to
obtain greater accuracy than either method alone could provide. The synthetic images
used here contain only a single arc located between the two stations, whereas in reality
all-sky camera images often contain multiple auroral structures. Therefore the methods
should be tested on more complex synthetic images, and images where the arc is
located to the north or south of both stations (although the separation of the stations
dictates that the methods will not produce results for arcs far to the north or south of
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both stations). More tests should also be performed on real images for which the peak
emission height can be determined using other more precise methods or instruments.
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number 128553). The MIRACLE network is operated as an international collaboration under
the leadership of the Finnish Meteorological Institute. The authors thank the participants of the
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Fig. 1. Cartoon showing the projection of images of an auroral arc located between two stations
(shown in left panel) on to three different horizontal planes (middle panel) and three different
geomagnetic field lines (right panel). The colour-coded arrows in the middle and right panels
indicate the “up” direction in each projection. This shows that in the case of the horizontal plane
the shape of the two projections is flipped.
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Fig. 2. The testing of different magnetic field lines as part of method 2. Ten selected field lines
are shown on synthetic images from the Kilpisjarvi and Sodankyla stations. Top: the footprints
of the test field lines at 100 km height. Middle: the projections of the field lines as cuts on the
images. Bottom: height profiles for a “successful” test field line (dark blue, left), and a “failed”
test field line (dark red, right).
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Fig. 3. Synthetic images of the same arc for all-sky cameras in (a) Kilpisjarvi and (b) Sodankyla.
A single geomagnetic field line is highlighted in cyan.
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Fig. 4. (a) Altitude profile extracted from the field line highlighted in Fig. 3a for Kilpisjarvi (red)
and Sodankyla (blue). (b) Average over all field lines which pass the three tests. The brightness
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is shown in arbitrary units (a.u.).
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Fig. 7. (a) Ray footprints for a simulated arc with bendiness 0.05. (b) Ray footprints for a simu-
lated arc with bendiness 0.25. Panels (c) and (d) show the arcs in panels (a) and (b) respec-

tively, as viewed from Sodankyla.
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Fig. 8. Histograms showing the results from applying method 1 (a) and method 2 (b) to the set
of synthetic images. Standard deviations: (a) 1.3, (b) 4.8.
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Fig. 9. Histograms showing the distribution of arc angles for images which produce results

further than 1 standard deviation from the mean result for (a) method 1 and (b) method 2.
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Fig. 10. As Fig. 8 but showing results from only N-S and E-W aligned arcs for (a) method 1
(b) method 2. Standard deviations: (a) 0.7, (b) 2.9.
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Fig. 11. Images acquired simultaneously by all-sky cameras in Abisko (top) and Kilpisjarvi
(bottom). Both images show the same auroral arc.
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Fig. 12. The peak emission height of an auroral arc on 22 November 2000 found using method
1 (black), method 2 (green) and by the manual method of Sangalli et al. (2011) (red). In all
cases the Abisko and Kilpisjarvi stations were used.
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