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Abstract

The Aurora is a visual manifestation of the complex plasma processes that occur
as the solar wind interacts with the Earth’s magnetosphere and ionosphere. There-
fore, studies of the aurora can lead to better understanding of the near-Earth space
environment and of fundamental physical processes.

This thesis focuses on optical studies of the aurora, both ground-based obser-
vations using the Auroral Large Imaging System (ALIS) and measurements from
instruments onboard the Japanese micro-satellite Reimei. Various properties of the
aurora are studied, such as the characteristic energy of precipitating electrons and
scale sizes of diffuse auroral structures. Our understanding of the ionospheric phys-
ical processes involved in a particular auroral emission is improved using conjugate
particle and optical data.

Auroral light is a result of radiative transitions between excited states of the
ionospheric gases. These excited states are formed either by direct electron impact
or by a series of more complicated processes, involving chemical reactions, where
part of the energy is converted into auroral light. Studies of auroral emissions can
therefore give information about primary particle fluxes, ionospheric composition, and
the magnetospheric and ionospheric processes leading to auroral precipitation. One
way of deducing the characteristic energy of the precipitating particles is by using
intensity ratios of auroral emissions. To be reliable, this method requires a good
understanding of the processes involved in the auroral emissions used. The method
works well if the measurements are made along the geomagnetic field lines. Using data
from ALIS, both in magnetic zenith and off magnetic zenith, this method is tested for
angles further away from the direction of the magnetic field lines. The result shows
that it is possible to use this technique to deduce the characteristic energy for angles
up to 35 degrees away from magnetic zenith.

Using ALIS we have also been able to study structures and variations in diffuse
aurora. When mapped to the magnetosphere, this provides information about the
characteristics of the modulating wave activity in the magnetospheric source region.
A statistical study of the scale sizes of diffuse auroral structures was made and the
result shows widths and separation between structures of the order of 13-14 km. When
mapped to the magnetosphere, this corresponds to 3-4 ion gyro radii for protons with a
typical energy of 7 keV. Magnetometer data show that the structures move southward
with a speed close to zero in the plasma convection frame. Stationary mirror mode
structures in the magnetospheric equatorial plane are a likely explanation for these
diffuse auroral structures.
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In another study we use measured precipitating electron energy spectra to improve
our understanding of how the auroral process itself relates to the 427.8 nm auroral
emission, which is often used when studying intensity ratios between different emission
lines. The 427.8 nm emission is a fairly simple emission to model, with only a few
processes involved, but still has some uncertainties, mostly due to the excitation cross
section. Simultaneous measurements of the intensity of this emission from ALIS and
the intensity and electron flux from Reimei provide a way to evaluate different sets
of cross sections in order to find the best fit to the experimental data. It also allows
a comparison of the absolute calibration of ALIS and Reimei imagers, improving the
possibility to use the space-borne data for other detailed quantitative studies.

In order to compare absolute measurements of aurora using different imagers,
optical instruments are usually absolute calibrated by exposing them to a calibration
light source. In 2011 an intercalibration workshop was held in Sodankylä, Finland,
where nine low light sources were compared to the radioactive Fritz Peak reference
source. The results were compared with earlier calibration workshop results and
show that the sources are fairly stable. Two sources were also calibrated with the
calibration standard source at UNIS, Svalbard, and the results show agreement with
the calibration workshop in Sodankylä within 15 to 25%. This confirms the quality
of the measurements with ALIS and in turn also of the the Reimei imagers.
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Chapter 1

Introduction

The aurora, or the northern lights, is a phenomena that has fascinated people for
centuries and has recently also started to lure tourists from around the world to
visit the Arctic regions in the hope of witnessing this spectacular and mesmerizing
phenomenon. But the aurora is more than just pretty lights in the Polar sky, they
are also a viewing window through which we can observe complex physical processes
in a naturally occurring plasma environment near Earth.

Plasma is an ionized gas consisting of free electrons and ions. It fills up most
parts of our visible universe, with the exception of cold celestial bodies such as our
own planet. The interplanetary space is filled with matter in the plasma state, which
originates from our Sun, the so-called solar wind. As these high energy particles
stream out from the sun they carry with them the Sun’s magnetic field and when
they together encounter obstacles, such as planets, asteroids and other bodies, it
leads to complex plasma interaction. These processes can affect us here on planet
Earth. In extreme cases they can lead to satellite damage and electrical blackouts.
But more common are the beautiful auroral displays.

The aurora is our window to space and it provides us an opportunity to study these
interactions between the solar wind and the Earth’s magnetosphere and ionosphere.
It is of great scientific value as it can also give us a better understanding of the
fundamental physical processes in our plasma universe.

Records of the aurora date back to the ancient greeks, we find notes by Anaxagoras
who talks about fire and flaming clouds in the sky. Aristotle’s view was that the sun
caused vapour to rise from the Earth’s surface and burst into flames (Eather, 1980).
Many other theories followed, including oceans of fire surrounding the Earth, glowing
glaciers or reflections of sunlight on surfaces of water or ice (Sandahl, 1998). During
the late 18th and early 19th century some of the mystery was unveiled as studies of the
Earth’s magnetic field in combination with observations of sunspots led to important
advances in auroral physics. The Norwegian physicist Kristian Birkeland made a
significant breakthrough at the end of the 19th century, as he proposed that electrons
from the sun were the cause of the aurora. Ground-based instruments, radars and
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Figure 1.1: Aurora over Kiruna (photo by K. Axelsson, 2013)

satellites have dramatically increased our understanding of the phenomenon and the
space environment surrounding us. But there is much that we still do not understand.
Auroral studies today is a huge field and it spans from small-scale to global-scale
observations with both optical instruments on the ground and in space, particle and
electric field measurements using rockets and satellites as well as radar measurements
and magnetic field studies. This thesis focuses on optical studies of the aurora,
both ground based observations and satellite measurements. Auroral structures and
emissions are the tasks in focus and the difficulties in analysing these type of data
are addressed.

Chapter 2 gives a very basic introduction to the plasma environment of the Earth’s
magnetosphere and ionosphere. The auroral phenomena itself is described in Chapter
3. The most important auroral emissions are discussed, as well as how they can be
used to deduce information about our atmosphere and the physical processes taking
place in the ionosphere and magnetosphere. The main instrument used for observation
is the Auroral Large Imaging System (ALIS), developed at the Swedish Institute of
Space Physics in Kiruna. Details of ALIS and the Reimei spacecraft used for the
studies resulting in this thesis are included in chapter 4. Finally Chapter 5 addresses
the need to calibrate instruments, in order to be sure that what we measure with
ALIS is the same as scientists in e.g. Canada or on Svalbard measure with their
instruments. Chapter 6 gives a short summary of the papers included in the thesis.
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Chapter 2

The near Earth space environment

This chapter gives a short introduction to the near-space environment and the in-
teraction of the solar magnetic field with the Earth’s magnetic field from which the
aurora is a results. More details can be found in various space physics textbooks
(see for example: Fälthammar (1990); Kivelson and Russell (1995); Paschmann et al.
(2003); Schunk and Nagy (2009)).

2.1 The solar wind

There is a constant stream of high-energy particles, mostly electrons and protons,
emitted from the sun, the so-called the solar wind. Because of the high conductivity
of the plasma, the sun’s magnetic field lines are frozen-in to the solar wind, which
means that the stream of plasma carries with it the Interplanetary Magnetic Field
(IMF) from the sun.

At the distance of the Earth’s orbit, the speed of the solar wind typically ranges
from 200-900 km/s, depending on the sun’s activity. It generally takes 2 to 3 days
for the solar wind to reach the Earth and when it does it interacts with the local
plasma environment around the planet, which is dominated by the Earth’s magnetic
field. The interaction of the solar wind with the Earth’s intrinsic magnetic field has
important consequences for space systems in the near-Earth space environment, and
as a visible manifestation of these interactions, the aurora is displayed in the polar
sky.

2.2 Earth’s magnetosphere

The Earth’s magnetic field acts as an obstacle for the charged particles of the solar
wind, which are deflected around it, shaping the geomagnetic field into a bullet-like
bubble, compressed on the dayside by the solar wind pressure and dragged out on
the nightside into a long tail, the magnetotail, which reaches far beyond the orbit

3



Figure 2.1: The Earth’s magnetosphere and some important regions. Image taken from
ESA (http://sci.esa.int/cluster).

of the moon. At low altitudes the Earth’s magnetic field can be approximated by a
dipole field, and at higher altitudes its shape is determined by the properties of the
solar wind and the strength and orientation of the IMF. On the dayside, where the
supersonic solar wind encounters the Earth’s magnetic field, a bow shock is formed.
The position of the bow shock is at about 15 Earth radii (Re) from the Earth, but
varies depending on solar wind conditions. The solar wind is decelerated to subsonic
speed as it passes the bow shock and forms a region called the magnetosheath.

The boundary layer between the solar wind plasma and that which is confined
by the Earth’s magnetic field is called the magnetopause. It is a relatively thin
boundary (about one magnetosheath thermal ion gyro radius wide), and is located
at approximately 10 Re but can be compressed to as little as 7 Re during severe solar
wind conditions (Tascione, 1994).

The region where the geomagnetic field dominates the motion of charged particles
is called the magnetosphere, and contains several different populations of plasma.
They are determined by the interaction of the IMF and the geomagnetic field and are
of different density and temperature (Figure 2.1).

Although the bulk of the solar wind is deflected around the Earth in the magne-
tosheath, some of it can enter the magnetosphere via open field lines, created by a
process known as reconnection. On the dayside particles enter the polar cusp region
and on the nightside plasma flows downstream in the tail lobes and into the centre of
the tail. These solar wind particles populate the plasmasheet, along with plasma that
has escaped the Earht’s atmosphere into the tail. The plasmasheet particles that flow
towards the Earth along the magnetic field lines get heated and accelerated and as
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they reach lower altitudes they will collide with the atmospheric particles and give
rise to auroral displays.

Aurora is mainly seen in an oval surrounding the polar cap with its open magnetic
field lines connected to the magnetosheath and solar wind. This connection of the
plasma in the magnetosphere and ionosphere is crucial for the energy transport from
the solar wind into the Earth’s atmosphere. To understand where we see aurora we
need to look into this in somewhat more detail.

When the IMF is southward (anti-parallel to the geomagnetic field), a reconnection
between the interplanetary and geomagnetic field takes places on the dayside. The
now open field lines, which are extended outwards into the solar wind, are dragged
around the magnetosphere by the solar wind flow into the tail lobes. The anti sunward
flow of plasma creates an electric field across the tail in the dawn to dusk direction,
which when mapped down to the ionosphere causes plasma to move from the dayside
to the nightside across the polar cap. This motion is typical for a collision-less plasma
in an electric and magnetic field. The net result is that the plasma is moving orthog-
onally to both the magnetic and electric field. This motion is known as convection.
Both a typical convection pattern and the electric field across the polar cap (and thus
across the tail) are shown in the lefthand part of Figure 2.2. Once the field lines are
brought by the convection into the plasmasheet, the process of reconnection in the tail
closes the previously open field lines at the neutral point indicated in Figure 2.1. The
plasma on the newly closed field lines returns to the dayside at lower latitudes and
forms a two-cell convection pattern seen in lefthand part of Figure 2.2. If the IMF is
northward this pattern will be more complicated. The polar ionosphere is connected
to the outer magnetosphere through upward- and downward field-aligned currents,
Birkeland currents (righthand part of Figure 2.2). Electrons travelling along these
magnetic field lines will often experience an acceleration. This field-aligned accelera-
tion plays an important role in creating the aurora. The structured, discrete aurora
is primary due to downward electron acceleration by parallel electric fields in the
upward field-aligned current regions. The position of the auroral oval is thus closely
connected to the pattern of convection and field-aligned currents shown in Figure 2.2.
Therefore the aurora can be used as a diagnostic tool for these processes.

The level of energy input into the magnetosphere/ionosphere varies with solar
activity; during times of high speed solar wind the input increases and vice versa.
Energy can also be stored in the magnetotail and be released during an so called
substorm event, which leads to increased auroral activity.

2.3 Earth’s Ionosphere

The ionized part of the Earth’s upper atmosphere is called the ionosphere. It begins at
an altitude of approximately 60 km and extends beyond 1000 km (Schunk and Nagy,
2009). The main source of ionization is solar UV and X-ray radiation, this process
is called photoionoization. In the nightside in the high latitudes regions, which we
will focus on here, ionization due to particle precipitation, sometimes referred to as
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Figure 2.2: Left: A two cell convection pattern formed during southward IMF (from
https://wiki.oulu.fi/display/SpaceWiki). Right: Sketch of the upward and downward cur-
rents

impact ionization, plays an important role.
Based on the electron density profile, the ionosphere is divided into different layers:

D, E, F1 and F2 where the D region is the lowest one, below 90 km. Figure 2.3 shows
the electron density profile above Kiruna, obtained with the IRI-2012 (International
Reference Ionosphere) model, for disturbed and quiet geomagnetic conditions for both
day- and nighttime. In the D and E regions, molecular ions dominate and N2, O2 and
O are the most dominant neutral species. In this region, chemical processes play an
important role. In the E region (100-150 km), the major ions are NO+ and O+

2 . The
neutral species outnumber the ions and this region is only weakly ionized. Transport
processes become important above 150 km, in the F1 region. The peak electron
density occurs in the F2 region, which is where a balance between plasma transport
and chemical loss processes is found. Still the density of neutral species is larger
than that of ions and the plasma is partly ionized. Both collisions between different
charged particles and collisions between charged particles and neutral particles must
be taken into account.

As mentioned in paragraph 2.2 the high latitude ionosphere is coupled to the
magnetosphere through field aligned currents. The ionospheric currents consist of
Pedersen currents parallel to the electric field in the ionosphere and Hall currents
which are perpendicular to both the electric and magnetic fields. If the ionospheric
conductivity is uniform, the field aligned currents can be closed by the Pedersen

6



Figure 2.3: Electron density profiles from the IRI model above Kiruna during quiet ge-
omagnetic conditions (blue lines) and disturbed geomagnetic conditions (black lines), for
daytime (dashed line) and nighttime (solid line).

currents only, and the ionosphere constitutes a passive load for the current system.
However, the auroral particle precipitations can locally increase the ionosphere ion-
ization and consequently change the conductivities. These conductivity variations
will result in a polarization electric field formation which can propagate to the upper
magnetosphere along the magnetic field as Alfvén waves. This leads to the possibility
of a feedback interaction between the ionosphere dynamics and the magnetosphere.
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Chapter 3

Aurora

The aurora represents the visual display of the dynamic plasma processes taking place
in the near-Earth space, and provides a way of observing the coupling between the
solar wind, the magnetosphere and the ionosphere. It is caused by charged particles
guided down into the atmosphere by the magnetic field lines. The coloured light
forms arcs, bands and patches with scale sizes varying from sub-kilometre scales to
global structures and with a life-span from hours, for stable auroral arcs, to fractions
of a second for small-scale, fast-moving structures. This chapter describes how the
auroral emissions, their structures and the behaviour or auroral forms can be used
to deduce information about the physics behind the aurora, as a background to the
studies conducted in the papers included in this thesis.

3.1 Optical emissions

When energetic particles precipitate into the atmosphere, they ionize and excite the
upper atmospheric constituents. These excited species will lose their energy by colli-
sions, or drop to a lower excitation level by spontaneous emission. Auroral light is a
result of radiative transitions between excited states of the ionosphere gases (mainly
O, O2, N2 and their ions). These excited states are formed either by direct electron
impact or by a series of chemical reactions. Emission rates depend on the excita-
tion rates, radiative lifetime and collisional quenching rates of the excited state, as
well as on the concentration of various species and on the energy of the precipitating
particles (Rees and Jones, 1973). Spectroscopic observations of the auroral emissions
can therefore give information about primary particle fluxes as well as ionospheric
composition.

The auroral emission studied in this thesis are: 557.7 nm (green line), 630.0 nm
(red line) and 427.8 nm (blue band system), and will be described in more detail
below.
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3.1.1 Green line 557.7 nm

The auroral 557.7 nm is responsible for giving the aurora its characteristic green-
yellow colour. It is usually the brightest emission and results from the forbidden
transition from the second lowest excited state of atomic oxygen to the lowest excited
state (O(1S) → O(1D)). The O(1S) state is metastable and has a radiative life-
time of 0.74 s (Paschmann et al., 2003). Below about 100 km, where the neutral
density increases, the O(1S) state is de-excited by collisional quenching. The major
source of the emitting state is through energy transfer from N2(A

3Σ+
u ). Other sources

include dissociative recombination of O+
2 , direct electron excitation of O and energy

transfer from O2. However the dominating source is dependent on altitude and the
concentration of [NO] (Llewellyn et al., 1999).

3.1.2 Red line 630.0 nm

The auroral red line, often seen as a red upper part of auroral arcs, is caused by the
forbidden transition of atomic oxygen from the lowest excited electronic state O(1D2)
to the atomic ground state O(3P2). The radiative lifetime of the metastable O(1D2)
is 110 s (Jones, 1974), which is why it only can occur at high altitudes, where the
density is low enough for the emission not to be quenched.

The main sources of the O(1D) state are through the dissociative recombination
of O+

2 , electron impact excitation of O, dissociation of O2, cascading from higher
electronic states and through the reaction:

N(2D) +O2 → NO +O(1D) (3.1)

(Rees and Roble, 1986; Solomon et al., 1988). However there has been much debate
regarding the mechanisms which result in the excited O(1D) state, in particular about
the extent to which impact excitation due to low energy electrons is responsible for
the emission (Solomon et al., 1988).

3.1.3 Blue line 427.8 nm

The auroral 427.8 nm emission is produced by the transition from the N+
2 (B 2Σ+

u )
state to the first vibrational level of the ground state N+

2 (X 2Σ+
g ). It is one of the

simplest and best understood emissions because it only involves a few processes. For
nightside auroras, the only excitation mechanism for the N+

2 427.8 nm emission, is
direct electron impact of N2.

It has been shown that the first negative emission band of N+
2 is directly propor-

tional to the energy dissipated into the atmosphere (Dalgarno et al., 1965), and can,
together with other emissions, be used to deduce the atmospheric composition and
characteristic energy of the precipitating particles (Hecht et al., 2006).
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Figure 3.1: Ionization rate of primary electrons with various initial energies from Schunk
and Nagy (2009).

3.2 Intensity ratios
The concentration of the different atmospheric species varies with altitude, as dis-
cussed in Section 2.3. The incoming particles gradually lose their energy on their
way down into the atmosphere, by coulomb collisions or by excitation, so the higher
the energy of the electrons the deeper they will penetrate into the atmosphere. The
ionization rate at a certain altitude also increases with increasing energy. The typical
energy for primary auroral electrons ranges between 1 and 10 keV, which allows them
to penetrate down to 100-150 km of altitude (see Figure 3.1) and produce the auroral
green line. Below about 100 km the green line is quenched by collisional de-exitation.
For electrons with energies of less than 1 keV the red emission above 200 km becomes
more prominent. High energy electrons (above 10 keV) on the other hand are able to
reach further down and ionize and excite nitrogen molecules, leading to emission of
the blue line. By comparing the absolute intensity and using the intensity ratios of
the different auroral emissions it is possible to retrieve the characteristic energy of the
precipitating auroral electrons. This method was used by Rees and Luckey (1974),
who were among the first to deduce the characteristic energy using ground-based opti-
cal data. They developed an algorithm and used the 630.0 to 427.8 nm intensity ratio
to determine the characteristic energy. This method works well if the measurements
are conducted in the magnetic zenith direction, which is usually not the case for most
observations. Only a fraction of all optical observations are made along the magnetic
field lines. In the case of ALIS only one or a few pixels of an image represents the
magnetic zenith direction, while for all-sky imagers the situation is even worse. This
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Figure 3.2: The auroral oval over the Northern (left) and Southern (right) Hemisphere
(Image credit: www.swpc.noaa.gov).

problem is addressed in Paper I (Axelsson et al., 2011), where observations from two
ALIS stations are used in an attempt to deduce a 2D distribution of the auroral elec-
tron precipitation. We also want to show that it is possible to use data from only one
station. This study shows that when the altitude of the emission peak is known and
the aurora is fairly stable it is possible to use the intensity ratio method to up to 35◦
away from magnetic zenith.

3.3 Auroral morphology
Even though the aurora cannot always be seen with the naked eye, it is always there,
in a ring around the magnetic south and north pole called the auroral oval (Figure
3.2). The aurora is very variable both in space and time and contains structures on
many different scales. The arcs can have latitudinal widths ranging from less than
100 m to greater than 1000 km.

By studying the structures and the variations of the structures, both temporal
and spatial, it is possible to get information about the mechanisms generating the
particle precipitation leading to auroral formation (Sandahl et al., 2008; Borovsky,
1993).

3.3.1 Diffuse and discrete aurora

Generally, based on its appearance, the aurora is described as discrete aurora or dif-
fuse aurora. When talking about discrete aurora one usually mentions bright auroral
arcs or curtains which change rapidly and distort into more complex shapes. Discrete
arcs are caused by particles that are accelerated along the magnetic field lines. Dif-
fuse aurora on the other hand, is fainter, has a more uniform luminosity and appears
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Figure 3.3: Example of diffuse auroral structures observed with ALIS above Kiruna on
18th december 2006. The red dot marks the position of magnetic zenith direction.

equatorward of the discrete aurora. However more modern instruments with higher
resolution have revealed that even the diffuse aurora can contain structures. It is
visually less spectacular than the discrete form but contributes to the majority of
the energy input into the polar ionosphere, both during active and quiet geomagnetic
conditions (Newell et al., 2009). The diffuse aurora appears to be produced by scat-
tered plasma sheet electrons with a typical energy of above 1 keV. Figure 3.3 shows
an example of diffuse auroral stripes observed with ALIS.

3.3.2 Auroral scale sizes

Auroral forms have many different shapes and sizes. Talking about an auroral arc or
curtain can sometimes be misleading since these shapes may look completely different
from another viewing angle. The size and form of the structures also depends on the
resolution of the instrument used for observations. Fast-moving structures will for
example seem wider and blurred when observed with long integration times.

As new and improved imagers are being developed, more attention has been given
to the so-called small-scale auroral structures, i.e. auroral forms with spatial scale
sizes less than one km. But already a study by Maggs and Davis (1968), reported
structures with scale sizes of the order of just a few tens of metres and high temporal
changes. Because of the limitation of their instrument their statistical data show a
cutoff at around 70 m.

Figure 3.4 shows the result of four different studies of widths of auroral structures,
using different instruments. Knudsen et al. (2001) studied auroral arcs using an all-
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Figure 3.4: Scale sizes of auroral structures reported by Maggs and Davis (1968), Knudsen
et al. (2001), Partamies et al. (2010) and Axelsson et al. (2012). (Original image taken from
Sandahl et al. (2008))

sky camera and found arc widths of the order of 18 km. There was a clear gap
between this study and the one by Maggs and Davis. The question has been raised
as to wheather or not this gap between meso-scale and fine scale structures has a
physical explanation. Partamies et al. (2010) addressed this question and using data
from the Dense Array Imaging SYstem (DAISY, Partamies et al. (2008)), filled this
gap. Their conclusion was that the measured widths depend on the spatial resolution
of the instrument and that there in fact is a continuous spectrum of scale sizes.

As figure 3.4 also show, there is a need for instruments optimized for different scale
sizes since these characteristics can give information about the generation and accel-
eration processes. It would be possible to get more clues to the mechanisms behind
auroral arc formation by combining measurements of different imagers, preferably in
conjunction with other measurements (radar and satellite data) of parameters such as
temporal fluctuations, intensity ratios, characteristic energy of electrons, ionospheric
conductivity etc. (Borovsky, 1993) This is the topic of Paper III (Axelsson et al.,
2012), where diffuse auroral stripes with scale sizes of the order of 1-10 km were
studied.
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Chapter 4

Instrumentation

Observations and studies of the auroral phenomena have been carried out since times
long ago when the only preserved images were kept in the human mind, or possibly
by making drawings by hand. After the invention of cameras, the possibilities for
observations exploded and led way for multi-station observations, a field to which
the Norwegian pioneer Kristian Birkeland made great contributions. The means of
observation and the instruments are constantly improved to give better spatial and
temporal resolution of both optical and particle measurements.

During the International Geophysical Year (IGY 1957-1958) all-sky cameras using
film were in operation at more than 100 sites around the Polar regions. Since then
improved digital versions of the all-sky camera have been developed and this is now
one of the main ground-based optical instruments for monitoring the aurora, giving a
long term and global picture of the phenomena. The Finnish ground-based network
MIRACLE (Syrjäsuo et al., 1998) is one example of a network of all-sky cameras in
use in present day. Another example is THEMIS all-sky imaging array (Donovan
et al., 2006), which is the largest system of all-sky cameras today, and covers the
whole auroral zone over North America.

ALIS was proposed by Åke Steen in 1989, as a ground-based system of optical im-
agers in northern Scandinavia, designed to measure the three-dimensional luminosity
distribution of the aurora. The field of-view-was suggested to 90◦ for each camera
and the original plan was to build 28 stations, with a baseline of 100 km, but the
number of stations was later reduced to six due to funding constraints.

There are also imagers designed to measure small-scale features of the aurora.
These instruments have a much higher temporal and spatial resolution than all-sky
cameras. One example of such an imager is ASK (Auroral Structure and Kinetics)
(Dahlgren et al., 2008), with a field-of-view of only 6.1×6.1◦. Table 4.1 shows an
overview of some of the contemporary ground-based auroral imagers.

A lot of auroral measurements are also performed in situ, using instruments on-
board satellites and sounding rockets, measuring particles, electric and magnetic
fields, as well as optical measurements on board e.g. Reimei (see below).
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Imager FoV detector temporal resolution operation mode filters
ALIS 60◦/90◦ CCD/EMCCD 5 s campaign 5 + white light

MIRACLE all-sky ICCD/EMCCD 20 s continuous 3/6 + white light
THEMIS all-sky CCD 3 s continuous white light

ASK 6.1◦ 3 x EMCCD 5 per second campaign one per imager

Table 4.1: Overview of some of the contemporary ground-based auroral imagers.

Auroral imaging from space and ground-based studies both have their advantages
and disadvantages. It is for example difficult to follow the evolution of an auroral
structure from a satellite that is constantly moving with high orbital speed. On the
other hand, satellite images can give a global overview of the auroral oval. Ground-
based observations are weather dependent, but can on the other hand monitor the
aurora from the same geographical location during several hours. Imagers on ground
also have the best spatial resolution compared to other instruments (Sandahl et al.,
2008).

Combining different methods would be the best way of studying the aurora. Con-
junctive measurements using ground based optical instruments and radars or in-situ
measurements in space can give a more detailed picture of the physics behind the
phenomenon.

This chapter describes ALIS and the imager and particle instruments onboard the
Japanese micro-satellite Reimei all of which have been used in this thesis.

4.1 ALIS
ALIS (Brändström, 2003) consists of six stations, each one equipped with a high-
resolution Charge Coupled Device (CCD) detector with 1024×1024 pixels, which can
be binned to increase the frame rate, though this also decreases the spatial resolution.
The detector is attached to a telecentric lens system with a six-position filter wheel
for narrow-band interference filters allowing mulitspectral imaging of the aurora.

The field of view of the cameras is either about 70◦ or 90◦, which with a 4 × 4
binning gives a pixel resolution of approximately 500 m and 700 m at an altitude
of 110 km. The imagers are mounted in a camera positioning system and can be
pointed so that several imagers observe a common volume. By using tomography-
like methods (Gustavsson et al., 2001) one can then estimate the three-dimensional
luminosity distribution of the auroral emission.

In 2008 a new Electron Multiplying Charged Coupled Device (EMCCD) was ac-
quired and placed in the optics laboratory at the Swedish Institute of Space Physics
in Kiruna. The new detector enables measurements of low light aurora with better
temporal and spatial resolution. For the work in this thesis however, observations
from 2005 to 2008 were used and they only include data from the CCD detectors lo-
cated at the positions marked in Figure 4.1, with the exception of the Abisko station
which was not used here.
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The geometry of the stations, with a separation of approximately 50 km, is opti-
mized for three-dimensional tomographic reconstruction of the volume emission rate
(Gustavsson, 1998; Gustavsson et al., 2008a). Even though the primary objective of
ALIS is to study auroral physics, it has been used for studies of several other high al-
titude optical phenomena. Following the unambiguous observation of high-frequency
(HF) pump-enhanced airglow by Brändström et al. (1999), several other important
studies in this field have been made (Gustavsson et al., 2005, 2006). In these type of
experiments a HF pump wave is used to excite plasma processes in the ionosphere.
The results are studied by incoherent scatter radars and optical instruments. Thus
‘laboratory’ experiments can be carried out in the ionosphere. Pellinen-Wannberg
et al. (2004) used ALIS to study meteor trails during the Leonid shower and found
emissions by water molecules. By combining EISCAT and ALIS observations, Gus-
tavsson et al. (2008b) studied the characteristics of black aurora. Sergienko et al.
(2008) used conjugate measurements from ALIS and the FAST satellite to study fine
structures in diffuse aurora. Diffuse aurora is also the topic of Axelsson et al. (2012)
(paper III).

Figure 4.1: Left: Map of the current ALIS stations. The Skibotn station was used in this
thesis. Right: Picture of the ALIS station in Silkkimuotka (Photo by K. Axelsson 2010).
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Figure 4.2: Left: Schematic view of the Reimei satellite and the positions for the MAC
imager and ESA/ISA instruments. Right: Illustration of the simultaneous observation of
image and particle measurements (Obuchi et al., 2008).

4.2 Reimei
Reimei is a Japanese micro-satellite, launched in 2005 into a sun-synchronous polar
orbit at an altitude of about 630 km, with the scientific purpose of investigating
auroral fine structure. It carries a payload consisting of both an optical instrument
and a particle detector, and is the first satellite that is able to simultaneously take
multi-spectral images of the aurora and measure the precipitating particles on the
same field line.

The three-channel Multi-Spectral Auroral Imaging Camera (MAC) (Obuchi et al.,
2008; Sakanoi et al., 2003), has a narrow field-of-view covering about 80 × 80 km at
100 km altitude. Each camera is equipped with a different spectral filter so that it can
observe three auroral emissions simultaneously, namely the auroral blue line resulting
from the N+

2 (427.8 nm) emission, the auroral green line (557.7 nm) resulting from
emission by atomic oxygen and finally the N2 1 PG (670 nm) emission.

The Electron/Ion energy Spectrum Analysers (ESA/ISA) (Asamura et al., 2003),
measure precipitating electrons and ions. ESA measures electrons in 32 energy bins
covering an energy range from 12 eV to 12 keV. It records a complete spectrum every
40 ms over all bins. ISA is similar to ESA but for measuring precipitating ions instead
of electrons and is not used in this thesis.
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Chapter 5

Calibration

The optical data used for the studies in this thesis are obtained with ALIS and Reimei
imagers. To be able to compare these data with each other, or with any other optical
measurements for that matter, it is important to calibrate, both in intensity and
position, in order to convert the measurements into a useful comparable format. This
chapter gives a short introduction to the different steps of calibrating data from ALIS.
The calibration of Reimei, performed at the National Institute of Polar Research in
Japan, is mentioned in Obuchi et al. (2008) and will not be discussed in this thesis.

5.1 Geometrical calibration

In order to determine the position and structure of an object one has to know in
which direction every pixel of the imager is looking. Geometrical calibration of ALIS
is performed using stars as reference points. By comparing an image of a cloud-free
sky with a set of reference stars from a star catalogue, the field-of-view of each pixel
can be determined. In addition, data for flat-field correction (see below) is obtained.
Details of this procedure and the toolbox used are described by Gustavsson (2000).
Using this toolbox the stars are first identified manually, after which they are fitted
and the optical parameters (camera rotational angles, focal widths, image coordinates
for projection of the optical axis and shape parameter) retrieved. The best result is
obtained if a large number of stars, preferably about a hundred, are fitted and if they
are evenly distributed over the image plane.

5.2 Absolute Calibration for ALIS

For quantitative studies the raw imager counts must be converted into a meaningful
physical unit. The first step is to correct for instrument signatures such as bias,
dark current, flat field and bad pixels, this is described in more detail in Brändström
(2003) (Chapter 4, and references therein). Flat field correction for ALIS differs
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Figure 5.1: Results from the intercalibration of the IRF-Lauche-lamp and the PGI-
Chernouss-38AM source on Svalbard 2011, together with the results from the intercalibration
workshop in Sodankylä, 2011.The solid line corresponds to the measured intensities and the
dotted lines are the standard deviation (σ =

√
signal).

somewhat from flat-fielding a telescope, which is usually done by using an image of a
cloudy sky or a white screen. Problems of non-uniformities and gradients could not
be avoided using these methods, due to the large fields-of-view. Instead the flat-field
correction is based on the mathematical model of the optical system obtained during
the geometrical calibration (Gustavsson (2000), Chapter 5).

Hunten et al. (1956) suggested that absolute measurements of airglow and aurora
should be expressed in the unit Rayleighs (R). In SI units (Baker and Romick, 1976):

1Rayleigh ≡ 1010
photons

s m2 column
(5.1)

The apparent spectral radiance is then, according to Baker and Romick (1976):

Lγ =
1010I(λ)

4π

photons

s m2 sr A
(5.2)

where I(λ) is the spectral column emission rate in R/Å. Thus the irradiance seen by
the imager can be related to the Rayleigh unit.
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Figure 5.2: Preliminary results of the comparison of the Fritz Peak reference source and
the calibration result from Torr (1981).

Optical instruments are usually absolute calibrated by exposing them to a cali-
bration light source with a known spectral radiance. The procedure is described by
Brändström (2003), Chapter 4. The sources that are in use around the world are
intercalibrated at regular intervals to provide a comparable scale for absolute mea-
surements of aurora and airglow. In 2011 an intercalibration workshop was held in
Sodankylä, Finland, where nine calibration sources were compared to the Fritz Peak
reference source (Brändström et al., 2012). Intercalibration workshops of this type
have been organized since the 1960s (Torr, 1983), and some calibration sources are
traceable since then.

In addition to the workshop held in Sodankylä, two sources were intercalibrated
at UNIS, Svalbard, the same year, as a part of the course ‘Optical methods in auroral
physics research’, in which the author took part. The two sources brought to Svalbard
were the IRF-Lauche-lamp and the PGI-Chernouss-38AM source which were inter-
calibrated with a SN-1633 45 W tungsten lamp, the calibration standard source at
UNIS. This lamp is a traceable National Institute of Standard source, and is used to
intercalibrate the spectrograph in the UNIS laboratory. Three spectral measurements
on each source were made, by three different groups of participants. The result of
this intercalibration are found in figure 5.1, and show agreement with the calibration
in Sodankylä within 15-25%. This shows that measurements conducted on Svalbard
are in reasonable agreement with the measurements of ALIS.

In August 2013 a spectrograph was brought from UNIS to Tromsø, and the spec-
tra of all low light sources at the intercalibration workshop during the 40AM was
measured. Figure 5.2 show preliminary results of the comparison of this spectra and
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the calibration values for the Fritz Peak reference source by Torr (1981). We see that
the agreement is is good, especially for the wavelengths measured by ALIS.

As a part of the study in Axelsson et al. (2013) (paper IV), the absolute cali-
bration of ALIS and the MAC imager onboard Riemei was compared. The result
shows excellent agreement between the two imagers. Since Reimei is calibrated by
independent facilities and ALIS is traceable to the long term intercalibration effort,
and also the calibration facility on Svalbard, the agreement between the two confirms
the quality of the measurements.
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Chapter 6

Summary of included papers

Paper I

A study on the possibility to deduce the 2D distribution of
the auroral electron precipitation from multi wavelength opti-
cal measurements with auroral imagers

The intensity ratios of auroral emissions at different wavelengths are widely used
for reconstruction of auroral electron parameters. One way of deducing the char-
acteristic energy of the precipitating particles is by using intensity ratios of auroral
emissions. This method works quite well if the measurements are conducted in the
magnetic zenith direction. In paper I we investigate the possibility to use the in-
tensity ratio method in the case where the observations are made in a direction not
parallel to the magnetic field. We want to check the possibility of using auroral data
for deducing the 2D distribution of the auroral electron precipitation. Using multi-
station measurements from ALIS of the auroral red and green line emissions (630.0
nm and 557.7 nm), this method is tested for angles further away from the direction
of the magnetic field lines. The result shows that it is possible to use this technique
to deduce the characteristic energy for angles up to 35◦ away from magnetic zenith.

Paper II

Results from the intercalibration of optical low light calibra-
tion sources 2011

Paper II is a report based on the results from the intercalibration workshop for optical
low light calibration sources held in Sodankylä, Finland, in 2011. The main purpose
of this series of workshop is to provide a comparable scale for absolute measurements
of aurora and airglow. Sources that are in use around the world are calibrated at reg-
ular intervals dating back to the 1960s. At the Sodankylä workshop nine calibration
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sources were compared to the radioactive Fritz Peak (FP) reference source, using a
calibration photometer. A comparison with earlier intercalibration workshops show
that most sources were fairly stable over time, with errors in the range of 5-25%.
The report also includes preliminary results from the intercalibration of two low light
sources with the certified Tungsten lamp used at the calibration facility at UNIS,
Longyearbyen, Svalbard. These results are in agreement with the intercalibration in
Sodankylä within about 15-25%.

Paper III

Spatial characteristics of wave-like structures in diffuse aurora
obtained using optical observations

Paper III presents the results of a statistical study of spatial and temporal varia-
tions of structures in diffuse aurora. We use ALIS data to investigate structures with
widths of the order of 1-20 km that appear in a regular wavy pattern. The scale sizes
of the structures, when mapped to the magnetosphere, give us information about the
magnetospcheric wave processes responsible for scattering electrons into the loss cone.
Analysis of conjugate Reimei data confirms that the structures correspond to non-
accelerated electrons. We found the scale size of the auroral stripes and the spacing
between them to be on average 13-14 km, which corresponds to 3-4 ion gyro radii for
protons with an energy of 7 keV. Magnetometer data show that the structures move
southward with a speed close to zero in the plasma convection frame. Stationary mir-
ror mode structures in the magnetospheric equatorial plane are a likely explanation
for these diffuse auroral structures.

Paper IV

First negative system of N+
2 in aurora: simultaneous space-

borne and ground based measurements and modeling results

In Paper IV we study the intensity of the auroral 427.8 nm, first negative emission
of N+

2 using simultaneous measurements from ALIS and optical and particle mea-
surements from the Reimei satellite. The 427.8 nm emission, which is a fairly simple
emission to model, with only a few processes involved, still has some uncertainties,
mostly due to the excitation cross section. Simultaneous measurements of the in-
tensity of this emission from ALIS and the intensity and electron flux from Reimei
provide a way to evaluate different sets of cross sections in order to find the best fit
to the experimental data. The study show good agreement between the optical data
from the two imagers. It also shows that the model results from using cross sections
from Shemansky and Liu (2005) gives an excellent fit to the measured intensities.
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ABSTRACT: 

The intensity ratios of auroral emissions at different wavelengths are widely used for reconstruction 
of auroral electron parameters. This method works quite well if the measurements of the auroral 
emissions are conducted in the magnetic zenith direction. In this study we want to investigate the 
possibility to use the intensity ratio method in the case where the observations are made in a 
direction not parallel to the magnetic field. In particular, we want to check the possibility of using 
auroral data for deducing the 2D distribution of the auroral electron precipitation. We use ALIS 
multi-station measurements of the auroral red and green line emissions (6300 Å and 5577 Å) to get 
data in zenith and non-zenith directions. We also take into account that the red line emission peak 
and the green line emission peak are at different altitudes. The results of this investigation show we 
can obtain reliable results for angles up to 35º away from magnetic zenith.  

Keywords: Aurora, Intensity Ratios, Groundbased Observations, Primary Electron Distribution. 
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1. Introduction 
At auroral  latitudes, precipitating energetic 
particles collide with atoms and molecules in the  
atmosphere. In these collisions the kinetic 
energy is transferred from the incoming 
electrons to the atmospheric particles. The 

energy transfer processes causing the aurora  
are  complex. Some auroral emissions are results 
of direct electron excitation of atoms and 
molecules, but others can be produced due to 
chemical reactions. Studying the aurora is a way 
to remote-sense magnetospheric processes. The 
vertical profile of the aurora can give us 
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information about thermospheric composition 
and characteristics of auroral particles. Using the 
intensity ratio between measured auroral 
intensities is one way of retrieving the 
characteristic energy of the auroral electrons. 
Rees and Luckey [2] were among the first to 
decuce the characteristic energy from ground 
based optical data in 1974. They developed an 
algorithm for determining the characteristic 
energy using the 6300 Å to 4278 Å emission 
intensity ratio.  Since then several attempts have 
been made to improve the model, e.g. Hecht et al. 
[3]. The method of deducing the characteristic 
energy from intensity ratios works quite well if 
the measurements of the auroral emissions are 
conducted in the direction of magnetic zenith, 
but in auroral imaging only a minor fraction of 
the measurements are along the field lines.  

In this study we want to investigate if it is 
possible to use the ratio technique if the 
measurements are not conducted along the field 
lines.  These types of measurements are difficult 
to interpret because of the varying thickness of 
the auroral forms and different altitudes of the 
auroral emissions [4,5]. Since the general 
solution for any auroral form is very 
complicated, we chose to start with something 
relatively simple, namely two quiet arcs. We look 
at the ratio between the 5577 Å and the 6300 Å 
emissions of atomic oxygen, taking into account 
the fact that the green line has its intensity peak 
about 100 km below the red line. If the result 
shows that we can use this technique, we would 
be able to deduce a number of properties of the 
2D distribution of the auroral electron 
precipitation 

 

2. Instrumentation 
ALIS (Auroral Large Imaging System) currently 
consists of six remote controlled stations in 
northern Scandinavia. Each station is equipped 
with a sensitive CCD detector with a 1024x1024 
pixel chip and a filter wheel with six positions 
for different narrow-band filters. The stations 
are separated from each other by a distance of 
approximately 50 km (Fig. 1). The stations are 
located so that their fields-of-view overlap, 
which makes it possible to study the aurora from 
different angles simultaneously [1].  

During this experiment the cameras were 
observing a volume in magnetic zenith above 
Kiruna. Data from the Kiruna (67.86ºN, 20.42ºE), 
Silkkimuotka (68.03ºN, 21.69ºE) and Tjautjas 
(67.33ºN, 20.75ºE) stations were used to 
calculate ratios of the green to red line 
intensities. The images were obtained using the 
5577 Å and 6300 Å filters, the exposure times 
were 1 s and 2 s respectively. The image size 
used was 256×256 pixels, with a 70º field-of-
view. Thus the pixel field of view is 
approximately 480×480 m at an altitude of 100 
km and 960×960 m at 200 km. All cameras are 
absolute calibrated in laboratory. 

 

 

 
Fig. 1. Up: Map of the ALIS stations. In this study we use data 
from three stations: Kiruna (67.86ºN, 20.42ºE), Silkkimuotka 
(68.03ºN, 21.69ºE) and Tjautjas (67.33ºN, 20.75ºE). Down: An 
illustration of the geometry for magnetic zenith (1) and non-
magnetic-zenith measurements (2). 
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3. Analysis 
ALIS multi-station measurements of the auroral 
red and green line emissions (6300 Å and 5577 
Å) on the 18th of December 2006 are used to get 
data in zenith and non-zenith directions. The 
ratios were calculated for the green to red line 
intensities for the time between 21:30 UT and 
23:00 UT using data from three stations: Kiruna, 
Silkkimuotka and Tjautjas. The upper panel in 
Fig. 2 shows a keogram from the images 
obtained with the ALIS camera in Kiruna at 5577 
Å. The keogram shows an auroral event starting 
with two equatorward moving arcs at around 
21:40 UT, and an auroral substorm breakup at 
around 21:45 UT. 

3.a. Characteristic energy deduced from 
intensity ratios  

For accurate absolute measurements of auroral 
intensities the optimal situation is when the 
observation is conducted along the magnetic 
field lines. Figure 1 illustrates the geometry 
when conducting measurements in a direction 
that is not parallel to the magnetic field line. 
Station 2 in this case represents the 
Silkkimoukta or Tjautjas station or any pixel 
field-of-view from the Kiruna station that is not 
along the field line. We can clearly see that we 
are not measuring the same volume from the 
two stations. Therefore the angles 1 and 2 need 
to be considered when calculating the intensity 
ratios. The dependence of the emission intensity 
ratio on the electron characteristic energy is 
obtained using two numerical models of the 
auroral emissions, the green line model by 
Ivanov et al. [6] and the red line model by 
Solomon et al.[7].  

3.b. Zenith measurements 

We start by looking at data from Kiruna were the 
observations are conducted in the magnetic 
zenith direction and compare them to the ratios 
from Silkkimuotka and Tjautjas. The ratios are 
calculated for different altitudes of the green and 
red line emission peaks. We use the altitudes 
where we get the best agreement between the 
zenith and non-zenith measurements 
throughout the whole auroral event, which are 
110 km for the green line emission and 190 km 

for the red line emission. Figure 2 shows the 
characteristic energy obtained from these ratios. 
The match is good during the whole auroral 
event except at around 21:50 UT, during the 
auroral breakup phase. The match for Tjautjas is 
not as good as for Silkkimuotka. If we look at the 
geometry of the stations (Fig. 1) we see that 
Tjautjas is south of Kiruna while Silkkimuotka is 
at almost the same latitude. This shows that non-
zenith measurements have better agreement 
when they are conducted along the same 
latitudinal line. 

3.c. Quiet auroral arc 

Let us now consider a simple case by looking at 
two quiet arcs that appeared around 21:49 UT 
(Fig. 3). The altitudes for these two arcs were 
determined using triangulation. For the 
equatorward arc the intensity peak of the green 
line emission lies around 110 km and the peak 
for the red line emission at 151 km. For the 
poleward arc the altitudes are 140 km and 190 
km for the green and red line emission peaks 
respectively.  

Imagine that a plane at 110 km corresponds 
to the image projection of the Kiruna station at 
this altitude. The image from the Silkkimuotka 
station is projected in the same plane. To get the 
ratio, I(5577 Å)/I(6300 Å), the images from the 
two stations are projected in the same way at an 
altitude for the red line emission peak, following 
the magnetic field line from the first projection. 
The situation is the same as described for station 
2 in Fig. 1, where there are two different  
angles, one for each altitude. These angles are of 
course different depending on where in the 
image the pixel is located, which then means that 
we have four different theta angles that need to 
be considered, two for each station. Figure 4 
shows the energy plots of the two arcs as seen 
from both stations. The colour scale shows the 
characteristic energies obtained from Kiruna 
and the superimposed contour plots the 
characteristic energies from Silkkimuotka.We 
can see that we have good agreement along the 
whole arc, an area corresponding to a viewing 
angle of approximately 35º from the 
Silkkimuotka camera. 
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Fig. 2: The upper panel shows a keogram along the North-South direction of images taken from Kiruna at 5577 Å. The bottom panel 
shows the characteristic energy deduced from the ratio of I(5577 Å)/I(6300 Å)  from Kiruna in the zenith direction compared to the 
energy based on measurements from the Silkkimuotka and Tjautjas stations. 

 

 

     
Fig. 3: Images taken from Kiruna station of the measured intensity, the square root of the intensity is used for better visualisation. 
First we look at two quiet arcs (left) at 21:49 UT and the more general case (right) at 22:03 UT. Superimposed on the images are the 
magnetic zenith angles from the Silkkimuotka station. 
 
 
 
 

 

 

 
 
Fig. 4. The characteristic energy of the poleward (upper panel) and equatorward (bottom panel) arc seen from the Kiruna station 
with the contour of the characteristic energy from the Silkkimuotka station superimposed. altg and altr refer to the altitudes for the 
green and red line emission peaks respectively.  
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3.d. A more general case 

We also looked at a more general case (Fig. 3) 
with several structures; it was chosen in such a 
way that there was good agreement between the 
zenith and non-zenith measurements using the 
general altitude in section 3.b. The result is 
shown in Fig. 5. We can see that the agreement is 
good but if we look closer at the auroral form in 
the upper right corner of the image we see that 
there are some errors, this is probably due to the 
fact that the peak energy deposition for this form 
is at another altitude. 

 
Fig. 5: A more general case - The characteristic energy 
observed from the Kiruna station with the contour of the 
energy from Silkkimuotka superimposed. 

 

4. Conclusions 
In Fig. 4 we can see an excellent match between 
the energies measured from the two stations. 
This shows that we can use the method of 
intensity ratios to derive the characteristic 
energy of the precipitating particles for angles 
up to 35º. Even in the more complicated case the 
agreement is good, but we can also see that there 
are some discrepancies due to the use of an 
average altitude. 
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Abstract. Following the 38th Annual European Meeting on
Atmospheric Studies by Optical Methods in Siuntio in Fin-
land, an intercalibration workshop for optical low light cal-
ibration sources was held in Sodankylä, Finland. The main
purpose of this workshop was to provide a comparable scale
for absolute measurements of aurora and airglow. All sources
brought to the intercalibration workshop were compared to
the Fritz Peak reference source using the Lindau Calibra-
tion Photometer built by Wilhelm Barke and Hans Lauche in
1984. The results were compared to several earlier intercali-
bration workshops. It was found that most sources were fairly
stable over time, with errors in the range of 5–25 %. To fur-
ther validate the results, two sources were also intercalibrated
at UNIS, Longyearbyen, Svalbard. Preliminary analysis indi-
cates agreement with the intercalibration in Sodankylä within
about 15–25 %.

1 Introduction

Following the first absolute measurement of night airglow by
Rayleigh (1930), accurate absolute measurements of airglow
and aurora have become increasingly important (see, for ex-
ample, Trondsen, 1998; Syrjäsuo, 2001; Brändström, 2003;
Gustavsson et al., 2006; Dahlgren et al., 2011 and references
therein). Such absolute measurements are traditionally ex-
pressed in rayleighs, as proposed by Hunten et al. (1956).
Further discussions about the definition of the rayleigh unit
appear in Chamberlain (1995, App. II) and Baker (1974).
In SI units the rayleigh is defined as follows (Baker and
Romick, 1976):

1rayleigh ≡ 1 R � 1010 photons
s m2 column

(1)

The word column is often inserted in the units above and de-
notes the concept of an emission rate from a column of un-
specified length along the line of sight (Hunten et al., 1956).
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44 B. U. E. Brändström et al.: Intercalibration results 2011

The apparent spectral radiant sterance (spectral radiance),
Lγ (λ), can be obtained from the spectral column emission
rate, I (λ), (in R/Å) according to Baker and Romick (1976):

Lγ (λ) = 1010I (λ)

4π

photons
s m2 sr Å

. (2)

Integrating the spectral quantities Lγ (λ) and I (λ) over wave-
length yields the, maybe more familiar, quantities radiance
and column emission rate. In this work the rayleigh and the
ångström (1Å = 10−10 m) will be used to preserve continuity
with earlier intercalibration results, which expressed spectral
column emission rate in R/Å.

After removing the instrument signature (bias, dark cur-
rent, flat field, bad pixels, etc.), optical instruments are usu-
ally absolute calibrated by exposing the instrument to a cal-
ibration light source with a known spectral radiant sterance
corresponding to a certain column emission rate (see, for ex-
ample, Trondsen, 1998; Mäkinen, 2001; Brändström, 2003,
and references therein). Instead of using calibration light
sources, some instruments are calibrated by using known
spectra of stars (for example Dahlgren et al., 2011).

This work reports the results of comparisons of calibration
light sources during 2011. This is part of a long-term interna-
tional effort to place aurora and airglow measurements taken
at various locations around the world on a common calibra-
tion (and hence intensity) standard (Torr and Espy, 1981). In
addition, a brief description of the intercalibration method in
effect since 1985 is provided.

Following initial efforts in the 1960s by Michael Gadsden
(Torr, 1983) and by Torr et al. (1976, 1977), regular inter-
calibration workshops have been organised (see Table 1 and
references therein). After the intercalibration workshop in
Katlenburg-Lindau in 1983, Lauche and Barke (1986) con-
structed the Lindau Calibration Photometer for comparison
of low brightness sources (Fig. 1). This was done in or-
der to support the work by M. Torr in the European sec-
tor. Yet, calibration sources from other countries have par-
ticipated in some workshops over the years. As seen in Ta-
ble 1, some intercalibration workshops have also taken place
in non-European countries.

When Hans Lauche retired, Widell and Henricson (2003)
took over the responsibility for the Lindau Calibration Pho-
tometer, and following Ola Widell’s retirement in 2011, this
responsibility was handed over to the corresponding author
of this paper. Table 1 is an attempt to list all known official
intercalibration workshops to date.

2 Calibration sources

In this calibration effort nine calibration sources were com-
pared to the Fritz Peak (FP) reference source (this source is
labelled “Fritz Peak international standard source”). This ra-
dioactive 14C–activated phosphor source is only used at inter-
calibration workshops. Apart from the FP reference source,

Table 1. Known official intercalibration workshops. The 1967–
1972 intercalibrations are mentioned by Torr (1983). Regarding
later calibration workshops lacking a literature reference, the re-
sults and raw data are archived by the corresponding author of this
paper. Copies are available upon request. The column # refers to the
number of participating calibration sources.

Year # Location Reference/responsible

1967 Fritz Peak Gadsden and Marovich
1968 Paris Weill
1969 Tokyo Huruhata
1970 Kitt Peak Broadfoot
1970 Harvard Noxon
1970 Johns Hopkins Schaeffer and Fastie
1972 Lindau Leinert and Klüppelberg
1979 9 Seattle Torr (1981)
1981 30 Aberdeen Torr and Espy (1981)
1983 21 Lindau Lauche
1985 16 Lysebu Lauche and Barke (1986)
1987 14 Saskatoon Lauche
1989 1 Lindau Lauche
1991 6 Wien Lauche (IAGA)
1995 4 Boulder Lauche
1999 18 Lindau Lauche and Widell (2000b)
2000 9 Stockholm Lauche and Widell (2000a)
2001 10 Oulu Widell and Henricson (2003)
2003 8 Longyearbyen Widell and Mämmi (2003)
2006 7 Kiruna Widell and Henricson (2008)
2007 6 Andøya Henricson (2008)
2011a 10 Kiruna This work
2011b 10 Sodankylä This work
2011c 3 Longyearbyen This work (prel. results)

the IRF UJO 920B, L1614, Y275 and the MPI-2 sources are
also radioactive 14C activated phosphor sources. The spectral
output is continuous and depends on the phosphor. The IRF
UJO sources are “light standards”, probably manufactured
by U.S. Radium Corp. in the 1960s and labelled with phos-
phor type and luminance values, “920B < 20μL”, “L1614
7μL ± 10 %” and “Y275 15μL ± 10 %”, respectively. The
lambert L is a non-SI unit of luminance; 1L corresponds to
104/π cd m−2. It is furthermore a photometric unit, involv-
ing the spectral sensitivity of the human eye. These lumi-
nance values have probably never been used for calibration
purposes, at least not in recent years.

Several of these sources have participated in intercalibra-
tions dating back to the late 1960s (see Torr, 1983, Fig. 1).
Although stable and easy to handle, these sources are nowa-
days rather difficult to transport due to flight safety regula-
tions.

The ESRANGE tungsten lamp and the IRF Lauche lamp
are tungsten lamps that operated at a predefined lamp current.
Both were designed by Hans Lauche. The ESRANGE tung-
sten lamp was powered by an external power supply, while
the IRF Lauche lamp has its own constant current supply.

Geosci. Instrum. Method. Data Syst., 1, 43–51, 2012 www.geosci-instrum-method-data-syst.net/1/43/2012/
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Fig. 1. The Lindau Calibration Photometer built by W. Barke and Hans Lauche at Max Planck Institute for Aeronomy, Katlenburg-Lindau
(1984). (a) centering device for source under measurement (b) deflecting mirror, (c) power supply for pulse amplifier, (d) collimators,
(e) HV supply. (f) objective lens, (g) dehumidifier, (h) filter wheel, (i) field stop, (k) Peltier cooler connector, (m) PMT Hamamatsu R-632,
(o) connection box and (p) pulse amplifier.

These sources are not considered as stable as the radioactive
sources, but on the other hand, they are much easier to trans-
port.

The stability of the radioactive sources and the IRF Lauche
lamp is discussed in Sect. 6.

Two sources are based on light-emitting diodes (LEDs):
the ESRANGE MSP1 and the PGI Chernouss-38AM. The
ESRANGE MSP1 has internal current regulators and is pow-
ered by a 28 V supply, while the PGI Chernouss-38AM is
battery powered. Both participating LED sources consist of
several LEDs and none of them has participated in earlier
intercalibration workshops.

The FMI sphere (Mäkinen, 2001) consists of an integrat-
ing sphere, three identical 30 W internal tungsten lamps, a
75 W external tungsten lamp with a mechanical attenuator
and several neutral density (ND) filters. The ND filters are
required to decrease the output of the sphere to acceptable
levels for low light instrumentation. The output of the sphere
is calibrated by the manufacturer in foot-lamberts (an Amer-
ican customary unit for luminance; 1 ft-L corresponds to
3.426 cd m−2). Note that this is a photometric unit involving
the spectral sensitivity of the human eye, and that this cali-
brated luminance value is valid at the exit aperture of the in-
tegrating sphere, i.e. before the ND filters. Thus, for the inter-
calibrating effort described here, the luminance value should
only be regarded as a source setting. However, knowing the
spectral response of the ND filters, it is possible to compare
the calibrated output of the sphere to the results presented in
this report. It is hoped that this will be done in the future.

It should be noted that the ESRANGE sources were in-
tercalibrated on 16 September 2011 at the Swedish Institute
of Space Physics in Kiruna (referred to as 2011a), while all
other sources except the FMI sphere were intercalibrated on
19 October 2011, at Sodankylä Geophysical Observatory in
Sodankylä, Finland. The FMI sphere was intercalibrated on

the same date at the calibration laboratory at Finnish Meteo-
rological Institute’s Arctic Research Centre (FMI-ARC), also
in Sodankylä. Both Sodankylä intercalibrations above are re-
ferred to as 2011b. The IRF sources as well as the MPI-2
source were intercalibrated at both locations.

During the course “Optical methods in auroral physics
research” held in November 2011 at the University Cen-
tre in Svalbard (UNIS), the IRF Lauche lamp and the PGI
Chernouss-38AM sources were intercalibrated with an SN-
1633 NIST-traceable tungsten lamp in the calibration labora-
tory at UNIS (Sigernes et al., 2007). This intercalibration is
referred to as 2011c.

During earlier intercalibration workshops the source nam-
ing conventions have been somewhat different for some
sources. To remedy this in the future, a unique source identi-
fication number (SID) was introduced in 2011 to simplify fu-
ture comparisons. Radioactive calibration sources have been
assigned SID in the range 1–99; other sources are numbered
from 101 (see Table 2).

This report only concerns sources intercalibrated in 2011.
A full list of all sources that participated in this long-term
calibration series is under preparation. Some of the partici-
pating calibration sources are shown in Fig. 2.

3 The Lindau Calibration Photometer

The Lindau Calibration Photometer is described by Lauche
and Barke (1986). Furthermore, all technical documentation
and design drawings, raw data and results from the calibra-
tion photometer as well as previous intercalibration work-
shops are archived by the corresponding author of this paper
and are available upon request. As soon as time permits, this
information will be scanned and made available on the Inter-
net.
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Table 2. Results of the intercalibration workshop. All values are spectral column emission rates in R/Å. The absolute calibration values at
3914 Å should be considered less reliable (see Sect. 6). Filter transmittance plots are available upon request. SID is source identification
number.

Filter position 1 2 3 4 5 6 7
Filter CW 3914 4280 4866 5573 5882 6299 6562 [Å]
Filter bandwidth (FWHM) 41 27 25 16 13 12 15 [Å]
Source name SID Settings Note

FP reference source 1 0.34 5.7 3.2 2.6 5.1 9.2 15 Torr and Espy (1981)

MPI-2 2 2 173 263 187 93 14C
IRF UJO 920B 3 4 101 62 22 13 8 4 14C Phosphor 920B
IRF UJO L1614 4 5 1 38 34 9 14C Phosphor L1614
IRF UJO Y275 5 4 261 362 201 107 14C Phosphor Y275
IRF Lauche lamp 101 1 8 54 96 207 352 1.62 V, 198.50 mA 1
IRF Lycksele lamp 102 1 9 72 150 360 489 6.21 V, 22.7 mA 2
ESRANGE tungsten lamp 103 3 10 61 359 544 728 635 10.9 V, 217.5 mA 2, 3
ESRANGE tungsten lamp 103 1 6 12 20 32 5.10 V 141.00 mA 2, 3
ESRANGE MSP1 104 226 335 150 280 308 523 299 LED 28 V supply 1, 3
PGI Chernouss-38AM 105 12 164 382 710 639 1520 1782 LED, setting 3 (max) 4
FMI sphere 106 5 26 72 78 180 353 L:C, A:150, ND:7, 1473.3 ft-L 5
FMI sphere 106 9 49 139 150 348 696 L:C, A:255, ND:7, 3092.0 ft-L 5
FMI sphere 106 1 13 67 170 189 422 809 L:BC, A:100, ND:7, 3388.0 ft-L 5
FMI sphere 106 1 20 100 294 304 682 1311 L:BC, A:255, ND:7, 5947.0 ft-L 5

Notes: 1. Constant current supply, 2. adjustable power supply, 3. 2011a intercalibration (Kiruna 16 September), 4. battery powered, 5. settings refer to lamp(s) in use (L), attenuator
setting (A), neutral density filter (ND) and luminance in foot-lamberts (before the neutral density filters).

Fig. 2. Some of the low light sources intercalibrated at this workshop: (a) IRF Lauche lamp (SID 101) with power supply, (b) PGI Chernouss-
38AM (SID 105), (c) IRF UJO Y275 (SID 5), (d) IRF UJO L1614 (SID 4), (e) IRF UJO 920B (SID 3), (f) FP reference source (SID 1),
(g) MPI-2 source (SID 2) and (h) IRF Lycksele lamp (SID 102).

Figure 1 shows the general layout of the instrument. The
source is attached to the centering device (a) and light
passes a mirror (b), collimating tubes (d), an objective
lens (f), filter wheel (h), with telecentric optics and field
stop (i) and finally reaches the Peltier-cooled photomulti-
plier tube (PMT, Hamamatsu R632 GA37). Datasheets with
plots of spectral response and quantum efficiency for this

PMT are available on the Internet (www.datasheetcatalog.
org/datasheet/hamamatsu/R632.pdf). The length of the in-
strument is 1210 mm, and the height is 165 mm. The two
parts are folded together during transportation.
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4 Intercalibration procedure

The Lindau Calibration Photometer was installed in a dark-
room and the Peltier cooler was switched on several hours
before measurements, so that the photomultiplier tube (PMT)
would be sufficiently cooled and thermally stable. One per-
son operated the calibration photometer and sources in the
darkroom, while another person recorded the filter position
and PMT counts using a filter position display and a precision
frequency counter (HP 5328A and HP 53181A for 2011a and
2011b, respectively) located outside the darkroom. The fre-
quency counter was set for a long gate time (3–5 s). In ad-
dition, an intercom was available between the darkroom and
the outside. Filter position 0 is blocked and corresponds to
dark current; the remaining positions correspond to seven fil-
ters from 3914 to 6562 Å (listed in Table 2). The filter band-
widths in the table correspond to the full width at half maxi-
mum (FWHM). Position 8 corresponds to a filter with centre
wavelength 6707 Å. This filter is included in the intercali-
bration procedure, but the results are traditionally discarded
since the FP reference source lacks calibration data for this
wavelength. Transmittance curves for each filter exist in the
calibration photometer documentation and are available upon
request. Each source was then compared to the FP reference
source. This was done according to the following procedure:

1. The FP reference source was attached to the centering
device of the calibration photometer (Fig. 1a).

2. Three measurements were recorded from the frequency
counter for each of the nine filter wheel positions (in-
cluding dark current). As the filter wheel was rotated
manually, the filter changes were announced and veri-
fied over the intercom and by using the filter position
display.

3. The FP reference source was then replaced with the cal-
ibration source and step 2 above was repeated for that
source. Metadata was recorded (filter temperature, start
and stop times, etc.).

4. Steps 1–3 above were repeated for each of the nine cal-
ibration sources.

The spectral column emission rate (ISp) at filter position p

(1 . . .8) was then calculated from the following equation (by
using a spreadsheet):

ISp = IRp(Sp − S0)

Rp − R0

R
Å

(3)

where Sp and Rp are the average measured count rates for
the calibration source and the FP reference source, respec-
tively; S0 and R0 are averaged dark current measurements
(filter position 0). IRp is the FP reference spectral column
emission rate for filter p (refer to Table 2). To preserve con-
tinuity this procedure has been changed as little as possible
since 1985.
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Fig. 3. Intercalibration results for three sources since 1981: (a) IRF
UJO Y275 (SID 5), (b) IRF UJO L1614 (SID 4), (c) IRF UJO 920B
(SID 3), (d) IRF Lauche lamp (SID 101, since 2000). The 2011b
intercalibration results are connected with lines, giving a rough idea
of the spectra of these sources. The 1981 intercalibration used dif-
ferent filters indicated by a “*”.

5 Results

The results from this intercalibration effort are given in Ta-
ble 2. Note that spectral column emission rates less than
1 R/Å have been removed in Table 2 due to poor signal-to-
noise ratio. All raw data and preliminary results before post-
processing are available at http://alis.irf.se/ewoc/2011.

Figure 3 plots all intercalibration results from 1981 until
the present time for three radioactive and one tungsten lamp
source. Table 3 lists the ratios of this intercalibration to ear-
lier intercalibration workshops, as well as to the mean value
of all listed workshops. Sources not appearing in Table 3
have only been intercalibrated once, or earlier intercalibra-
tion data have not been located yet. Figure 4 plots selected
ratios from Table 3 as a time series. The ratios and wave-
lengths are selected based on the normal usage of the source
for calibration of optical instrumentation.

The intercalibration was done under two assumptions:
(1) the spectral radiant sterance of the FP reference source
is stable and sufficiently well known, and (2) the calibration
photometer is linear and stable during the calibration.

6 Discussion

The FP reference source is traceable to intercalibrations in
the late 1960s (Torr, 1983) and the present absolute calibra-
tion values, obtained with a national standard source (Q47
tungsten filament lamp, calibrated by the National Bureau of
Standards in 1977) from an intercalibration done by Torr and
Espy (1981). Since 1981 the FP reference source has been
used as reference source for intercalibration workshops in the
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Table 3. Ratios of the 2011b intercalibration (Sodankylä) to earlier intercalibrations and to the mean value of all listed measurements. Sources
not appearing in this table lack information of earlier calibration workshops. SID is source identification number.

Filter [Å]

Source name SID Year 3914 4280 4866 5573 5882 6299 6562

IRF UJO 920B 3 1981 0.67 0.95 1.19 1.36 1.12 0.55
1985 0.77 0.80 1.01 1.17 1.26 1.14 0.49
1999 0.89 0.99 1.03 0.99 1.10 1.01 1.66
2000 0.85 0.93 0.97 0.95 1.04 0.77 0.47
2001 0.75 0.96 0.95 0.99 1.02 0.83 3.32
2006 0.80 0.95 1.00 0.95 0.94 0.81 0.25
2007 0.91 1.03 1.01 0.96 0.87 0.65 0.86
2011a 1.81 1.03 0.99 0.84 1.03 0.78 0.83

Mean 1.02 0.91 0.99 0.99 1.05 0.87 0.63

IRF UJO L1614 4 1981 1.24 0.27 1.00 0.91 2.20
1985 1.14 1.36 1.18 1.24 1.02 0.23
1999 0.13 0.99 1.04 1.04 0.95 0.49
2000 1.14 0.99 0.96 0.98 0.92 1.74
2001 0.80 0.90 1.01 1.28 1.26 0.10
2006 0.57 0.93 1.00 1.10 0.83 0.25
2007 1.33 0.99 1.01 1.07 0.91
2011a 0.80 1.03 1.01 1.13 0.93

Mean 0.59 1.03 0.78 1.09 0.96 0.52

IRF UJO Y275 5 1981 6.00 1.12 0.92 0.91 0.84 0.77
1985 0.33 0.70 1.01 1.04 0.96 0.93 0.94
1999 1.00 1.05 1.01 0.99 0.94 0.71 0.65
2000 1.00 0.95 0.98 0.95 0.89 0.71 0.59
2001 5.00 1.17 1.06 1.01 0.75 0.73 0.69
2006 0.91 1.03 1.03 0.91 0.89 0.72
2007 1.00 1.11 1.04 1.02 0.87 0.77 0.82
2011a 0.33 1.00 1.03 0.98 1.06 1.21 0.73

Mean 0.88 1.06 1.03 0.99 0.91 0.84 0.75

IRF Lauche lamp 101 2000 0.95 1.02 1.00 1.07 0.98 0.93 0.78
2001 1.06 0.93 1.06 1.12 0.84 0.91 0.82
2007 1.20 1.06 0.98 1.06 0.90 0.92 1.06
2011a 1.06 0.99 0.98 1.02 1.05 0.66 0.37

Mean 1.05 1.00 1.00 1.05 0.95 0.86 0.70

aurora/airglow optical community. Note that the 1981 cali-
bration did not include 3914 Å and 6707 Å. The origin of the
absolute calibration value at 3914 Å (0.34 R/Å) is currently
unknown. This is under investigation, and until further no-
tice it should be treated as less reliable (extrapolated). As
1981 is a rather long time ago, doubts can clearly be cast on
the stability of the FP reference source. It is thus of great
importance to compare the FP reference source to a source
traceable to a National Bureau of Standards as soon as possi-
ble. Although strongly desired, this has not been possible yet.
Some steps have therefore been taken to indirectly assess the
stability of the FP reference source.

Preliminary results from the independent 2011c intercali-
bration (Longyearbyen) of two sources are given in Table 4.

In addition, the spectra of these two sources were measured
with a spectrograph. For the IRF Lauche source (SID 101),
deviations appear to be less than ±15 % for wavelengths
from 5573 Å. For shorter wavelengths this source has a very
low output, as should be expected from a tungsten lamp. The
ratios for the PGI Chernouss-38AM (SID 105) source are a
bit more puzzling and, in particular, the large difference for
4866 Å is still under investigation. The spectrum of the PGI
Chernouss-38AM LED source was found to be continuous
but with two sharp peaks. One possible preliminary explana-
tion for the discrepancy is that while the former calibrations
were done by a filtered photometer, the 2011c calibration was
done with a spectrograph. The spectrograph had a bandpass
of approximately 100 Å, while the photometer filters have
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Fig. 4. Ratios of 2011b intercalibration in Sodankylä to earlier intercalibrations for IRF UJO 920B (SID3, top panel), IRF UJO L1614 (SID
4), IRF UJO Y275 (SID5) and IRF Lauche lamp (SID101) (bottom panel): (blue) 4280 Å, (green) 5573 Å and (red) 6299 Å. Note that none
of these sources were intercalibrated 1987–1995.

a bandpass around 20 Å. As this source has no earlier in-
tercalibration history, additional measurements are required.
A preliminary conclusion from the 2011c intercalibration is
that the intercalibration error for the FP reference source is
probably less than ±25 % for wavelengths from 5573 Å. This
preliminary, but promising, conclusion is to be confirmed by
the final results from the 2011c intercalibration session.

The FMI MIRACLE EMCCD imager normally operated
at Kilpisjärvi was recently calibrated by the manufacturer,
Keo Scientific in Canada (T. S. Trondsen, personal commu-
nication, 2011). For further validation, this imager was then
calibrated by the FMI integrating sphere and two of the IRF
radioactive sources (920B and Y275). Data from this effort
are not analysed yet and will appear in a later publication.
Then, it will be possible to compare the 2011b intercalibra-
tion both to the calibration by Keo Scientific in Canada as
well as to the FMI integrating sphere.

Furthermore, if the FP reference source should become un-
stable over time, it is highly likely that other 14C-activated
phosphor sources also would become unstable. This would
be noticed as increasing deviations between the intercalibra-
tion workshops.

It has been found that Torr and Espy (1981) and Lauche
and Barke (1986) did not use exactly the same filter sets. This
is under investigation and might explain the difference in ra-
tios for 1981 and 1985 (Fig. 4).

The 2011a intercalibration was mainly a practice run by a
new calibration team before the official 2011b intercalibra-
tion in Sodankylä. This might explain the larger deviations
seen for the 2011a intercalibration (Table 3 and Fig. 4). The
2011a intercalibration should therefore be excluded from the
long-term series, if results from later workshops confirm it to
be an outlier.

Aging effects of various components (sources, filters,
PMT, etc.) will also contribute to the errors. Looking at Fig. 3
it is seen that the intercalibration errors tend to increase to-
wards the red part of the spectra. This is under investigation
and is probably related either to aging effects (PMT and/or
filters), stray light, or to design compromises of the calibra-
tion photometer.

On the other hand, the IRF UJO Y275 (SID 5) source ap-
pears very stable over time at 5573 Å (Fig. 4). In fact, re-
covered fragments of old documentation (1960s) concerning
“light calibration by C14 activated light standards from U.S.
Radium Corp.” appear to indicate 262.65 R/Å for the IRF
UJO Y275 (SID 5) at 5600 Å (by conversion of the lumi-
nance values stamped onto the source; see Sect. 2). This is to
be compared to the 2011b intercalibration that gave 261 R/Å
at 5573 Å. To confirm this, the spectra of these sources must
be measured. It is hoped that this will be possible in the au-
tumn of 2012.

The mean ratios in Table 3 indicate a typical deviation,
ranging from a few percent to around ±10 % for wavelengths
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Table 4. Preliminary ratios of this intercalibration to measurements in November 2011 at the calibration laboratory at UNIS, Longyearbyen,
Svalbard (2011c). The large differences for wavelengths below 5573 Å are expected since the IRF Lauche lamp is a tungsten lamp. For the
PGI Chernouss-38AM source, the large difference at 4866 Å is more puzzling and remains to be explained.

Filter [Å]

Source name SID 3914 4280 4866 5573 5882 6299 6562

IRF Lauche lamp 101 0.02 0.10 0.32 0.85 0.89 0.96 1.11
PGI Chernouss-38AM 105 0.53 0.86 0.30 0.69 0.75 0.95 1.09

4280, 4866, 5573 and 5882 Å. For 6299 Å this value is
around ±15 %.

While none of what is said above provides hard evidence
concerning the validity of the 30-year-old absolute calibra-
tion of the FP reference source, it is probably safe to as-
sume that absolute calibration errors are probably less than
15–25 %, with a few exceptions and not including filters at
3914 and 6707 Å. This is also in agreement with Torr and
Espy (1981), who report an accuracy of ±10 % over a 12-
year-period. This should be compared to differences up to a
factor of six during the early phases of this long-term inter-
calibration effort (Torr et al., 1977). Finally, even in the case
that the absolute calibration values are completely wrong,
the relative intercalibration is not affected by this, and thus
it would be possible to correct these errors in the future.

7 Conclusions

This work presents the official results from the intercalibra-
tion workshop following the 38th Annual European Meeting
on Atmospheric Studies by Optical Methods (in Table 2).
Ratios of this intercalibration to earlier work are presented
in Table 3 and Fig. 4. Preliminary results of the indepen-
dent 2011c intercalibration (Longyearbyen) of two sources
are given in Table 4.

A brief description of the intercalibration method, in ef-
fect since 1985, is provided. Furthermore, a large set of doc-
umentation and publications regarding this long-term inter-
calibration effort has been collected. As much as possible
of this information will be made available on the Internet
(http://alis.irf.se/ewoc/).

It is concluded that well-justified doubts exist about the
validity of the absolute calibration of the FP reference source
after 30 years. On the other hand, preliminary results from
the 2011c intercalibration (Table 4) suggest errors of around
±15 % for wavelengths from 5573 Å and possibly also at
4280 Å. This is to be confirmed by the final results of the
2011c intercalibration as well as to be compared to the
calibrations of the FMI MIRACLE EMCCD, performed in
Canada by Keo Scientific and to the certified luminance val-
ues of the FMI sphere. Until this is done the absolute calibra-
tion error is estimated at 15–25 % and the relative intercali-
bration error at 5–25 %.

Future work

Following the intercalibration efforts in 2011, several ra-
dioactive calibration light sources have been found in Nor-
way (Y. L. Andalsvik, personal communication, 2012). Many
of these sources appear in earlier intercalibration workshops,
in particular at the Lysebu 1985 workshop (Lauche and
Barke, 1986). In addition, at least two calibration sources
have been found at University of Oulu, Finland. Therefore,
it would be desirable to include these sources in the inter-
calibration workshop planned for the autumn of 2012 in So-
dankylä.

For the next workshop it will hopefully also be possible
to measure the spectra of all participating sources. This is of
general importance for improving the quality of this long-
term intercalibration effort, but, in particular, it might help
resolve problems related to LED-based sources, such as the
PGI Chernouss-38AM source (SID 105).

This intercalibration effort should also be compared to ab-
solute calibration methods involving the known spectra of
stars.

The intercalibration procedure from 1985 is a rather te-
dious and manual nature. To automate the filter wheel oper-
ation and data acquisition would probably both improve the
accuracy and speed up the intercalibration procedure.

Last but not least, it is of the utmost importance to perform
an intercalibration of the FP reference source to a source
traceable to a National Bureau of Standards source as soon
as possible.
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Widell, O. and Mämmi, S.: Results from the intercalibration of low
light level sources at Svalbard 2003, in: Proceedings of the 30th
Annual European Meeting on Atmospheric Studies by Optical
Methods, edited by: Sigernes, F. and Lorentzen, D., The Univer-
sity Centre on Svalbard, Longyearbyen, p. 121, 2003.

www.geosci-instrum-method-data-syst.net/1/43/2012/ Geosci. Instrum. Method. Data Syst., 1, 43–51, 2012



50



Paper III

Spatial characteristics of wave-like

structures in diffuse aurora

obtained using optical observations

Authors:
K. Axelsson, T. Sergienko, H. Nilsson, U. Brändström, Y. Ebihara, K. Asamura, M.
Hirahara

Bibliography:
Axelsson, K., Sergienko, T., Nilsson, H., Brändström, U., Ebihara, Y., Asamura,
K., and Hirahara, M. Spatial characteristics of wave-like structures in diffuse aurora
obtained using optical observations. Annales Geophysicae, Volume 30, 1693-1701,
2012

51



52



Ann. Geophys., 30, 1693–1701, 2012
www.ann-geophys.net/30/1693/2012/
doi:10.5194/angeo-30-1693-2012
© Author(s) 2012. CC Attribution 3.0 License.

Annales
Geophysicae

Spatial characteristics of wave-like structures in diffuse
aurora obtained using optical observations
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Abstract. We present the results of a statistical study using
optical images from ALIS (Auroral Large Imaging System)
to investigate the spatial and temporal variations of structures
in diffuse aurora. Analysis of conjugate Reimei data shows
that such fine structures are a result of modulation of high-
energy precipitating electrons. Pitch angle diffusion into the
loss cone due to interaction of whistler mode waves with
plasma sheet electrons is the most feasible mechanism lead-
ing to high-energy electron precipitation. This suggests that
the fine structure is an indication of modulations of the effi-
ciency of the wave–particle interaction. The scale sizes and
variations of these structures, mapped to the magnetosphere,
can give us information about the characteristics of the mod-
ulating wave activity. We found the scale size of the auroral
stripes and the spacing between them to be on average 13–
14 km, which corresponds to 3–4 ion gyro radii for protons
with an energy of 7 keV. The structures move southward with
a speed close to zero in the plasma convection frame.

Keywords. Ionosphere (Particle precipitation; Wave-
particle interactions) – Magnetospheric physics (Auroral
phenomena)

1 Introduction

Diffuse aurora is characterized by a broad area of fairly uni-
form luminosity. Some might call it the least spectacular
form of aurora, but it is the most energetically important one.
It contributes to the majority of the energy input from the

magnetosphere into the polar ionosphere during both active
and quiet geomagnetic conditions (Newell et al., 2009).

Recent studies have shown that the diffuse aurora is caused
by precipitation of plasma sheet electrons with energies of a
few to tens of keV that are scattered into the loss cone due
to interaction with whistler mode waves (Ni et al., 2011a,b),
while the more dynamic discrete aurora is caused by particles
that are accelerated along the magnetic field lines.

Optical observations of diffuse aurora have shown that it
often contains fine structures. At first it was believed that
these structures were small-scale discrete auroral structures,
caused by accelerated electrons, but later studies show that
they in fact are variations of the modulation of the diffuse
auroral precipitation. Ebihara et al. (2010) and Samara et al.
(2010), among others, have reported observations of small-
scale structures in diffuse aurora caused by precipitation of
non-accelerated high-energy electrons.

Variations in diffuse auroral structures, both spatial and
temporal, can be used to study the magnetospheric wave pro-
cesses responsible for scattering electrons into the loss cone.
Samara and Michell (2010) looked at the frequency of pul-
sating diffuse auroral structures to study the wave activity
causing the scattering, and found that they were consistent
with frequencies of chorus waves.

Structure in diffuse aurora is sometimes called black au-
rora. Obuchi et al. (2011) and Peticolas et al. (2002) studied
the relationship between black aurora and precipitating elec-
trons using optical and particle data and concluded that the
regions of black aurora are caused by suppression of pitch
angle scattering by whistler mode waves.
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One type of structure often found in diffuse aurora is reg-
ular, parallel stripes. Sergienko et al. (2008) studied this type
of structure using optical data from ALIS (Auroral Large
Imaging System) and electron spectrometer data from the
FAST satellite. They found that this regular pattern is caused
by the modulation of the efficiency of the pitch angle diffu-
sion of high-energy electrons.

Li et al. (2011a) found that the modulation of chorus
waves, which leads to the modulation of the auroral lu-
minosity, can be caused by density variations or compres-
sional Pc4–5 pulsations. These mechanisms each play a dom-
inant role in different parts of the magnetosphere (Li et al.,
2011a,b).

In this study we use ALIS images to investigate the spa-
tial and temporal variations of the diffuse aurora. We are in-
terested in structures that create the wavy pattern seen in the
ALIS images. The scale sizes of these structures are of the or-
der of about 1–20 km. The scale size and the variation of the
structures, mapped to the magnetosphere, provide informa-
tion about the characteristics of the modulating wave activity.
Reimei data are also available for one event confirming that
the structures correspond to non-accelerated electrons. From
the same event, magnetometer chain data are also available
providing information about how the structures move in re-
lation to the background source plasma. This will constrain
the possible processes giving rise to the structured diffuse
aurora. Our objective is to present the observational data and
give examples of mechanisms that are consistent with our re-
sults.

2 Instrumentation

ALIS (Brändström, 2003) currently consists of five remotely
controlled stations in northern Scandinavia. Each station is
equipped with a sensitive CCD detector with a 1024 × 1024
pixel and a filter wheel with six positions for narrow-band in-
terference filters. The stations are separated from each other
by a distance of approximately 50 km and are located so
that their fields-of-view overlap, which makes it possible
to study the aurora from different angles simultaneously. In
this study we use data from the Kiruna (67.86◦ N, 20.42◦ E)
and Skibotn (69.35◦ N, 20.36◦ E) stations for cases when the
cameras are looking at zenith. With a total pixel number of
1024 × 1024 and a binning of 4 × 4, the image size used was
256 × 256 pixels, with a 70◦ and 90◦ field of view. Thus the
pixel resolution is approximately 500 m and 700 m at an al-
titude of 110 km for the Kiruna and Skibotn cameras respec-
tively. We use a 5577 Å filter with 1 s exposure time and a
time interval between exposures of 10–15 s.

3 Observations

Widths of diffuse auroral strips were collected using the
ALIS camera in Kiruna and Skibotn separately, during five
events (18 December 2006, 8 November 2007, 5 December
2007, 15 December 2007 and 25 January 2008). In total 514
diffuse auroral structures were measured. Events were se-
lected where it was possible to find stable structures, mean-
ing that they do not change significantly in shape during a
period of 2–3 min. Figure 1 shows examples of such struc-
tures, taken during two of the selected events. The primary
interest in this study is structures creating the wavy pattern
seen in the ALIS image and occurring in the equatorward
part of the auroral zone during the recovery phase of a sub-
storm, i.e. after injection of particles into the magnetosphere.
The structures are stretched out from east to west, forming
stripes of higher and lower (background) luminosity.

Figure 2 shows keograms and magnetometer data for the
same events as in Fig. 1. The first event shows a typical sub-
storm, with breakup starting around 21:52 UT. The area of
interest for our study lies between the two black lines in the
keogram, i.e. between 23:00 and 24:00 UT, in the recovery
phase of the substorm. This first event has similar geomag-
netic conditions and is also, from a morphological point of
view, similar to an event studied by Sergienko et al. (2008)
where it was suggested that these auroral stripes were created
by precipitation of high-energy electrons as a result of pitch
angle diffusion into the loss cone by whistler mode waves.

The events of 18 December 2006, 15 December 2007 and
25 January 2008 are similar from a morphological point of
view. The remaining two events, 8 November 2007 and 5
December 2007, have slightly different morphology. For the
latter we also have particle data from the Reimei satellite
(Asamura et al., 2003) presented in Figs. 3 and 4. The left-
hand panel of Fig. 3 shows the track of the satellite (red line)
as it passes the field of view of the ALIS imager at the Ski-
botn station. The axes show the pixel number, but the image
is oriented in such a way that the lower border is to the south
and the upper border to the north. The right-hand panel of
Fig. 3 shows the energy spectrum along the satellite track as
a function of geographical latitude, moving from the bottom
part of the ALIS image to the top. The electron spectra show
a high flux in the 2–6 keV range across the whole image. In
the most poleward part of the image, there is also a popula-
tion of accelerated, lower energy electrons, with a peak en-
ergy of 500–800 eV. An enhancement of the more energetic
electron fluxes can be discerned where the satellite crosses
areas of higher luminosity that correspond to the diffuse au-
roral stripes.

The enhancement is further emphasized in Fig. 4, where
the left-hand panel shows the estimated intensity for the
green auroral line, from Reimei data (black line) along with
the intensity obtained from three consecutive ALIS images
taken during the passage of the satellite. It is clearly seen how
the electron flux intensity increases as the satellite passes
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Fig. 1. Example of images from two of the events. Upper panel shows images from the Kiruna camera from 18 December 2006, and the
lower panel shows images from the Skibotn station from 5 December 2007. The red dot marks the location of magnetic zenith. The yellow
line is the line along which the intensity profile in Fig. 5 was taken.

the auroral stripes. We also clearly see that the structures
do not change much during the passage of Reimei through
the field of view of the ALIS camera. The middle and right-
hand panel of Fig. 4 show the energy spectra inside and out-
side one of the diffuse structures. There is no difference be-
tween the downgoing and the trapped electrons inside the
stripe. Outside the stripe the downgoing electron flux de-
creases more rapidly with energies greater than 3 keV. This
suggests that electrons were not accelerated but instead scat-
tered due to pitch angle diffusion. Thus enhanced precipi-
tation of the more energetic electrons of 2–6 keV energy is
responsible for the diffuse aurora, in accordance with some
previous studies (Ebihara et al., 2010; Samara et al., 2010).

In one case, where it was possible to use data from more
than one station, the altitude of the aurora was determined us-
ing triangulation. By fitting the projection altitude and find-
ing the best match from two images taken at different loca-
tions, the altitude was estimated at around 110 km, which is
a typical altitude for the green line emission peak in diffuse
aurora. In the remaining cases the same altitude was used.
Changing the altitude from 100 to 110 km changes the width
by approximately 0.5 km, which is much less than the scale
sizes that we are interested in and does not have a significant
effect on the result. Taking into account a north–south drift
speed of around 65–220 m s−1 (discussed further in Sect. 4)

and an exposure time of 1 s, the effect of smearing due to
drifting of the structures is negligible.

Errors due to perspective effects also need to be taken into
account. When looking at a structure that is not in magnetic
zenith, it will appear to be broader since we will be mea-
suring not only the width of the structure but also part of
the height. There will also be a contribution from the back-
ground luminosity. For this reason we chose to look only at
structures that are within 10 degrees from magnetic zenith.

4 Method and results

We have analysed about 500 diffuse stripe-like structures,
recorded during five events, using ALIS. All the structures
were extended in the east–west direction, aligned along a
geomagnetic latitudinal line, and the brightness profile was
taken across the image in the north–south direction (in ge-
ographical coordinates). The geomagnetic parallel and geo-
graphic parallel are not co-located; hence, the results were
adjusted by multiplying with the cosine of the deviation an-
gle. To determine the width of each stripe, a multiple Gaus-
sian was fitted to the brightness profile (see Fig. 5). By fitting
a Gaussian function (black) to each peak, we were able to re-
trieve the full width at half maximum (FWHM), which cor-
responds to the stripe width. The expression for the multiple
Gaussian used is
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Fig. 2. (a) Keogram made from images from the Kiruna station from 18 December 2006. Stripe widths were calculated for the time interval
23:00–00:00 UT, marked with two black lines in the figure. (b) Magnetogram for the same event. (c) and (d) are the same as (a) and (b) but
for the Skibotn ALIS camera, 18 December 2006 and 5 December 2007. The magnetogram is retrieved from data from magnetometers in
Kiruna and Tromsø respectively.

Fig. 3. Left: ALIS image from Skibotn station taken on 5 December 2007 at 00:36:30 UT, along with the Reimei track (red line) marked
with the geographical latitude in degrees. Right: electron energy spectrum as a function of geographical latitude, i.e. along the track of the
Reimei satellite.

Y = V0 +
∑

i

V1iexp(−(x − V2i )
2/2V 2

3i )

where V0 is the background luminosity, V1i the amplitude for
the Gaussian curve, V2i the position of the peak, and i is the
number of the stripes. The FWHM is given by 2V3

√
2ln(2).

In total 514 diffuse auroral structures were measured, and
the result is shown in Fig. 6. The size ranges from 2.2 to
46.8 km with a mean value at 13.2 km, and the distance be-
tween the stripes ranges from 4.0 km and 37.2 km with a
mean value at 14.0 km. The planetary Kp index value ranged
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Fig. 4. Left: the black line shows the intensity for the green auroral line, calculated from Reimei data. The red, green and blue lines are the
intensity obtained from three consecutive ALIS images taken during the passing of the satellite. Middle: energy spectra inside one of the
auroral stripes for downgoing (pitch angle 0–30◦) and trapped electrons (60–90◦). Right: energy spectra between the stripes for downgoing
and trapped electrons.

Fig. 5. The intensity profile taken along a line across the auroral
stripes (green), with the fitted multiple Gaussian curve (black). The
red line shows the location of magnetic zenith.

from 0 to 4 and the AE index between 0 and 500 nT, and we
found no clear dependence of the width on either Kp or AE
index.

All five events show a clear southward movement of the
auroral structures. The apparent velocity of the structures,
obtained from the ALIS keograms, lies between 65 and
220 m s−1. Additional data from European Incoherent Scat-
ter (EISCAT) radar or the Super Dual Auroral Radar Net-
work (superDARN) could give information about the con-
vection velocity, but unfortunately we do not have usable
data for our events. Instead we use equivalent ionospheric
currents derived from magnetometer data obtained from the
Magnetometers-Ionospheric Radars-All-sky Cameras Large
Experiment (MIRACLE) to get a proxy of the north–south
convection velocity (Vanhamäki et al., 2003). Equivalent

Fig. 6. Left: histogram of measured widths, for all events, obtained
from structures within 10◦ from magnetic zenith. Right: distance
between maximum intensity of the stripes

ionospheric currents derived from magnetometer chain data
give a robust estimate of the latitudinal extent of the iono-
spheric convection region, so that we get a reliable esti-
mate of north–south expansion of the convection cells, corre-
sponding to north–south motion of the structures. The iono-
spheric equivalent currents correspond mainly to the Hall
currents. They arise due to the E × B drift of plasma and
can be used to get a macroscopic picture of the ionospheric
convection.

Figure 7 is an example of the comparison between iono-
spheric currents and the drift of the structures for one of the
events. The upper panel shows the ionospheric equivalent
currents, measured from ground magnetometers. The lower
panel is a combination of the ALIS keogram and a contour
plot of the equivalent currents from the MIRACLE data. The
green stars represent the peak position of three stripes, deter-
mined using a Gaussian fit, that were followed through sev-
eral consecutive images. We cannot get an exact value of the
relative velocity, but we do see that the motion of the struc-
ture is closely related to the motion of the current system.

A rough estimation of the velocity of the ionospheric cur-
rents gives a result of 160 m s−1 above Kiruna. The differ-
ence between the velocities of the stripes and the velocity of

www.ann-geophys.net/30/1693/2012/ Ann. Geophys., 30, 1693–1701, 2012
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Fig. 7. Upper panel: MIRACLE ionospheric equivalent current from 18 December 2006. The ionospheric equivalent currents are calculated
from magnetometers on the ground. The black box marks the position, in time and latitude, for the lower panel. Lower panel: keogram of
ALIS images from the same date with contour lines representing the equivalent currents from the image above. The green stars represent the
movement of three auroral stripes.

the currents is much less than the convection velocity itself.
This means that the stripes are approximately moving with
the convection in the north–south direction. This indicates a
steady state wave structure, moving with almost zero velocity
in the plasma convection frame.

Previous studies of auroral arc widths show, just as Par-
tamies et al. (2010) concluded in their study, that the mea-
sured widths depend on the spatial resolution of the instru-
ment. Their statistics, along with previous results (Maggs and
Davis, 1968), show a sharp cut-off near the lower limit of
what their instruments were able to measure. Our statistics
lack this type of cutoff near the lower resolution limit of the
ALIS imagers; instead our statistics show a more Gaussian
shape with a mean value far above what our images are able
to resolve. We therefore conclude that the results obtained in
this study are not dependent upon the resolution of our in-
strument.

Another source of errors is the broadening of structures
that occurs due to perspective effects. This effect is demon-
strated in Fig. 8. The left-hand panel shows statistics of stripe

widths within 10 degrees from magnetic zenith, and the right-
hand panel shows stripe widths from the whole field of view.
We clearly see a more distinct tail on the right-hand side of
the distribution when we include structures from the whole
field of view. The perspective effect will be there even for
smaller angles, but we will still be able to get an estimate of
the widths without significant systematical errors.

5 Discussion

The regular wavy pattern observed in the ALIS images indi-
cates a modulation of the efficiency of the wave–particle in-
teraction, causing the diffuse aurora. Both the optical images
and the statistical result show a regular pattern of stripes of
higher and lower luminosity, with an average width almost
equal to the spacing between them, resembling a wave-like
pattern for which the most plausible explanation is a stand-
ing or propagating wave.

The scale size of the parallel auroral structures, mapped
to the equatorial plane of the magnetosphere, can give an
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Fig. 8. Histograms of widths from the two events discussed in Sect. 3. The left-hand panel show statistics from the limited region around
10◦ from magnetic zenith. To demonstrate the broadening effect that arises when we measure structures far away from magnetic zenith, the
histogram in the right-hand panel includes stripes from the whole field of view.

indication of the scale size of such a wave. From this study
we obtained stripe widths on the order of a few tens of km,
with a mean value at 13.2 km. The range between 5 and
23 km contains 80 % of the stripes. Mapped to the equa-
torial plane of the magnetosphere, to L-shell 5.6 and 6.3
(for Kiruna and Tromsø respectively), using the Tsyganenko
model (Tsyganenko and Sitnov, 2007), this range corre-
sponds to 75–345 km. The characteristic energy of injected
protons in the magnetospheric source region is around 7 keV
(Christon et al., 1991). We compare our results to the ion
gyro radius, which was estimated to be around 53 km for
7 keV protons, and find that the stripe widths correspond to
roughly 1–6 ion gyro radii.

The distances between the stripes are equal to or slightly
larger than the stripe widths. The mean value is 14.0 km, and
80 % lie within the range of 8–21 km. If the modulation caus-
ing the regular pattern is a pure harmonic wave, the distance
between the peaks would equal two times the widths. In our
case we find that the widths are almost equal to the spacing
between the stripes, which suggests that the process respon-
sible for the interaction of whistler mode waves and electrons
has a certain threshold. As the stripe width is greater than half
the peak-to-peak distance, the pitch angle scattering process
is active during most of the wave, and inhibited only during
a small part.

We also compared the southward drift of the auroral struc-
tures with the ionospheric equivalent currents and found that
they move together with convection with a relative speed that
is close to zero.

Our observational data thus show signs of a standing or
propagating wave with low velocity and wavelengths on the
order of a few ion gyro radii.

As discussed in the introduction, we expect that the struc-
ture in the observed diffuse aurora corresponds to density
or magnetic field structures in the equatorial magnetosphere,
which serve to modulate the wave–particle interaction and
lead to electron precipitation. Ebihara et al. (2010) suggested
that the diffuse aurora they observed was the visual mani-
festation of highly structured cold plasma in the magneto-
sphere. The existing structures could affect the wave–particle
interaction causing precipitation of newly injected more en-
ergetic electrons. Such pre-existing structures would move
together with convection, which is in agreement with our ob-
servations. The size of the structures would not be dependent
on the parameters of the newly injected plasma. Cold plasma
structures can for example be created by temporal changes of
the convection electric field (Chen and Wolf, 1972).

Another class of structures in the magnetosphere is dis-
cussed by Stasiewicz and Cheng (2009) – mirror mode struc-
tures propagating as slow magnetosonic solitons. The scale
sizes of magnetic field and density structures predicted by
this theory are in good agreement with our observations (up
to a few ion inertial lengths of about 100 km in the equatorial
plane). The problem is that these structures, though slow for
magnetosonic waves, still move much faster than our struc-
tures, with a speed of about 50 km s−1 in the plasma refer-
ence frame. This corresponds to a velocity of a few km s−1

in the ionosphere.
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Another, related, option is stationary mirror mode struc-
tures as reported by Ge et al. (2011). These mirror mode
structures were observed by the THEMIS-D spacecraft in
the dipolarized magnetic field following a substorm-related
dipolarization. The scale size of the mirror mode structures
was about one ion gyro radii, which is somewhat smaller than
our observations. The width of mirror mode structures in the
solar wind is of the order of 10 proton gyro radii (Zhang
et al., 2008), so larger structures are not unlikely. As these
structures are stationary, they would drift with convection.
The magnetic field troughs caused by the mirror mode insta-
bility are longer-lived than the magnetic field enhancements,
and will exist after the instability criterion is no longer ful-
filled. This is therefore a promising candidate to explain our
structures.

6 Conclusions

We have used optical data from the Auroral Large Imaging
System (ALIS) to perform a statistical study of spatial and
temporal variations of diffuse auroral structures. The scale
size of the structures gives us information about the mecha-
nism producing these regular wavy patterns found in diffuse
aurora.

The widths of the diffuse auroral structures found in this
study are of the order of a few tens of km and appear in a
regular pattern. The mean values of the stripe widths and
the spacing between stripes are 13–14 km, and 80 % of the
stripes lie within a range of 5–23 km. This range is mapped
to the equatorial plane of the magnetosphere, and gives a
width of approximately 75–345 km, corresponding to a few
ion gyro radii. These structures move southward with a speed
close to zero in the plasma convection frame. Stationary mir-
ror mode structures in the magnetospheric equatorial plane
appear to be a plausible mechanism giving rise to the ob-
served structures.

Acknowledgements. K. Axelsson is supported by the Swedish Na-
tional Graduate School of Space Technology, Luleå University of
Technology. ALIS is supported by the Swedish Research Coun-
cil. We thank Ari Viljanen (FMI) for providing MIRACLE data.

Topical Editor R. Nakamura thanks two anonymous referees for
their help in evaluating this paper.

References

Asamura, K., Tsujita, D., Tanaka, H., Saito, Y., Mukai, T., and Hira-
hara, M.: Auroral particle instrument onboard the index satellite,
Adv. Space Res., 32, 375–378, 2003.

Brändström, U.: The Auroral Large Imaging System-Design, op-
erations and scientific results, Ph.D. thesis, Swedish Institute of
Space Physics, Kiruna, Sweden, October 2003 (IRF Scientific
Report 279), ISBN: 91-7305-405-4, 2003.

Chen, A. J. and Wolf, R. A.: Effects on the plasmasphere of a time-
varying convection electric field, Planet. Space Sci., 20, 483–
509, 1972.

Christon, S. P., Williams, D. J., Mitchell, D. G., Huang, C. Y., and
Frank, L. A.: Spectral Characteristics of Plasma Sheet Ion and
Electron Populations during Disturbed Geomagnetic Conditions,
J. Geophys. Res., 96, 1–22, doi:10.1029/90JA01633, 1991.

Ebihara, Y., Sakanoi, T., Asamura, K., Hirahara, M., and Thomsen,
M. F.: Reimei observation of highly structured auroras caused
by nonaccelerated electrons, J. Geophys. Res., 115, A08320,
doi:10.1029/2009JA015009, 2010.

Ge, Y. S., McFadden, J. P., Raeder, J., Angelopoulos, V., Larson, D.,
Constantinescu, O. D.: Case studies of mirror-mode structures
observed by THEMIS in the near-Earth tail during substorms, J.
Geophys. Res., 116, A01209, doi:10.1029/2010JA015546, 2011.

Li, W., Thorne, R. M., Bortnik, J., Nishimura, Y., and Angelopou-
los, V.: Modulation of whistler mode chorus waves: 1. Role of
compressional Pc4-5 pulsations, J. Geophys. Res., 116, A06205,
doi:10.1029/2010JA016312, 2011a.

Li, W., Thorne, R. M., Bortnik, J., Thorne, R. M., Nishimura, Y.,
Angelopoulos, V., and Chen, L.: Modulation of whistler mode
chorus waves: 2. Role of density variations, J. Geophys. Res.,
116, A06206, doi:10.1029/2010JA016313, 2011b.

Maggs, J. E. and Davis, T. N.: Measurements of the thicknesses of
Auroral structures, Planet. Space Sci., 16, 205–209, 1968.

Newell, P. T., Sotirelis, T., and Wing, S.: Diffuse, monoenergetic,
and broadband aurora: The global precipitation budget, J. Geo-
phys. Res., 114, A09207, doi:10.1029/2009JA014326, 2009.

Ni, B., Thorne, R. M., Horne, R. B., Meredith, N. P., Shprits, Y.
Y., Chen, L., and Li, W.: Resonant scattering of plasma sheet
electrons leading to diffuse auroral precipitation: 1. Evaluation
for electrostatic electron cyclotron harmonic waves, J. Geophys.
Res., 116, A04218, doi:10.1029/2010JA016232, 2011a.

Ni, B., Thorne, R. M., Meredith, N. P., Horne, R. B., and
Shprits, Y. Y.: Resonant scattering of plasma sheet elec-
trons leading to diffuse auroral precipitation: 2. Evaluation for
whistler mode chorus waves, J. Geophys. Res., 116, A04219,
doi:10.1029/2010JA016233, 2011b.

Obuchi, Y., Sakanoi, T., Asamura, K., Yamazaki, A., Kasaba, Y.,
Hirahara, M., Ebihara, Y., and Okano, S.: Fine-scale dynamics
of black auroras obtained from simultaneous imaging and parti-
cle observations with the Reimei satellite, J. Geophys. Res., 116,
A00K07, doi:10.1029/2010JA016321, 2011.
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Abstract. The auroral emission of the First negative system
of N+

2 at 427.8 nm is analysed using simultaneous measure-
ments from the ground with ALIS (Auroral Large Imaging
System) and from the space with optical (MAC) and parti-
cle (ESA) instruments of the Reimei satellite. The study has5

two main objectives. The first is validation of the absolute
calibration of the ALIS and the Reimei MAC cameras. The
other task is to evaluate different cross sections of the elec-
tron excitation of N+

2 which are used for the modeling of the
auroral 1N system emissions. The simultaneous measure-10

ments of the 427.8 nm emission by ALIS and MAC imagers
show excellent agreement, indicating that the calibration of
the two instruments is correct. Comparison of the 427.8 nm
emission intensity calculated using the incident electron flux
measured by the ESA instruments with intensities measured15

by the optical imagers show that the best match is reached
with the cross section from Shemansky and Liu (2005).

Keywords. Aurora, optical emissions, ALIS, Reimei

1 Introduction20

The auroral 427.8 nm emission, produced by the transition
from the N+

2 (B 2Σ+
u ) state to the first vibrational level of the

ground state N+
2 (X 2Σ+

g ), is caused by simultaneous elec-
tron impact ionization and excitation of molecular nitrogen
in the ionosphere, and is one of the best understood emis-25

sions. The intensity of the first negative emission band of
N+

2 has been shown to be directly proportional to the energy
dissipated into the atmosphere (Dalgarno et al., 1965), and
can together with other emissions, be used to deduce the at-
mospheric composition and characteristic energy of the pre-30

cipitating particles (Hecht et al., 2006).

Correspondence to: K. Axelsson
(katarina@irf.se)

For nightside auroras, the only excitation mechanism, for
the N+

2 427.8 nm emission, is direct electron impact of
N2. Even though it is a simple emission, with few pro-
cesses involved, there is still some indeterminacy in model35

results, mostly due to uncertainties in the excitation cross
section. Reviews of the electron impact cross section for the
N2 molecule has been made by several authors, as a result
of many experimental and theoretical studies (e.g. Itikawa
(2006)). The sum of the cross section for the production40

of the X 2Σ+
g , A 2Πu and B 2Σ+

u states is usually assumed
to be the total cross section for nondissociative ionization
of N2 into N+

2 . The partial ionization-excitation cross sec-
tion for the three states have been seriously questioned, es-
pecially the magnitude of cross section for the B2Σ+

u state.45

Doering and Yang (1997) used electron scattering measure-
ments and found that the B 2Σ+

u state contributes 9%-10%
to the total N+

2 cross section. Another analysis by Van Zyl
and Pendleton (1995) using emission cross section measure-
ments shows that the contribution is 14.5 %. Shemansky50

and Liu (2005) established the cross sections for electron
impact ionization-excitation of N2(X Σ+

g ) molecules into
N+

2 (X 2Σ+
g ), (A

2Πu) and (B 2Σ+
u ) states using ionization

oscillator strengths derived from photoionization measure-
ments, claiming that this method is the most accurate ap-55

proach. They compare their own estimated values with the
two sets of previously determined cross sections mentioned
above, and find that the difference between the cross sections
can reach 50%.

The relationship between intensity and energy flux can60

also be obtained experimentally. In order to determine the
intensity of an auroral emission based on measured elec-
tron flux, the conversion factor or the excitation efficiency
is needed. A study by Steele and McEwen (1990) presents a
collection of measured and calculated excitation efficiencies,65

and shows that experimental measurements of the excitation
efficiency differ by about 50%. The reason for these differ-
ences is mainly due to the lack of simultaneous particle mea-
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surements and optical observations, and due to uncertainties
in calibration of the instruments.70

With the Reimei satellite it is possible to make measure-
ments of the optical emissions at the same time as measur-
ing the precipitating particles. The objective of this study
is to use simultaneous measurements of the intensity of the
427.8 nm 1 NG emission from ALIS (Auroral Large Imaging75

System) and the intensity and electron flux from the Reimei
satellite to intercalibrate the optical and particle measure-
ments, and to evaluate different sets of cross sections and
spectroscopic parameters to find the best fit to the experi-
mental data.80

2 Instrumentation

Optical data from space and in situ particle data were ob-
tained with the Japanese micro-satelite, Reimei. The satellite
is in a sun-synchronous orbit at an altitude of about ∼ 630
km. It carries a payload consisting of an Electron/Ion energy85

Spectrum Analysers (ESA/ISA) (Asamura et al., 2003) and
a Muti-Spectral Auroral Imaging Camera (MAC) (Obuchi
et al., 2008; Sakanoi et al., 2003) which enables it to simul-
taneously make multi-spectral optical measurements of the
aurora and of the precipitating particles.90

The MAC instrument is a three channel camera system,
used to simultaneously measure at wavelengths of 4280 (N+

2

1NG), 5580 (O) and 6700 (N2 1PG). For the data used in
this study the time resolution is 120 ms and the exposure time
60 ms.95

The electron spectrometer, ESA, measures precipitating
electrons in 32 energy bins covering a range of 12 eV to 12
keV, and records a complete electron energy spectrum every
40 ms.

Optical data from ground were obtained with ALIS100

(Brändström, 2003), which consists of several remote con-
trolled stations located in Northern Scandinavia, separated
by approximately 50 km. Each station is equipped with a
high-resolution CCD detector with 1024×1024 pixels, and a
filter wheel with six positions for narrow-band interference105

filters.

In this study we use data from the northernmost station in
Skibotn (69.35◦N, 20.36◦E) , Norway, where we have data
at zenith coinciding with a pass of the Reimei satellite. The
field-of-view is 90◦, which with a binning of 4×4 pixels110

gives an image size of 256×256 pixels, and a spatial reso-
lution of approximately 700 m at an altitude of 110 km. We
use a 427.8 nm filter with 1 second exposure time. The time
interval between the images using this filter is 15 s, which
means one image was taken during the pass of the satellite, in115

which the footprint lies within the field of view of the ALIS
imager.

3 Theory and modeling

The 427.8 nm emission belongs to the first negative band sys-
tem of N+

2 . This system originates from the allowed elec-120

tronic transition from the B 2Σ+
u state to the X 2Σ+

g state. In
aurora, the upper state is the result of electron impact ion-
ization of nitrogen molecules with simultaneous excitation
of N+

2 . The only loss process for the B 2Σ+
u state is by ra-

diative transfer to the ground state. Therefore, under steady125

state conditions, the volume emission rate is defined as

V427.8(z)=Qν=0
B2Σ+

u
(z) ·q0→0

N2(X)→N+
2 (B)

AB→X
0→1∑

ν′′
AB→X

0→ν′′
(1)

where V427.8(z) is the volume emission rate of the 427.8
nm emission in cm−3sec−1, z is the altitude in cm,
q0→0
N2(X)→N+

2 (B)
is the Franck-Condon factor for the transi-130

tion from vibrational level ν′ = 0 of the ground state of N2

to vibrational level ν′′ =0 of the N+
2 (B2Σ+

u ) state, AB→X
0→1

is the Einstein coefficient for the transition form vibrational
level ν′ = 0 of the B2Σ+

u state to vibrational level ν′′ = 1
of the X 2Σ+

g state of N+
2 in cm−1,

∑
ν′′

AB→X
0→ν′′ is the sum135

of the Einstein coefficients of all transitions from vibrational
level ν′ = 0 of the B2Σ+

u state in cm−1, and Qν=0
B2Σ+

u
(z) is

the production rate of the N+
2 (B2Σ+

u ) state by the electron
impact of N2 in cm−3se−1, and is calculated according to
the following expression:140

Q
(ν=0)

B2Σ+
u
(z)= [N2(z)] ·

∞∫

Eth

σB(E)f(E,z)dE (2)

where [N2(z)] is the N2 number density in cm−3, σB(E)
is the electron excitation cross section for the N+

2 (B2Σ+
u

state in cm2, and f(E,z) is the particle differential flux of
the auroral electrons in eV −1cm−3sec−1.145

The particle differential flux f(E,z) can be obtained by
solving the auroral electron transport problem. In order to
solve this problem, we use the Monte Carlo model of the
electron transport into the upper Earth’s atmosphere which
was developed in Sergienko and Ivanov (1991) and updated150

according to the most recent laboratory measurements of the
electron cross sections in Sergienko et al. (2012)

In spite of the simplicity of the modeling of the first
negative system there is some problem associated with the
uncertainty in the electron excitation cross section of the155

N2(B
2Σ+

u ) state. It is generally accepted that the par-
tial ionization-excitation cross section of a certain electronic
state of the molecular nitrogen ion is obtained from the to-
tal single ionization cross section by scaling according to the
branching ratios (Shemansky and Liu, 2005). While the to-160

tal ionization cross section is measured with high accuracy,
the branching ratios for X 2Σ+

g , A 2Πu and B 2Σ+
u are un-

der debate. In figure 1 partial ionization cross sections for
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Fig. 1. Partial ionization cross section for N+
2 (B 2Σ+

u )

B 2Σ+
u are presented. In order to calculate these cross sec-

tions the total single ionization cross sections taken from165

Itikawa (2006) was used. The different cross sections cor-
respond to the branching ratios presented by Van Zyl and
Pendleton (1995) (green line) Doering and Yang (1997) (red
line), and Shemansky and Liu (2005) (blue line)

One of the main goals of the present study is to evaluate170

these cross sections in order to find the best fit with the auro-
ral measurements conducted simultaneously by space borne
and ground based instruments. Some discrepancies exist
in the values of spectroscopic parameters such as the Ein-
stein coefficients and Franck Condon factors presented by175

the different authors. However, the differences in intensity
using the different spectroscopic parameters are not signifi-
cant compared to the difference obtained when changing the
cross sections. In this study the values from Gilmore et al.
(1992) are applied.180

The volume emission rate of the auroral emissions related
to the column intensity which is measured in the experiment
by the following formula

I427.8 =10−6

∫
V427.8(z)dz (3)

Where I427.8 is the column emission intensity in Rayleighs185

(R)

4 Experimental data and analysis

There are around 60 conjugate measurements between ALIS
and Reimei between 2005 to present day. Unfortunately
there are no observations where ALIS is measuring simulta-190

neously with both optical and particle instruments on board
Reimei. What does exist are simultaneous measurements of

1) ALIS and the optical imager on Reimei, 2) ALIS and par-
ticle measurements from Reimei, and 3) optical and particle
data from Reimei. These three different combinations are195

used to compare the calibration of the instruments and inves-
tigate which of the cross sections gives the intensity that best
matches the experimental data.

4.1 Comparison of optical data from ALIS and Reimei

A comparison of the intensity measured by the MAC in-200

strument onboard Reimei and the ALIS camera in Skibotn
was performed using data from 8 November 2008 at about
00:35:05 UT, when the field of view of the two imagers over-
lap. Figure 2 shows the ALIS image for 557.7 nm and 427.8
nm projected to an altitude of 110 km. We find that there205

is a slight shift between the images, probably due to some
uncertainties in the MAC imager direction. We account for
this inaccuracy by shifting the Reimei image 3.7 km to the
north to obtain the best match for the position of the arc. The
image shows an auroral arc that lies in zenith and is stretched210

from east to west.

The 427.8 nm intensity of this arc is compared using mea-
surements from the two imagers. Since the arc is quite weak
in intensity, especially in the blue line, we average 25 con-
secutive MAC images onto their common area, creating one215

image which is shown superimposed on the ALIS image in
figure 2. Here we also include the image taken with the 557.7
nm filter, which is less noisy, to better illustrate the condi-
tions of the event.

The intensity of the arc is calculated using 10 parallel220

slices of the image, taken along lines across the arc in north
south direction starting from -27 km to -17 km east of Ski-
botn with a spacing of 1 km. In order to increase the statistics
we take the average of these lines and the result is found in
figure 3.225

The source of the background intensity in the ALIS image
is background emissions that are always present in the night
sky. For Reimei, these sources also include reflections of
moonlight, starlight as well as aurora itself from the ground.
Since there is only one arc in the image, we calculate the230

background emissions by using the the intensity obtained
in the same way as described above, but for a line that is
stretched from north to south across the whole image. We re-
move the area occupied by the arc, i.e. from around -32 km
to -13 km north of Skibotn, and fit a quadratic function to the235

remaining intensity. This resulting intensity is shown as the
dashed line in the figure. Figure 4 show the intensity of the
arc after removal of the background intensity. We find that
the measurements of the two imagers are in very good agree-
ment. This supports the independent absolute calibration of240

the two camera systems.
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Fig. 2. Images of the auroral arc from the ALIS camera in Skibotn taken on 8 November 2008 at at 00:34:55 and 00:35:05 respectively. On
top is the average of 25 Reimei images taken between 00:35:02-00:35:06. Both are projected to an altitude of 110 km.

Fig. 3. Intensity of the arc measured by ALIS and MAC before re-
moving the background intensity. The dashed lines show the back-
ground intensity that is later removed from each intensity measur-
ment.

4.2 Comparison of optical data from ALIS and particle
data from Reimei

Optical data from ALIS is compared with particle data from
Reimei, obtained on 5 December 2007, where the satellite245

data coincides with observations from the station in Skibotn
(See figure 5).

The volume emission rate is calculated using equation 1
and 2 for the three different sets of cross sections mentioned
in section 3. The middle panel of figure 6 shows the volume250

emission rate along the satellite track as a function of alti-
tude. In this figure we see a peak of the volume emission rate

Fig. 4. Intensity of the arc measured by ALIS and MAC after re-
moving the background intensity.

at around 110-120 km of altitude.
The ALIS image in figure 5, taken with the 427.8 nm fil-

ter from the Skibotn station at 00:36:25, is projected to an255

altitude of 110 km, corresponding to the peak of the volume
emission rate. The image also show the Reimei footprint (red
line). The energy spectrum along the satellite track is shown
in the upper panel of figure 6 and shows a high flux in the
2-6 keV range along the whole track, which is in agreement260

with the diffuse auroral structures seen in figure 5. In the
most northern part of the image there is also a population of
accelerated electrons with lower energy of about 500-800 eV.

Finally the intensity is calculated using the volume emis-
sion rate and equation 3. The lower panel of figure 6 shows265
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Fig. 5. ALIS image (427.8 nm) from 5 December 2007 taken from
the Skibotn station, projected to an altitude of 110 km. The red line
marks the Reimei footprint.

the intensity of the 427.8 nm emission along with the calcu-
lated intensity, based on the particle measurements, using the
different cross sections. The best agreement between the ex-
perimental data and calculated intensity is obtained by using
cross sections from Shemansky and Liu (2005) together with270

spectroscopic parameters from Gilmore et al. (1992).

4.3 Comparison of optical and particle data from
Reimei

Simultaneous optical and particle data from Reimei is of
course much more common than Reimei - ALIS conjugate275

data. Our comparison of the ALIS and Reiemi camera cal-
ibration shows that the Reimei camera is well enough cali-
brated to be used for the quantitative comparison we are at-
tempting here. We therefore investigate one sample event
with simultaneous optical and particle measurements from280

Reimei. Data is taken from 9 december 2005 and is described
in figure 7. Four images from the MAC imager representing
the event are presented in the top panel and show the pass-
ing of two auroral structures. At around 23:10:46 the satellite
footprint crosses the center of the first structure, which can be285

described as quite luminous and fairly stable. Later at around
23:11:22 the footprint crosses the edge of the second struc-
ture, which is slightly weaker and much more variable and
show signs of pulsations. This can also be seen in the third
panel of figure 7 which shows a keogram of the event, cre-290

ated by taking a slice along the satellite track for each image.
The red line marks the footprint of the satellite.

The ESA spectogram of the precipitating auroral electrons
is shown in the second panel of figure 7, and clearly indi-
cates that the Reimei satellite passes several inverted-V like295

auroral structures formed by the electrons accelerated to an

energy of 2-6 keV.. The intensity of the 427.8 nm emission
measured by MAC along the satellite footprint is shown in
the third panel. The background intensity is calculated by
fitting a quadratic function to the lowest points of the mea-300

sured intensity, and is included in the figure (red line). It
also shows the modeled emission (black line) using the ESA
electron spectra with cross sections from Shemansky and Liu
(2005).

We use the same set of cross sections as in section 4.2 to305

calculate the intensity using the measured electron flux. The
result is presented in the left side of figure 8 (colored lines),
together with the measured intensity from MAC for 427.8
nm emission (black line) after removing the background in-
tensity. Similar to the ALIS-Reimei comparison the cross310

section from Shemansky and Liu (2005) gives a best fit of the
experimental and calculated intensities. This fact is demon-
strated more clearly in the right side of Fig. 8. The figure
shows linear regression plot of the dependance of the exper-
imental values on the theoretical values for the three calcu-315

lated intensities. The numbers in the legend are the coef-
ficients obtained from the linear fitting between the exper-
imental and theoretical values, where the first value repre-
sents the slope of the line, and the second term, the intercept
which is close to zero for all three sets, indicate that the back-320

ground calculations were correct. The blue line correspond-
ing to cross sections from Shemansky and Liu (2005), has a
regression coefficient of 0.96 and hence is the best mach to
the measured intensity.

5 Conclusions325

The intensity of the 427.8 nm emission measured from the
ALIS and MAC imagers have been compared and show ex-
cellent agreement, indicating that the calibrations of the two
instruments are correct.

We have compared the modeled intensity of the blue line330

using electron flux obtained from the ESA instrument us-
ing different cross sections and spectroscopic parameters,
with emission intensities mesured by ALIS as well as MAC-
Reimei. The best match is found using cross sections from
Shemansky and Liu (2005).335

As ALIS is traceable to the long term intercalibration ef-
fort (Brändström et al., 2012), the agreement with the Reimei
calibrated by independent facilities strengthen the quality of
optical absolute measurements of ALIS and Reimei.
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