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Data testbed for our experiments

In 1996-2007 cameras 
and magnetometers at 
ABK, KIL, MUO, SOD 
and KEV.  

In 1999-2012 cameras at 
LYR and NAL, 
magnetometers at NAL, 
LYR, HOR and HOP. 

 7 identical cameras
 imaging mode 1 green every 20 sec
 about 0.8 million images / station / season



Inversion from brightness to energy flux       
Janhunen, JGR, 2001 & Partamies et al., Ann. Geo., 2004

ASC inversion converts 
brightness to electron energy 
flux 
Calibrated brightness desired  
Paired data not required 
Validated against DMSP 
measurements: combination 
of green and blue 
wavelengths give the best 
results



Optical flow

Implementation of Horn-Schunck to 
convert brightness changes into a vector 
field (C program by P. Janhunen, also 
currently available in Matlab)  
An improved version allows 
morphological changes (an AIDA function 
by B. Gustavsson) 
Facilitates drift motion studies of fairly 
stable structures (e.g. omega bands and 
some pulsating aurora patches)



AIDA triangulation of ASC data

Triangulation Geometry  

green light at 557.7 nm and blue light at 428.7 nm) and low-energy electrons deposit their energy at higher 

altitude (i.e. resulting mainly in red emission at 630.0nm) [11]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3. Images from the Abisko and Kilpisjärvi cameras on November 22, 2000 at 17:34:00 UT. The images are filtered for 

the 557.7 nm wavelength and displayed in greyscale. The exposure time is 1 s. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Sangalli et al., Óptica Pura y Aplicada, 2011

Geometric calibration etc. 
required by AIDA has been done 
for MIRACLE ASC data 
Auroral tomography for ASC 
data has been tested 
Triangulation part of the software 
package have been more heavily 
used

Gustavsson, PhD thesis, 2002



Arciness
Partamies et al., JGR, 2014

PARTAMIES ET AL.: SOLAR CYCLE AND DIURNAL DEPENDENCE OF AURORAL STRUCTURES X - 27

Figure 3. Examples of clustering and fitting the bright pixels for arcyness calculation. Panels

A show the original auroral images with an inverted grey-scale (A is the arcyness value of the

image). Panels B have colour-coded clusters of brightest pixels overlaid on the original images

(N is the weighed number of structures in the image). Each cluster in the image has a di↵erent

colour. Panels C include the polynomial fits on the top of each cluster that was large enough for

an auroral structure (M is a sum of the fitting errors over the image).

D R A F T November 15, 2013, 12:43am D R A F T

Empirically defined 
parameter A from 0 to 
1 based on clustering 
of brightest pixels in 
the image 
A=1 corresponds to 
well-defined auroral 
arcs 
Smaller arciness is less 
obviously organised

‘‘How arc-like the dominant auroral structure in an image is‘’



Peak emission heights
Whiter et al., Geosci. Instrum. Method. Data Syst., 2013

Fully automatic height estimate 
Compares the result of traditional horizontal plane method to 
the result of field-aligned brightness projection 
Requires a correlation > 0.5 with the projected brightness 
distributions 
Requires an agreement between the methods within 20km 
Validated using synthetic images 

D. K. Whiter et al.: Automatic method for estimating auroral emission height 133
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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.

H.: Small-scale structures in flickering aurora, Geophys. Res. Lett., 35, L23 103, doi:10.1029/
2008GL036134, 2008.625
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Fig. 1. Cartoon showing the projection of images of an auroral arc located between two stations (shown in left panel) onto 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.

geomagnetic meridian. They produced a mathematical for-
mulation 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 over-
estimated 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 sug-
gested an iterative technique to determine volume emission
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 scanning
photometers located on the same dipole meridian. The scan-
ning photometer instrumentation restricts their study to quiet
and homogeneous structures. Other workers also used this
technique, but applied to two photometers only (e.g. Sand-
holt et al., 1982; Sigernes et al., 1996; Deehr et al., 2005).
Sigernes et al. (1996) emphasise that their analysis is re-
stricted to narrow auroral structures. Jackel et al. (2003) ar-
gued that a good angular resolution is required for this tech-
nique, as the resulting height measurement is sensitive to er-
rors in the angle of the intensity peak. Instead they developed
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 au-
tomatic version of this method is evaluated in this work, and
is described fully in Sect. 4.1 below.
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). How-
ever, this method is not ideal for a statistical study as it re-
quires too time-consuming computations and manual 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 con-

ditions 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 sta-
tistical 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 measur-
ing 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 maximising
the correlation between the remapped images. The main dif-
ference 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 onto a horizontal plane.
The second method is novel and has not been previously used
to estimate the height of atmospheric emission. In this new
method images are mapped onto the Earth’s magnetic field
lines.

4.1 Method 1: horizontal plane

This method involves projecting simultaneous all-sky cam-
era images from two stations onto a horizontal plane at a
given height. A 2-dimensional linear Pearson correlation co-
efficient is calculated between the two images for the por-
tions 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 ini-
tial result. This iterative procedure reduces the computational
time required in the analysis.

www.geosci-instrum-method-data-syst.net/2/131/2013/ Geosci. Instrum. Method. Data Syst., 2, 131–144, 2013



Substorm phase detection
Juusola et al., JGR, 2011 & Partamies et al., Ann. Geo., 2013

southward also during substorm expansion and recovery
phases, which is why the growth phase was given the lowest
priority. A new substorm expansion phase sometimes begins
before the recovery phase of the previous one has ended. In
order to avoid categorizing such expansion phases as part of
the recovery phase of the previous substorm, the expansion
phase was given a higher priority than the recovery phase.
Moreover, a growth phase was expected to precede and a
recovery phase to follow an expansion phase. Finally, per-
iods not belonging to any of the four categories were labeled
as nonsubstorm intervals.
[26] Examples of the resulting categorization are given in

Figure 3, which displays a time series of the AE, AL, and
AU indices for three different days. The substorm growth,
expansion, and recovery phases are marked by green, red,
and blue shading, respectively. Figure 3a shows a relatively
simple event with a growth phase followed by two succes-
sive substorms consisting of an expansion phase and a
recovery phase. Figure 3b shows a more complicated event
with several substorms occurring during a prolonged period
of negative IMF Bz. Figure 3c shows an active event typical
for storm periods. The major AL decrease consisted of
several successive substorms. For comparison, the vertical
magenta lines in Figure 3c mark substorm onsets as observed
by the IMAGE satellite. All three lines coincide very well
with the AL substorm onsets marked by the beginning of the
red shading.
[27] The substorm phase recognition method resulted in a

growth phase during 10% of the time, expansion phase in
16%, and recovery phase in 33%. During active periods,
such as that shown in Figure 3c, growth phases were often
displaced by the higher priority expansion and recovery
phases, resulting in the relatively small growth phase per-
centage. Using Polar UVI images, Kullen and Karlsson
[2004] found that substorms are present during 50% of
observation time. As it is not possible to determine the start
of the growth phase from Polar UVI images, their substorms
included only expansion and recovery phases. Our corre-
sponding percentage, 49%, is in good agreement with theirs.
[28] According to our method, the median duration for the

growth phase was 31 min (15.9‐percentile: 12 min, 84.1‐
percentile: 1 h 25 min, average: 48 min), for the expansion
phase 12 min (3 min, 44 min, 24 min), and for the recovery
phase 31 min (14 min, 1 h 20 min, 48 min). Tanskanen
[2009] developed a similar automated search engine for
IMAGE magnetometer network data. They found that the
average substorm duration from the beginning of the growth
phase to the end of the recovery phase for the years 1993–
2003 was 3 h 5 min. According to Kullen and Karlsson
[2004], the average lifetime of the combined expansion
and recovery phases is 1.3 h for small and medium sized
auroral oval conditions and 2.3 h for large auroral oval
conditions. Jayachandran and MacDougall [2007] studied
26 substorms and found that the average growth, expansion,
and recovery phase times determined from polar cap con-
vection measurements are 31.6, 22.4, and 38.8 min, respec-
tively, whereas the average growth and expansion phase
times determined from the geosynchronous magnetic field
measurements are 51.2 and 5.8 min. Using images from the
Earth Camera on Polar, Hoffman et al. [2010] reported that
the substorm expansion phase is much shorter for storm
main phase (15 min) than for isolated substorms (30 min).

Figure 3. Time series of the AE, AL, and AU indices on
(a) 19 October 2009, (b) 08 April 2009, and (c) 25 February
2005. The green, red, and blue shadings mark the substorm
growth, expansion, and recovery phases as given by the
method described in section 3. The vertical magenta lines
in Figure 3c mark substorm onsets observed by the IMAGE
satellite.

JUUSOLA ET AL.: PS FLOWS DURING SUBSTORMS A10228A10228

5 of 11

Growth phase: IMF Bz turning south 
Onset: sharp decrease of AL,          
dAL/dt < -4 nT/min where the      
minimum is below a long-term 
median 
Expansion: from onset to the    
minimum AL 
Recovery: from minimum AL to          
the pre-onset level AL 
Validated by comparing the      
substorm list by Frey et al.               
JGR (2004) 

Green for growth
Red for expansion
Blue for recovery



Structural evolution of aurora at onset

Occurrence rate of Arcs (A=1) decreases after onset 
Occurrence rate of Others (A < 0.9) increases after onset 
Brightening ➜ Structural change
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Partamies et al., JGR, 2015
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Equivalent currents for auroral forms

 Equivalent currents from IMAGE magnetometer data [Juusola et al., 2016]

 Omegas occur at the equatorward boundary of a strong westward electrojet

 Boundary undulation corresponds to observed optical structure
Partamies et al. 2017



U
ndulation of electrojet boundary

N. Partamies et al.: Statistical study of auroral omega bands 1077
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Figure 7. Evolution of the auroral brightness (a) and the equivalent
current vorticity (b) as a function of time and geographic latitude
for an omega event on 15 March 1998. The vertical line marks the
individual omega structure in Fig. 6 at 01:49 UT. Other omega struc-
tures took place at 00:12, 00:17 and 00:40 UT. The curl of the equiv-
alent currents gives an estimate of the field-aligned current distribu-
tion downward (red) and upward (blue) in A km�2. ASC data are
plotted in relative brightness units (counts) and false colour. Both
keograms are plotted along the longitude of the ABK camera sta-
tion (18.8�).

gitude (Fig. 7). The evolution of the current boundary and
the poleward boundary of the emission are in a good agree-
ment until the passage of the last omega structure at about
02:10 UT.

The selected event on 15 March 1998 consists of three dis-
tinct (at 00:17, 00:40 and 01:49 UT) and one less-obvious (at
00:12 UT) individual omega structures detected at ABK sta-
tion. All omega forms are large. For smaller omegas the cor-
responding equivalent current evolution is less pronounced.
A similar dependence between auroral brightness and iono-
spheric currents was also observed by Amm et al. (2005).
However, the equivalent current estimates by Amm et al.

(2005) were an order of magnitude stronger than the ones
in our sample omega. Their event took place during an in-
tense geomagnetic storm while our sample event is related to
moderate activity with Dst about �40 nT and AE about 400–
500 nT. FACs strengths of the order of 1 A km�2 were also
calculated by a similar method in the study by Weygand et
al. (2015), in which the geomagnetic activity was compara-
ble to that of our sample event.

5 Spacecraft observations

Of all the omega band events, we found four periods with
near-conjugate spacecraft data in the plasma sheet. These
spacecraft observations come from Geotail (Nishida et al.,
1997). Below we show spacecraft observations for two of the
four events, for which the spacecraft footpoint was closest to
the ground-based ASC FoV. In the other two omega events,
no signs of earthward fast flows (15 October 2001) were ob-
served, or short-lived fast flows (29 March 2001) were ob-
served after the period of the auroral omega band. Both of
these excluded events occurred in less-optimal conjugacy be-
tween the ground and space-based measurements.

5.1 29 January 1998

An omega band was observed in the ABK and KIL ASC
images from 22:21 to 22:32 UT. Sample images of one
(and only) individual omega structure from both stations are
shown in Fig. 8. The formation of the omega band was not
observed during this event but the omega structure appeared
to increase in height as it drifted from west to east. Dur-
ing this period the Geotail spacecraft was located at about
(�30.5, �0.4, �2.5) RE GSM and the footpoint mapped with
the T96 model to about 2� to the northwest of the ABK and
KIL stations, just outside the FoV of ABK at 70.2� Glat, 9.7�

Glong. Using the T01 model the footpoint of the Geotail
spacecraft maps to 72.4� Glat, 357.8� Glong, which is fur-
ther to the west and to the north than the T96 footpoint. The
omega band did not cross through the T96 or T01 footpoint
of the Geotail spacecraft. This is the closest conjugate event
on our event list. During this period the IL index reaches a
minimum of about �700 nT. Figure 9 shows the magnetic
field at about 1 min resolution (top panel) and Hot Plasma
Analyzer (Frank et al., 1994) observations (panels 2–4) dur-
ing this period. The most significant features visible are the
high-speed earthward flows from about 22:15 UT to about
22:22 UT with a peak speed of about 500 km s�1 and a slower
earthward flow of a little more than 200 km s�1 at 22:31 UT
(second panel). We note that there is one large high-speed
flow and only one omega was observed in the ionosphere.
This event supports the theory that streamers (high-speed
earthward flow in the plasma sheet) would be the mechanism
by which omega bands are created. However, the spatial cor-
relation between the measured flow and the omega structure
is not one to one, there is a large difference between the T01

www.ann-geophys.net/35/1069/2017/ Ann. Geophys., 35, 1069–1083, 2017



Potentially helpful 
MIRACLE products

 A couple of decades of image data 

 Precipitation energy fluxes

 Drift motions

 Peak emission heights

 Structural index values

 Substorm/storm phases

 Equivalent currents

Image from Suomi-NPP satellite, NASA


