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ABSTRACT
In this work, we model the polarisation of the auroral red line using the electron impact theory developed by Bommier et al.
(2011). This theory enables the computation of the distribution of the Degree of Linear Polarisation (DoLP) as a function of
height if the flux of precipitated electrons is provided as input.
An electron transport code is used to infer the stationary electron flux at each altitude in the ionosphere as a function of energy
and pitch angle. Using adequate cross-sections, the integral of this electron flux over energy and pitch angle provides an anisotropy parameter from which the theoretical local DoLP can be computed at each altitude. The modelled DoLP is then derived by
integrating along the line-of-sight.
Depending on the integration length, the modelled DoLP ranges between 0.6% for a very long integration length and 1.8% for a
very short integration length localised around an altitude of 210 km. A parametric study is performed to check how the characteristics of the local DoLP (maximum value, altitude of the maximum, integrated height profile) vary. It is found that the polarisation is highly sensitive to the scattering function of the electrons, to the electron precipitation and to the geomagnetic activity.
We compare these values to measured ones obtained during an observational campaign performed in February 2012 from
Svalbard. The measured DoLP during the campaign was 1.9% ± 0.1%. The comparison between this value and the theoretical
one is discussed. Discrepancies may be due to the poor constraint of the input parameters (thermosphere and ionosphere),
to the fact that only electron precipitation is considered in this approach (and not proton precipitation for instance) and to the
difficulty in constraining the exact width of the emission layer in the thermosphere.
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1. Introduction
The atomic oxygen red line is a triplet at 630.0, 636.4 and
639.2 nm and is one of the most intense lines in the auroral
spectrum. It originates from the deactivation of the metastable
O(1D) state. The polarisation of the thermospheric atomic oxygen red line at 630 nm was discovered by Lilensten et al.
(2008) with a dedicated Steerable Photo Polarimeter (SPP)
equipped with a narrow interference filter, and later confirmed
by subsequent observations (Lilensten et al. 2013a). The
Degree of Linear Polarisation (DoLP) observed has an average
of 1–2%, with maximum values smaller than 10%.
In parallel, an important study has been carried out to compute the theoretical impact polarisation of the atomic oxygen
red line (Bommier et al. 2011). The expected polarisation saturates at 17%. For energies high above the red line excitation
threshold of 1.97 eV, it is parallel to the incident beam of electrons, i.e., along the magnetic field line, for energies slightly
above (but close to) the threshold it is perpendicular to the
magnetic field (see Fig. 2 of Bommier et al. 2011). Electrons

are assumed to precipitate along the magnetic field line.
Theory and observations cannot be easily compared because
first we need to take into account an anisotropic stationary
flux of electrons precipitating in the ionosphere (with some
pitch angles to the magnetic field) and second there are a
number of competing mechanisms leading to the formation
of the red line that do not produce polarisation and therefore act as depolarising mechanisms. The main goal of this
article is to solve these two issues and to model the
polarisation of the red line by combining the theoretical
study described above with a kinetic electron transport code.
In Section 2, we review the most important aspects of the
theory of the impact polarisation of the red line. The theory
is then generalised to take into account an anisotropic flux
of precipitating electrons (in terms of pitch angles). Finally,
the kinetic electron transport code, transsolo, is briefly
presented with discussions regarding inputs and outputs.
In Section 3, these outputs are used in the generalised theory
to obtain a profile of the red line polarisation along the
magnetic field.
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A parametric study is then presented to evaluate the relative influences of each parameter. In Section 5, we attempt
to compare the predictions of this model to observations of
the red line polarisation obtained with SPP during a campaign
organised in February 2012 in Longyearbyen in the Svalbard
archipelago and presented in Section 4.
Since there is sometimes some ambiguity in the vocabulary
used in the literature, we remind that in the following, the ionosphere represents the ionised part of the upper atmosphere
(ions and electrons), the thermosphere represents its neutral
component and the upper atmosphere is the mixture of the ionosphere and the thermosphere.
2. Theory of linear polarisation

Fig. 1. Alignment creation cross-section r(0!2) (dashed line) and
excitation cross-section r(0!0) (full line).

2.1. Theory of the polarisation

The Degree of Linear Polarisation (DoLP) is the ratio of the
Stokes parameters Q and I. Charvin (1965) and Sahal-Bréchot
(1974) have shown (in the case of the forbidden green line of
the solar corona) that it can be expressed as a function of a
unique parameter g, as:
DoLP ¼

Q
3g sin2 H
¼
;
I
1  gð1  3 cos2 HÞ

ð1Þ

for a dipolar magnetic emission like the auroral red line, for a
reference Ox axis lying in the scattering plane defined by the
impact incident direction and the line-of-sight Oz, referred to
with the scattering angle H. Q is positive when the linear
polarisation direction lies in the scattering plane, along the
Ox axis. Equation (1) is the local DoLP, which would be
derived for a single scattering point. The line-of-sight integration will be considered later in the paper. As the observations are made at right-angle scattering (Sect. 4.4), in the
following we present local DoLP values computed with a
right angle between the line-of-sight and the local magnetic
field line (i.e. H = 90). In the case of collisional excitation
such as those at work in this study, g is proportional to the
ratio of the upper level atomic density matrix elements.
A 2
q0
q00

g ¼ Cg A

ð2Þ

;

where Cg depends on the level quantum numbers as
1 ð2Þ
C g ¼ pﬃﬃﬃ wJ 0 J ;
2 2
where
ð2Þ

wJ 0 J ¼ ð1Þ1þJ þJ

0


qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
 0
ﬃ 1 J 0
3 2J þ 1
J0 J

ð3Þ

J
2


:

ð4Þ

This coefficient, which is related to the line polarisability,
has been introduced and tabulated by Landi Degl’Innocenti
(1984), and includes a 6-j symbol (see, for instance,
Brink & Satchler 1994). In the case of the auroral oxygen
0
red q
line
ﬃﬃﬃﬃ considered here, J = J = 2 and Cg is equal to
1
7
 4 10 ¼ 0:209165. For the atomic density matrix eleﬃ
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
0
A 2
ments, 2J þp
1ðﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
q0 Þ isﬃ the normalised upper level align0
A
ment, whereas 2J þ 1ð q00 Þ is the normalised upper level
population. The density matrix elements are developed in
irreducible tensorial components qkq (see, for instance,

Landi Degl’Innocenti & Landolfi 2004, for definitions).
The upper index A stands for ‘‘initial reference frame’’,
because a frame rotation will be introduced below. The initial
reference frame is the one defined by the impact geometry,
with Oz quantisation axis along the incident electron trajectory.
The parameter g can be expressed in terms of the alignment creation cross-section r(0!2) and excitation crosssection r(0!0), for a given impacting electron and an isolated
oxygen atom:
g ¼ Cg

rð0 ! 2Þ
;
rð0 ! 0Þ

where the impact transition probability is given by
ﬃ
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
0

2J þ 1
0
p J ! J ¼ pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ rð0 ! 0Þ;
2J þ 1

ð5Þ

ð6Þ

due to normalisation. These cross-sections are computed following the method developed by Bommier et al. (2011) for
this forbidden line, where the interaction potential with the
incoming electron is quadrupolar electric. The alignment creation cross-section r(0!2) and the excitation cross-section
r(0!0) are plotted in Figure 1. The algebraic value of
r(0!2) may be negative, because the alignment itself may
be negative, being a difference between Zeeman sublevel
populations. This is the case for the forbidden oxygen red
line.
In the case of the thermospheric oxygen for the red line,
other processes compete with the electron impact to populate
the upper level of the line but do not produce polarisation.
They are listed in the next section describing the kinetic electron transport code. Since the g coefficient is proportional to
the ratio of upper level alignment to upper level population,
it has to be weighted by the relative importance of the electron
impact with respect to all these processes. We denote as Rcoll
Rcoll ðzÞ ¼

P coll ðzÞ
;
P tot ðzÞ

ð7Þ

the ratio between Pcoll, which is the red line emission intensity produced through collisions of atomic oxygen with electrons, and Ptot, which is the red line emission intensity
produced by all processes considered (listed in Sect. 2.2):
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P 1 ðzÞ þ P 4 ðzÞ
Rcoll ðzÞ ¼ P7
:
k¼1 P k ðzÞ

ð8Þ
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In other words, each density matrix component is determined by an equilibrium between gains and losses, which
can be written as:
ﬃ
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
0
ð9Þ
Ltot 2J þ 1A q00 ¼ P tot ;
for the population, and
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ﬃ
rð0 ! 2Þ
0
;
Ltot 2J þ 1A q20 ¼ P coll
rð0 ! 0Þ

ð10Þ

for the alignment, where Ltot is the total probability of leaving the level. All these processes destroy the level alignment
and population as well. Due to the weak densities at the altitude of the red line peaks, there is no ‘‘depolarising
collision’’ process, destroying the alignment but not the
population, by collisional transitions between the Zeeman
sublevels. As a consequence, the ratio of density matrix elements is locally, at equilibrium:
A 2
q0
A q0
0

¼ Rcoll

rð0 ! 2Þ
:
rð0 ! 2Þ

ð11Þ

All the quantities Pcoll, Ptot and Rcoll depend on the altitude z.
Finally, the incoming electrons are only partially directive.
They are not all aligned with the magnetic field line and have
some pitch angle distribution. We assume that they obey an
axial symmetry about the magnetic field. If we denote (x0 , y0,
z0 ) as the initial or single-electron impact reference frame with
Oz0 axis along one electron velocity, and (x, y, z) the final
reference frame with Oz axis along the magnetic field, and if
(h, u) denotes the polar and azimuth angles, respectively, of
the elementary Oz0 axis in the (x, y, z) reference frame, the density matrix elements in the ‘‘new’’ frame (x, y, z), N qkq are
related to those in the elementary frame A qkq by:
X
N k
qq ¼
eiuq d q0 q ðhÞqkq0 ;
ð12Þ
q0
0

where dq q (h) is a Euler rotation matrix element (see, for
instance, Brink & Satchler 1994). In the u integration due to
the axial symmetry, the q 5 0 elements vanish due to:
Z 2p
eiuq du ¼ dq0 ;
ð13Þ
0

where dq0 is the Kronecker symbol, so that finally only
remains d00 (h), which is 12 ð3 cos2 h  1Þ. The parameter
g can now be generalised as:
gðzÞ ¼ C g AðzÞRcoll ðzÞ;

ð14Þ

where A(z) is an anisotropy factor defined by:
R R
dEdh sin h Uðz; E; hÞ 12 ð3 cos2 h  1Þrð0 ! 2Þ
R R
Að z Þ ¼
;
dEdh sin h Uðz; E; hÞrð0 ! 0Þ
ð15Þ
where U(z, E, h) is the incoming electron flux at altitude z,
energy E and at the pitch angle h with respect to the
magnetic field. A(z) may be interpreted as an integrated
anisotropy (integrated over all energies and pitch angles).
The contribution of a given energy E, disregarding the
cross-sections, is simply the anisotropy degree a(z, E) of
the incident electron beam:
aðz; EÞ ¼

sin hUðz; E; hÞ 12 ð3 cos2 h  1Þ
:
sin hUðz; E; hÞ

ð16Þ

The anisotropy a(z, E) varies from 0 (full isotropy) to 1.
Finally, for comparison with the observations, the DoLP has
to be integrated along the line-of-sight. This has to be done
for I and Q, respectively, and, in an optically thin medium like
the aurora, the integrated DoLP results in:
R zmax
QðzÞdz
z
;
ð17Þ
hDoLPi ¼ R min
zmax
IðzÞdz
zmin
where Q and I are the usual Stokes parameters and where the
integration limits zmin and zmax correspond to the aurora
boundaries, whose determination in our present observation
will be discussed in Section 5.2. Although hDoLPi is a ratio
of integrals, we call it the line-of-sight integrated DoLP.
In contrast, in the following we will denote as ‘‘local DoLP’’
the one coming from Eq. (1).
2.2. Kinetic electron transport code

The computation of the anisotropy factor requires to know
U(z, E, h). This stationary electron flux can be computed using
a kinetic electron transport code called transsolo. The first
version of this code is described in Lummerzheim & Lilensten
(1994). Since then, it has been constantly improved and used
in different applications. A more recent description is
given in Lilensten & Cander (2003) and the latest developments are mentioned in Lilensten et al. (2013b). Details will
not be given here but we describe hereafter the concept of
the code.
A stationary kinetic Boltzmann transport equation is solved
along the magnetic field line to obtain the electron flux U(z, E,
h) (in cm2 s1 eV1 sr1) at each altitude z, energy E and
pitch angle h. At nighttime, the inputs of this model are the
neutral atmosphere, the electron temperature and density profiles, the electron impact cross-sections and the flux of precipitating electrons at the top of the ionosphere. The full
bibliography for the cross-sections is given in Lilensten &
Cander (2003). The neutral atmosphere is provided by
the empirical model NRLMSISE-00, Picone et al. (2002).
The electron temperature and density profiles can be obtained
e.g. using incoherent scatter radar data. Following Rees (1989),
we impose a flux of precipitating electrons made of two components: a Maxwellian at a suprathermal energy (typically a
few keV) and a power law below 10 eV. This flux enters
the upper atmosphere with a given pitch angle distribution.
The bulk of the particles is directed along the local magnetic
field line. The flux of particles decreases gradually from this
parallel direction and becomes zero in the direction perpendicular to the magnetic field. Only the characteristic energy (peak)
of the Maxwellian and the total integrated energy flux are free
parameters.
The code provides the stationary electron flux U(z, E, h)
needed to compute the anisotropy, but it also provides the
emission line intensities which are necessary to compute the
polarisation itself. Indeed, the denominator in Eq. (7) denotes
the red line intensity due to production of excited oxygen
through different mechanisms which are described in Witasse
et al. (1998) and references therein:
– p1: Suprathermal electron impact on O. p1 directly
depends on U(z, E, h) through:
Z
ð18Þ
p1ðzÞ ¼ ½OðzÞ r1D ðEÞUðz; E; hÞdEdh;
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where z is the altitude, [O](z) is the atomic oxygen density at
altitude z, E is the energy, and r1D (E) is the excitation crosssection.
– p2: Dissociative recombination of O2+
– p3: O2 photodissociation
– p4: Thermal electron impact on O. Thermal electrons have
a Maxwellian energy distribution with typical characteristic energy of less than 1 eV.
– p5: Cascading from O(1S) state
– p6: N(2D) + O2
– p7: N+ + O2
The red line emission is computed through the balance
between all production and loss mechanisms of the O(1D)
state. The loss mechanisms are:

Fig. 2. Flux of precipitating electrons used for the reference test
case.

– l1: Radiative transitions (red line emission at 630, 636.3,
and 639.1 nm, Witasse et al. 1998)
– l2: Quenching by O2
– l3: Quenching by O
– l4: Quenching by N2
– l5: Quenching by thermal electrons
The impact with suprathermal electrons (p1) and the
impact with thermal electrons (p4), which have usually energies smaller than 1 eV, constitute the most important sources
of the auroral nightglow. Only the first process is anisotropic
because the presence of the magnetic field imposes a collimated pitch angle distribution and therefore it contributes
strongly to create the anisotropy in Eq. (15). The thermal electrons are isotropic and play no role in Eq. (15). Therefore,
among the two sources, only impact with energetic electrons
is expected to give rise to polarisation. However, the thermal
electrons can in principle also modify the polarisation through
Rcoll term in Eq. (14). The numerator of Rcoll (Eq. (7)) represents the production of the red line through collisions. It is
equal to the sum of p1 and p4.
3. Modelling of the polarisation
In this section, we combine the outputs of the transsolo model
with the theory of the polarisation in order to model the
polarisation profile of the red line. To start, the input parameters used in the transport code will be chosen as close as
possible to those observed during coordinated observations
of SPP and the EISCAT Svalbard radar, both located in
Longyearbyen, in the Svalbard Archipelago (78 geographic
north latitude), during the night from February 15–16,
2012, from 0:330 4300 LT to 0:390 1900 LT. In this first reference test case, the flux of precipitating electrons will consist
in a suprathermal Maxwellian distribution centred around
1 keV with a total integrated energy flux of 0.02 erg cm2 s1
or 1.25 · 1010 eV cm2 s1 (see Fig. 2). The choice of
these parameters will be justified in Section 4. The NRLMSISE-00 model is used to specify neutral atmosphere characteristics for that specific day and time, the geographical
coordinates of Longyearbyen and values of F10.7 = 105 and
Ap = 21 (Fig. 3). Finally, the electron temperature and density
profiles to start will be measured by the EISCAT Svalbard
radar (Fig. 4). Details of these observations are given in
Section 4.

Fig. 3. Neutral atmosphere provided by NRLMSISE-00 for the
reference test case, O (straight line), O2 (dashed line), N2 (dotted
line).

For this reference test case and in the following, we use 101
altitudes between 90 and 500 km, 200 energies from 0.1 eV to
7000 eV and 32 pitch angles.

3.1. Red and green line intensities

The computed intensity profiles of the red and green lines are
shown in Figure 5. The red line emission peaks at about
220 km and the green line emission at 110 km, which are
typical features observed at these high latitudes (Solomon &
Abreu 1989; Culot et al. 2005). In Figure 6, the production
rates of the red line are shown for both thermal and suprathermal electrons. At all altitudes, the contribution of thermal electrons is much smaller than that due to suprathermal electrons,
by a factor larger than 100. Only at very low altitude
(~100 km) the contribution due to thermal electrons dominates. The O1D production rate peaks at low altitude, around
110 km, whilst the red line emission peaks at much higher altitude, typically around 220 km. This difference is explained by
the different losses through collisions with the neutral gas and
the ambient electrons (Witasse et al. 1998, 1999; Culot et al.
2005).
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Fig. 4. Left panel: measured electron density profile (black line)
and the fit used in the test case of the theoretical study. Right panel:
measured electron temperature profile, used in the test case of the
theoretical study.

Fig. 6. Contribution to the red line production rate by the
suprathermal electrons (full line) and the thermal electrons (dashed
line). The latter is not as smooth as the former because of the
discontinuities in the measured electron temperatures and densities.

Fig. 5. The red and green line intensity profiles computed by the
electron transport code for the reference test case.

Fig. 7. Results of the reference test case. Left panel: the anisotropy
parameter A(z) (unitless). Middle panel: the ratio Rcoll (unitless).
Right panel: local Degree of Linear Polarisation (DoLP) in %.

3.2. Polarisation profile of the red line
ðzÞ
In Figure 7, we show A(z) (Eq. (15)), the ratio Rcoll ¼ PPcoll
tot ðzÞ
(Eq. (14)) and the local DoLP (Eq. (1)). The anisotropy
maximises at about 210 km height with a value of about
0.02, i.e. approximately the same altitude where the red line
emission maximises. The shape of A(z) strongly depends on
the shape of the stationary electron flux integrated on the pitch
angle and energy. At high altitude, the part of the flux at energies below a few eV is small and therefore the energy integral
at these low energies, where the 1D state is excited, is small as
well. At low altitude, most of the energy of the input flux has
been dissipated through ionisation, excitation, dissociation or
heating and therefore A(z) tends to 0. The ratio Rcoll includes
in principle contributions from both thermal and suprathermal
electrons. Since the contribution of the thermal electrons is
negligible, it only depends on the suprathermal electrons.
If only thermal electrons are taken into account in the modelling, the local DoLP maximises at 186 km altitude, but with a
totally negligible amplitude of ~0.001%. The modelled local
DoLP is maximum at 213 km with a value of 1.79%. Its value
integrated between 90 and 500 km along the line-of-sight is
equal to 0.62%. With all the uncertainties in the input

parameters, we will use, respectively, 1.8% and 0.6% in the
comparisons below.
3.3. Sensitivity to input parameters

In the following paragraphs, we depart from the test case and
study the influence of several parameters of the transsolo
model on the results shown in Figure 7. We summarise how
the DoLP characteristics (maximum amplitude, altitude of
the maximum and height-integrated value) vary in Table 1
and compare them to the test case of the previous section.
3.3.1. Effect of the scattering phase function

When an electron elastically collides with a target (i.e. the
thermospheric gas made of N2, O2 and O), it is scattered
along an angle given by a scattering phase function. This function is rather poorly known and has very seldom been discussed in any ionospheric paper (Lummerzheim et al. 1989).
In the Boltzmann kinetic equation, this function appears as part
of the differential cross-section, which is the formalism
describing how a suprathermal electron loses energy and
changes its pitch angle during a collision. We refer the reader
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Table 1. Summary of the influence of the parameters on the DoLP. Column 1 explains the changes made to the test case. The results for the test
case are given in the first line. Columns 2 and 3 are the altitude at which the local DoLP maximises and the percentage change compared with
the test case, respectively. Columns 4 and 5 are the maximum local DoLP and percentage change, respectively. Columns 6 and 7 are the lineof-sight integrated DoLP and the percentage change, respectively. The relevant figure for each result is given in column 9.
Change vs. test
Test case
Only thermal e
Only supratherm.
Isotropic ph. fct.
Forward ph. fct.
[O]/2
[O]*2
[N2]/2
[N2]*2
[O2]/2
[O2]*2
Storm
1 erg prec.
[Ne]/2
[Ne]*2
Te/2
Te*2
Isotropic prec.
Polar rain

Alt
213
186
213
325
208
193
244
208
217
213
213
243
213
213
209
213
209
221
225

%
12.7
0
52.6
2.3
9.4
14.6
2.3
1.9
0
0
14.1
0
0
1.9
0
1.9
3.8
5.6

max
1.8
0.
1.79
0.58
2.03
1.99
1.77
1.81
1.83
1.76
1.83
1.76
1.79
1.83
1.73
1.79
1.89
2.07
2.34

to Lummerzheim & Lilensten (1994) and Lilensten & Cander
(2003) for additional details. Here we focus only on the scattering phase function.
Porter et al. (1987) made a careful analysis of the scattering
function for electron energies above 300 eV in pure N2 gas.
Since then, the Porter function has been used also for other
atmospheric species and lower energies without reconsidering
its validity. In this study, we will use the Porter scattering phase
function for N2 and O2. However, the properties of the oxygen
atoms (electric/magnetic properties, interactions, mass, symmetry properties) for electron collisions are too different from
those for N2 (Moore 1993). Also, the energies in Porter et al.
(1987) do not coincide with those at work for the red line
emission.
During the last decades, the Henyey-Greenstein function
has been used. This function was introduced in 1941
(Wiscombe & Gums 1998) and is given by:
2

pðlÞ ¼

1
1g
;
2 ð1 þ g2  2glÞ32

ð19Þ

where l represents the cosine of the scattering angle.
By varying the parameter g (–1  g  1), this function
ranges from backscattering through isotropic scattering
(g = 0) to forward scattering. For g > 0, forward scattering
is dominant whilst for g < 0 backscattering predominates.
The function is normalised such that the integral over 4p
steradians is 1 and therefore it naturally conserves the total
number of particles. It is interesting to note that this function
was first used to describe photon scattering, and that using it
for particles has no theoretical basis. Forward scattering corresponds to l = 1. There are several ways of coding the scattering function, but for the ionospheric applications, it is
natural to make g vary as a function of the electron energy.
At high energy (typically above 1 keV), the scattering is
mostly forward (Opal et al. 1971). At thermal energies, the
scattering is fully isotropic. How g varies in between is
unknown.

%

0
67.6
13.4
11.2
1.1
1.1
2.2
1.7
2.2
1.7
0
2.2
3.4
0
5.6
15.6
30.7

Int
0.6
0.001
0.62
0.46
0.63
0.76
0.51
0.58
0.68
0.61
0.64
0.77
0.62
0.64
0.60
0.62
0.61
0.75
0.69

%
–
0
25.5
1.6
22.6
17.7
6.4
9.7
1.6
3.2
24.2
0
3.2
3.2
0
1.6
21.0
11.3

Fig.
7
–
–
8
8
9
9
9
9
9
9
9
–
10
10
10
10
11
11

Fig. 8. Influence of the scattering function on the local DoLP.
The black continuous curve is the reference test case as in Figure 7,
right panel. The green curve corresponds to a fully forward
scattering case and the red to the isotropic case.

In the present calculation, we use the Porter phase function
for N2 and O2, and the Henyey-Greenstein described above for
the atomic oxygen. We vary the energy at which the forward
and isotropic contributions are equal. In the previous section
for our test case, this energy has been set arbitrarily to
1.97 eV, i.e. the threshold energy for the red line production
through electron collisions. This is how a value of 1.8% at
213 km was obtained for the local DoLP. This value is contained between two extreme cases: a fully isotropic scattering
function and a strictly forward scattering one (for the suprathermal electrons). The results are shown in Figure 8. The isotropic scattering case gives a DoLP which maximises at
325 km with a peak value of 0.58%. The altitude distribution
is quite flat though, with an enhancement below 100 km due to
the thermal electron contribution. In that case, the anisotropy
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Fig. 9. Influence of the neutral atmosphere on the local DoLP. The
black continuous curve is the reference test case as in Figure 7, right
panel. The green lines are the effect of dividing (continuous line) or
multiplying (dashed line) the atomic oxygen by 2. The red line
corresponds to geomagnetic storm conditions.

giving rise to the polarisation is only due to the fact that the
precipitating electrons enter the atmosphere downward.
The strictly forward scattering case gives a maximum value
of the DoLP of 2.03% at 208 km with a well-peaked altitude
distribution.
From the above study, we learn that if the neutral atmosphere is well known, the measurement of the DoLP of the
red line may provide information on the electron scattering
phase function for electron collisions with atomic oxygen, a
function that is largely unknown up to now. The height of
the peak of the DoLP may be one parameter to use in determining this scattering function.
3.3.2. Effect of the neutral atmosphere

The neutral atmosphere is one of the external parameters in the
modelling. The results depend directly on the oxygen density,
but also on the other neutral species which modify the stationary electron flux through the collisions of the atomic oxygen
with the other species.
Many efforts have been devoted in the last years to improve
the thermospheric models. Bruinsma et al. (2012) show a comparison between DTM2000 and MSIS. The discrepancy
between them may be large, especially at high altitude
(>400 km) where the atomic oxygen is preponderant, and
where the ratio between models can reach a factor of 2.
Comparisons with measurements (in that case, the CHAMP
satellite) also show large differences. Therefore, we first
divided or multiplied independently the densities of N2, O2
and O by a factor of 2. The results when dividing or
multiplying the O density by 2 are shown in Figure 9. As
expected, the effect is rather strong and visible at all altitudes.
The altitude of the peak local DoLP experiences a large
variation, from 193 (division by a factor of 2) to 244 km
(multiplication by a factor of 2). The amplitude of the maximum local DoLP varies from 1.99% (division by a factor of
2) to 1.77% (multiplication by a factor of 2). The results when
dividing or multiplying the densities of N2 and O2 are not
shown in Figure 9 because the effects on both the maximum
value of the DoLP and the altitude of the maximum are not significant (see Table 1).

Fig. 10. Influence of the electron temperature and density on the
local DoLP. The black continuous curve is the same as in Figure 7,
right panel. It is hardly visible because it is almost covered by the
green continuous lines which is the estimate of the DoLP when the
electron temperature is divided by a factor of 2. The green dashed
line corresponds to a multiplication of 2 of the electron temperature.
The red lines show the effect of dividing (continuous line) the
electron density by 2 or multiplying (dashed line) it by 2.

Next, we have simulated the effect of a magnetic storm by
using F10.7 = 300 instead of 105, and Ap = 150 instead of 21
in the MSISE-00. Results are shown in Figure 9 and the effect
is comparable to that of the results obtained when the atomic
oxygen density is multiplied by 2: the altitude of the DoLP
max increases to 243 km with a maximum amplitude of
1.76%. The width of the curve is larger though. However,
the results of this simulation must be taken with caution
because the electron densities and temperatures used here
below 340 km are still those measured by the ESR during
our campaign whilst in such stormy conditions, these parameters would be very different.
3.3.3 Effect of the electron density and temperature profiles

The electron population is divided in two parts: the thermal
electrons and the suprathermal electrons. The thermal electrons
are the ambient electron population, with energy of the order
of 0.1 eV. The suprathermal electrons find their origin in the
electron precipitation which change their pitch angle through
elastic collisions and gradually lose their energy through ionisation, dissociation, excitation and heating whilst transported
throughout the atmosphere. Eventually, the suprathermal electrons end up thermalised. In our case, a flux of precipitating
electrons with a characteristic energy of 1 keV loses its energy
at all altitudes, producing a suprathermal electron flux at different energies and pitch angles. The heating mechanism is efficient at energies below 10 eV, i.e. at the same energies
where the O1D state is produced. It is described through a Coulomb interaction. It can be parameterised and included in the
transport equation as a continuous energy loss process which
is described using a stopping or loss function L(E) (in eV cm2)
(Swartz & Nisbet 1972; Rees 1989):

2:36
5:39  103
E  Eth ðzÞ
LðE; zÞ ¼ 0:94 0:03
;
ð20Þ
E ne ðzÞ E  0:53Eth ðzÞ
Eth(z) = 8.61 · 105 Te(z) is the thermal energy (in eV),
where Te(z) is the electron temperature (in K). Therefore,
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2.34% at 225 km. The reason is that electrons with a smaller
energy do not penetrate as deep in the atmosphere. Therefore,
the DoLP could also be useful to determine the pitch angle distribution of the precipitated electrons and their characteristic
energy. The model was also run with a total energy flux of
1 erg cm2 s1 instead of 0.02 erg cm2 s1 for the electrons.
The result is not shown in Figure 11 because it cannot be distinguished from the test case. This may be understood when
considering Eq. (1). The DoLP is a ratio which does not vary
with the total energy. The total energy influences certainly the
intensity of the red line but not the ratio. Therefore, in order to
get a good idea of the precipitated flux, both measurements are
needed, that of the intensity profile of the red line and that of
its polarisation.
Fig. 11. Influence of the flux of precipitating electrons on the local
DoLP characteristics. The black continuous line is the reference test
case as in Figure 7. The red line corresponds to an isotropic flux
with a characteristic energy of 1 keV and a total energy flux of
0.02 erg cm2 s1. The green line is for a flux mainly forward with
a characteristic energy of 500 eV and a total energy flux
0.02 erg cm2 s1.

the electron density and temperature may influence the polarisation rate.
The results of changing the electron temperatures and densities are shown in Figure 10. Dividing the electron temperature by a factor of 2 has hardly any effect, and increasing it
by a factor of 2 slightly enhances the value of the maximum
local DoLP up to 1.9%. The peak altitude remains the same,
which is not surprising because the heating rate does not affect
the neutral density. The influence of the variation of the electron density is shown as well. Similarly to the temperature, it
is either multiplied or divided by a factor of 2. The altitude
of the peak DoLP and its amplitude vary slightly but the effect
is much smaller than that due to the variation of the neutral
atmosphere or the scattering phase function. Therefore,
although the properties of the ionosphere influence the characteristics of the DoLP slightly they are not a major contributor.
This is not surprising because an underlying assumption in
Eq. (20) is that there is no dependence on the angle (the heating is isotropic) and so it cannot affect the anisotropy.
However, it may be worth in the future to assess again this
function in order to check this assumption.

3.3.5. Conclusion of this sensitivity study

The results of the modelling are summarised in Table 1, with
three parameters (maximum value of the DoLP, altitude of
the maximum and height-integrated value of DoLP) listed
for different conditions specified in the first column. The percentage difference from the test case is given for each simulation. The most significant parameters that influence the DoLP
are the scattering phase function and the characteristics of the
precipitating flux (characteristic energy, pitch angle distribution). The uncertainties in the neutral atmosphere mean that
the effect of changes in the density of atomic oxygen can be
disregarded.
The discovery of the red line polarisation raised some hope
that it could become a new proxy for space weather studies, in
particular for the monitoring of the upper atmosphere at high
latitude. The study performed here shows that it is a very difficult task and would require very accurate polarisation measurements which are difficult to obtain with the weak signals
at work. Another complication is that variation of several
parameters can lead to the same value of the polarisation peak
or altitude. It is now obvious that the polarisation of the red line
should rather be considered as an additional parameter completing other measurements, such as the intensity of the emissions. However, interestingly, the polarisation of the oxygen
atomic red line opens new prospects to re-examine the scattering function of the electrons, especially if the precipitated flux
can be measured by other means. If the scattering phase function is precisely known, the polarisation could become a tool to
constrain the estimation of the precipitating electron spectrum.

3.3.4. Effect of the precipitating flux of electrons

In the previous sections, the electron flux at the top of the ionosphere was mainly field aligned (see Sect. 4.3). We conserve
the same precipitation spectrum (centred around 1 keV with an
integral energy flux of 0.02 erg cm2 s1) but we use an isotropic angle distribution at the top of the atmosphere: the
downward input flux is then spread over 2p. The results are
shown in Figure 11. The effect is large, with a DoLP increasing
up to 2.07% at 221 km. This is due to the fact that most electrons cannot penetrate deep into the atmosphere because they
enter it with a large pitch angle. Therefore, they are trapped
at the altitude where the atomic oxygen is more abundant.
The same behaviour occurs when we decrease the characteristic energy of the precipitating electrons from 1 keV down to
500 eV. This value is considered as the mean energy of the
polar rain, which is permanently precipitating in the polar
cap. In this case, the DoLP increases to a maximum of

4. Experimental determination of the linear
polarisation
In the modeling discussion (Sect. 3) we showed that the integrated DoLP ranges between 0.6% and 1.8% depending on
various parameters. How does this compare to the measured
polarisation? In February 2012, a coordinated campaign was
organised in Svalbard using both SPP and the Eiscat Svalbard
Radar (ESR). ESR was used to measure the ionospheric
plasma parameters for estimation of the electron precipitation
(flux). The modelled DoLP based on input from the ESR measurements was then compared to those measured with SPP.
4.1. Observational conditions

ESR is an Incoherent Scatter Radar located close to the city of
Longyearbyen (78.15 geographic latitude, 16.02 geographic
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longitude). It is composed of two antennas: the first, with a
diameter of 42 m, is fixed and points along the local magnetic
field line; the second, with a diameter of 32 m, is fully steerable. Both antennas routinely measure the electron density,
the electron and ion temperatures and the line-of-sight ion
velocity profiles.
Barthélemy et al. (2011) showed that there is no polarisation when pointing the SPP along the magnetic field line.
The initial idea was to point SPP and the 32 m ESR antenna
in the same direction, then changing direction periodically in
order to draw a map of the nightside polarisation angles.
Unfortunately, the week prior to our campaign, a problem with
the gearbox of the radar prevented us from moving the antenna
more than once over the whole campaign. The antenna was in a
safe mode, pointing in an unfortunate magnetic north direction
above the city of Longyearbyen, where there might be some
polarisation contamination due to city lights. During the whole
campaign, only data from one night (from February 15 to 16)
can fully serve our purpose: because of the good observational
conditions, it was possible to move the antenna towards the
magnetic west with an elevation of 45 during a short period,
from 0:330 4300 LT to 0:390 1900 LT. SPP was set pointing parallel
to this 32 m antenna. In this pointing direction, the lights from
Longyearbyen are not scattered and cannot create artificial
polarisation.
There was no cloud, no wind that blows crystal ice in the
air, and a cold and constant temperature, between –19 and
–21. The geomagnetic and solar conditions during that night
were Ap = 21, F10.7 = 105 with an 81-day average of 130.
A set of auroras was observed before and after the period
of the observations, but not in the direction of observation at
the time of coordinated measurements between SPP and ESR.
4.2. ESR measurements

In Figure 12, the electron density, electron and ion temperatures and ion velocity are plotted as a function of altitude, as
obtained from the ESR data (using the GUISDAP software,
Lehtinen & Huuskonen 1996). The full lines represent the
average values during the period under study. The error bars
represent the extrema measured during this period. We plot
the data from both radars: the 42 m dish (parallel to the magnetic field) in blue and the 32 m dish (pointing west magnetic)
in black. In the E region, the maximum electron density is
about 9 · 109 m3 at 150 km with the 42 m dish and
3 · 1010 m3 at 170 km with the 32 m dish. These values
are very low, showing a very quiet atmosphere. The variability
with height is high although the values themselves always
remain in the range of a quiet ionosphere. This variability with
altitude has two sources: first, the upper atmosphere varies but
always with small electron density values. The relative variability with height is large because the values are small. Second, in
the case of low electron density values, the noise in the radar
measurement gets larger. It shows that both antennas measure
quite comparable conditions. In the F region, the electron
densities are almost the same in the two directions. This is
especially true at the altitude of the maximum red line emission, i.e. around 220 km.
The temperatures seem large, with electron values of about
1800 K in the E region in both antennas and about 1000 K for
the ions. The low signal-to-noise ratio in the electron densities
means that the fitting process used to estimate the temperatures
produces large uncertainties.

Fig. 12. ESR data averaged from 0:330 LT to 0:400 LT. In green, the
42 m antenna (parallel to B). In black, the 32 m antenna (parallel to
SPP field of view). The 32 m antenna is pointing magnetic west
with an elevation of 45. Upper panels: electron density (left) and
line-of-sight ion velocity (right). Lower panels: electron temperature (left) and ion temperature (right).

Several features prevent us from using the upper atmosphere measurements (above about 340 km). The electron density continuously increases in the F region with no prominent
F2 peak, and the temperatures are very variable, with data
exceeding 6000 K, which in such low geomagnetic activity
is an evidence of a quasi-empty ionosphere. The error bars
are too large to give confidence in these upper atmosphere
measurements. Therefore, above 340 km, we ran IRI (Bilitza
et al. 2012) to set artificially the electron temperature to
1150 K, i.e. about 100 K above the exospheric temperature
of 1060 K given by MSIS (Picone et al. 2002). These electron
temperatures and densities are those used as first inputs in the
modelling in Section 3.2. They constitute an anchor starting
point, but the study of the parameters on the modelled polarisation lowers their importance.
4.3. Deducing the stationary electron flux

In order to determine the stationary electron flux, we compare
the electron density profile obtained with the transport code to
the electron density profile measured by the ESR. To obtain the
former, first the electron production rate Pe(z) (cm3 s1) is
computed from the electron flux U(z, E, h). Then, assuming
stationarity, the E-region electron density is computed from
the electron production rate using the continuity equation given
by
sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
P e ðzÞ
;
N e ðzÞ ¼
aeff

ð21Þ

with an effective recombination coefficient (Banks & Kockarts
1973; Roble et al. 1987) aeff given by
aeff ¼ 2:5  10

6



Z
exp 
;
51:2

ð22Þ

where z represents the altitude in kilometers.
The geometry of the measurements is shown in Figure 13.
Using the electron density measured by the 42 m antenna
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Fig. 13. Geometry of the observations. SPP points parallel to the
32 m dish (on the right of the picture). The arrows symbolise the
precipitation. The blue lines show the line-of-sight. The red lines are
the measured electron density profiles.

one can deduce the precipitation spectrum above the antenna.
The situation is different with the 32 m antenna because the
radar beam and the magnetic field line form an angle,
i.e., the radar probes a series of spatially distributed and
possibly different electron fluxes with different energy spectra.
We therefore make a fit to the 42 m data to obtain an energy
spectrum and energy flux. For the 32 m data we obtain
an approximate value for the energy flux as a comparison.
The ESR data show that in the entire volume in which measurements were taken the atmosphere is very quiet and may
be considered uniform.
By fitting the measured and modelled electron density
profiles, we obtain a precipitated flux centred around 1 keV
with an integral energy flux of 0.02 erg cm2 s1, i.e.
1.25 · 1010 eV cm2 s1 for the 42 m dish and an integral
energy flux 10 times higher (0.2 erg cm2 s1) to reproduce
the profile measured with the 32 m antenna (again, this is
not the electron precipitation above the pointing direction
due to the antenna angle). These integral energy fluxes are
very small compared to the normal energy fluxes in the auroral
oval. Indeed, about 1 erg cm2 s1 is needed to produce
visible aurora whilst a bright aurora requires more than
100 erg cm2 s1 (Vallance Jones 1992). However, such values are not unusual in the polar cap above Svalbard (Hardy
et al. 1985). The measured and modelled densities are plotted
in Figure 14.
The computed electron precipitated flux above the 42 m
dish is given in Figure 2. The shape of the flux computed
for the 32 m dish is the same as that of the 42 m antenna.
Its energy flux is larger by a factor of about 10. However,
the fluxes deduced from these densities must not be taken as
the real precipitated fluxes above the ionosphere, but only as
fluxes that reproduce well the E-region electron density with
this transport code, this neutral atmosphere and this set of
cross-sections. In particular, the E-region and lower F-region
altitudes were hit by precipitated electrons with energies larger
than 300 eV whilst precipitated electrons with lower energies
are absorbed at higher altitudes. So, the low-energy tail of
the electron spectra in Figure 2 is arbitrary.

Fig. 14. The dark lines are the electron densities as in Figure 12
(upper left panel). The continuous green lines are the electron
density deduced from the transport code. Left: the 42 m antenna
(fixed, parallel to B). Right: the 32 m antenna (parallel to SPP field
of view).

The precipitated electron flux deduced from the 42 m dish
has been used as input in Section 3.2, and the 32 m was used in
the sensitivity study in Section 3.3.
4.4. SPP measurements

SPP observed only the polarisation of the 630 nm atomic oxygen red line. The solar zenith angle was equal to 114, i.e. larger than 108 degrees (which is the the limit for astronomical
darkness) during the period of interest, so that no Rayleigh
scattering could perturb the polarisation measurement.
The red line intensity first increased (up to 250 counts per
50 ms) then slowly decreased. After this period, the red line
intensity remained smaller (less than 130 counts per 50 ms).
These were also very low values compared to the measurements made during preceding campaigns.
The data processing to compute the Degree of Linear
Polarisation (DoLP) and the Angle of Linear Polarisation
(AoLP) is detailed in the Appendix. The polarisation results
are shown in Figure 15. The DoLP is quite stable during that
period with an average of 1.92% and a standard deviation of
0.12% (or, considering the uncertainties, 1.9 ± 0.1%).
The AoLP fluctuates around a mean value of 7.53 with a standard deviation of 3.0 but hardly shows a trend during this period. The value of the DoLP is relatively stable since, one hour
earlier, it was measured at 2% with the same azimuth but at an
elevation of 30 (looking magnetic west, the angle between the
line-of-sight and the magnetic field remains perpendicular).
These observations confirm that the polarisation remains
measurable even in geomagnetically very quiet periods.
In the previous studies, we observed that it decreases when
the conditions become more active (Lilensten et al. 2013a).

5 Comparison between modelled and experimental
DoLP
The DoLP measured by the SPP instrument has to be
compared to the modelled line-of-sight integrated DoLP.
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Fig. 15. Polarimetric observations of the auroral red line with SPP
versus local time. The blue lines correspond to the instantaneous
measurements whilst the black line is a moving average over 28 s.
The dashed lines represent the average over the whole period of
observation. Upper panel: Degree of Linear Polarisation (DoLP).
Lower panel: Angle of Linear Polarisation (AoLP).

The observed value is 1.9% ± 0.1%. For evaluating the theoretical line-of-sight integrated DoLP, a geometrical model is
required, to determine the integration limits and the scattering
angle. For the scattering angle H, in the following we consider
H = 90, because as described above the line-of-sight was West
oriented, whereas the magnetic field line is North oriented. In the
following, we investigate the possibility of experimental errors,
and we discuss the final step of the theoretical DoLP computation, which is the determination of the integration limits.
5.1. Errors sources

The polarimeter data processing is given in the Appendix.
It takes the instrumental polarisation into account. Its process
– using the Mueller matrixes – is the standard for such instrumental data processing. The polarimeter has been calibrated
before the experimental campaign in laboratory using a calibrated lamp at different polarisation angles to determine the
instrumental polarisation. However, it is practically impossible
to calibrate in the field, as it requires a calibration lamp whose
use is impossible in the outdoor arctic conditions. Therefore,
an error in the measurement cannot be excluded.
There are obvious errors in the ionospheric parameters and
in the deduced precipitated electron flux. Figure 12 shows that
the ESR data are very noisy due to the low values of the
electron densities. The ESR data are not so important though
in the above-modelled/measured study of polarisation because
they are used only as starting test point. Indeed, by varying the
parameters independently from the ESR measurements, we are
not able in the current approach to have the modelled DoLP fit
exactly the observed one.
Since the modelling only considers electron precipitation,
this raises the question of other polarisation sources. Rayleigh
scattering in the lower atmosphere issuing from parts of the
auroral arc not intercepted by the SPP field of view has been
studied in Barthélemy et al. (2011). In this study, we calculated
the intensity and the polarisation due to the Rayleigh scattering
using the all-sky images of the oxygen red line obtained from
the UiO (University in Oslo) camera as well as the scattered

city light or the light of the stars in the field of view. We used
the formalism by Bucholtz (1959) and considered the anisotropy in the Rayleigh Scattering. We found that the Rayleigh
scattering from other parts of the sky (including the city lights)
cannot explain the observed DoLP nor contaminate it
significantly.
Protons may be an additional source of polarised red line.
A very detailed story of the discovery of the proton precipitations to the more recent observations and modelling can be
found in Simon et al. (2007) and will not be repeated here.
The emission of the atomic oxygen red line in proton aurora
is addressed in Lummerzheim et al. (2001). This study shows
that protons are efficient in creating the red line. In the present
study, we have no space measurement of proton precipitation
and the proton transport modelling is not included in the current set of codes. The presence of such proton precipitation
could well explain the fact that the observed polarisation is
higher than the modelled one, which only accounts for electron
precipitation.
5.2. The integration limits

The DoLP measured by the SPP instrument has to be compared to the quotient of the integrations of Q and I along the
line-of-sight, hence integrating their contributions at various
altitudes (see Eq. (17)). Although hDoLPi is a ratio of integrals, we called it the DoLP integrated over the line-of-sight
in the preceding sections. But it is necessary to determine
the limits zmin and zmax, between which the integration has to
be performed.
The two extreme cases are the curtain-like aurora (and corresponding curtain-like precipitation), on the one hand, and the
completely diffuse aurora (with corresponding precipitation
scattered in a large surface of the sky and reasonably spatially
uniform), on the other hand. In the case of the curtain-like precipitation, zmin and zmax are very close. Then, the integrated
DoLP is equal to the local DoLP, whose maximum value is
1.8%. This value is in rather good agreement with the present
observation. However, the fact that the two EISCAT antennas
make similar measurements hardly supports this assumption.
It is clear from the modelling results that the integrated DoLP
will be smaller than the maximum local DoLP of 1.8%, and that
the smallest possible theoretical DoLP will be obtained when
zmin = 90 km and zmax = 500 km, which corresponds to a completely diffuse precipitation extending through the whole ionosphere. The DoLP integrated from 90 km to 500 km is 0.62%,
which is then the lowest limit for the theoretical DoLP. The present radar observation would favour this theoretical value.
As shown in previous observations (Lilensten et al. 2013a),
the observed DoLP increases in the absence of aurora, which is
consistent with our present case of an observed DoLP rather
larger than the theoretical one.
Our results both theoretical and observed are encouraging
towards an agreement, but further observations, in the presence
of an aurora, have still to be performed.

6 Conclusion
In this paper, we provide a first theoretical modelling of the
DoLP of the atomic oxygen red line produced by electron
impacts due to electron precipitation only. We study the effects
of different parameters. In the conditions of this theoretical
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study, we find that the modelled value integrated along the
line-of-sight ranges between 0.6% and 1.8% depending on various parameters. The study of the relative effects of these
parameters shows that:
– The DoLP maximum value and corresponding altitude are
sensitive to the electron scattering phase function. In the
past, the same scattering function has been used for all
atmospheric species. This function (Porter et al. 1987)
has been fitted on N2-electron collisions only, and for
energies larger than 300 eV. This work shows that there
is a need for a specific function for other atmospheric
species, especially at low energy, between 2 and 10 eV,
especially around the O1D excitation threshold. From
the present study, it seems that at this energy, the distribution of the angles is intermediate between isotropic and
forward peaked.
– The DoLP is sensitive to variations of the geomagnetic
activity and to other thermospheric/ionospheric parameters: neutral atmosphere composition, precipitated electron flux. It could be used as a space weather tool to
complement other measurements and proxies. The polarisation should not be understood as a geomagnetic proxy
but as a tool to characterise the thermosphere which is still
poorly constrained (Bruinsma et al. 2012). In order to use
it for this purpose, the flux of precipitating particles must
be estimated accurately by independent observations.
We then compare with measurements during a coordinated
experiment in February 2012. We use the measurements from
the incoherent scatter radar ESR and the polarimeter SPP.
The measured DoLP is 1.9% ± 0.1%. We suggest different
possibilities to explain the difference between modelling and
measurements. However, only one very short set of data is
available for this comparison, and none have been available
since 2012. More observations are mandatory, using space
observations to constrain the electron and possibly proton precipitation, and a set of ground instruments such as the ALIS
network (Aso et al. 1998; Gustavsson 1998; Brändström
2003) and EISCAT (Safargaleev et al. 2009).
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Appendix: Correction of the instrumental polarisation
SPP introduces instrumental polarisation and modifies the state of the polarisation of the incident light. In Lilensten et al. (2013a),
we removed the effect of the instrumental polarisation using the Mueller formalism (Stenflo 1994; Goldstein 2003; Martinez Herrero
et al. 2009). This data processing has been improved, so that we provide here the new development. We determined a Mueller matrix
M4 (e.g. Clarke 2010) proportional to:
0

1
BP
B i
M4 ¼ B
@0

Pi
1

0
0

0

R

1
0
0C
C
C;
0A

0 0 0 R
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2
where P is the DoLP, and R ¼ 1  Pi . In the following, the index o stands for ‘‘observed’’, r for ‘‘real’’ and i for ‘‘instrumental’’, h the AoLP. The initial state of polarisation, hereafter referred to as ‘‘real’’, is described by the Stokes vector Sr
0 1
Ir
BQ C
B rC
Sr ¼ B C;
@ Ur A
Vr
whilst the observed polarisation is described by the Stokes vector So
0

1
1
BP C
B oC
So ¼ B C:
@ 0 A
0
Circular polarisation is null because a linear polariser is used (Vo = 0). In Lilensten et al. (2013a), the observed direction of
polarisation ho is chosen as reference axis for the linear polarisation and the relation between So and Sr is given by
So ¼ R1
4 M4 R 4 Sr ;

ðA1Þ

where R4 is the rotation matrix
0

1

B0
B
R4 ¼ B
@0

0

cos 2a sin 2a
 sin 2a cos 2a

0
In the following, Sa = sin2a, Ca = cos2a, and R ¼

0

0

0

0

1

0C
C
C:
0A
1

qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1  P 2i . The real Stokes vector Sr was then obtained by inverting Eq. (A1):

1
Sr ¼ R1
4 M4 R 4 So ¼ C4 So :

ðA2Þ

Allowing to compute a DoLP and an AoLP. The DoLP writes P r ¼ ND with
N¼

qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
P 2o þ P 2i  2P o P i Ca  P 2o P 2i Sa2 ;

ðA3Þ

and
ðA4Þ

D ¼ 1  P o P i Ca:
The real AoLP is deduced from the two following equations
cosð2hr Þ ¼

Qr =I r
Pr

¼

sinð2hr Þ ¼ UPr =Ir r ¼

CaPiþP o Ca2 þP o Sa2
N

pﬃﬃﬃﬃﬃﬃﬃ2ﬃ
1P i

 pﬃﬃﬃﬃﬃﬃﬃﬃ
2

SaP i þP o CaSa 1

1P i

N

and applying the adequate quadrant correction according to the signs of cos(2hr) and sin(2hr).
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However, this development suffers an inadequacy. Indeed, if the instrumental DoLP Pi = 0, there is no reference frame. The
computed ‘‘real’’ AoLP becomes 90 whatever the observed AoLP. The reason is that this formalism applies to a fully polarised
signal, i.e. upstream the polarisation lens. In order to account for this rotating lens, we must re-write Eq. (A1) as:
So ¼ D4 R1
4 M4 R 4 S r ;

ðA5Þ

where D4 represents the rotation over time of the polarisation lens:
0

1

B cos xt
B
D4 ¼ B
@ sin xt
0
x is the pulsation, equal to

p
2

cos xt

sin xt
2

ðcos xtÞ
cosxt sin xt

cos xt sin xt
ðsin xtÞ2

0

0

0

1

0C
C
C;
0A
0

s1 since a full turn is performed in 4 s. Developing Eq. (A5) over the first line, we obtain:
I o ðtÞ ¼ AðtÞI r þ BðtÞQr þ C ðtÞU r ;

ðA6Þ

where
8
>
< AðtÞ ¼ 1 þ cos xt ca Pi þ sin xt sa Pi
BðtÞ ¼ Ca Pi þ cos xtðCa2 þ RSa2 Þ þ sin xt CaSað1  RÞ
>
:
C ðtÞ ¼ Sa Pi þ cos xt CaSað1  RÞ þ sin xtðSa2 þ RCa2 Þ

:

There are 80 observed Io (t) every 4 s. A Levenberg-Marquardt method is used (Press et al. 1992) to deduce the Stokes parameters Ir,
Qr and Ur through a mean square fitting. With this formalism, the instrumental polarisation may be null. In that case, Io simply
becomes:
I o ðtÞ ¼ I r þ cos xtQr þ sin xtU r :
We checked that this new signal processing does not change the conclusions in Lilensten et al. (2013a).

A26-p15

ðA7Þ

