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Abstract. Studies of auroral energy input at high latitudes
often depend on observations of emissions from the first
negative band of ionised nitrogen. However, these emis-
sions are affected by solar resonance scattering, which makes
photometric and spectrographic measurements difficult to
interpret. This work is a statistical study from Longyear-
byen, Svalbard, Norway, during the solar minimum between
January and March 2007, providing a good coverage in
shadow height position and precipitation conditions. The
High Throughput Imaging Echelle Spectrograph (HiTIES)
measured three bands of N+

2 1N (0,1), (1,2) and (2,3), and
one N2 2P band (0,3) in the magnetic zenith. The brightness
ratios of the N+2 bands are compared with a theoretical treat-
ment with excellent results. Balance equations for all im-
portant vibrational levels of the three lowest electronic states
of the N+

2 molecule are solved for steady-state, and the re-
sults combined with ion chemistry modelling. Brightnesses
of the (0,1), (1,2) and (2,3) bands of N+

2 1N are calculated for
a range of auroral electron energies, and different values of
shadow heights. It is shown that in sunlit aurora, the bright-
ness of the (0,1) band is enhanced, with the scattered con-
tribution increasing with decreasing energy of precipitation
(10-fold enhancements for energies of 100 eV). The higher
vibrational bands are enhanced even more significantly. In
sunlit aurora the observed 1N (1,2)/(0,1) and (2,3)/(0,1) ra-
tios increase as a function of decreasing precipitation energy,
as predicted by theory. In non-sunlit aurora the N+

2 species
have a constant proportionality to neutral N2. The ratio of
2P(0,3)/1N(0,1) in the morning hours shows a pronounced
decrease, indicating enhancement of N+

2 1N emission. Fi-
nally we study the relationship of all emissions and their ra-
tios to rotational temperatures. A clear effect is observed
on rotational development of the bands. It is possible that
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greatly enhanced rotational temperatures may be a signature
of ion upflows.

Keywords. Atmospheric composition and structure (Air-
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1 Introduction

Emissions from the nitrogen molecule are of great impor-
tance in auroral studies. Firstly, they are used as diagnostics
for the total energy flux, since the brightness of these emis-
sions is only weakly dependent on the characteristic energy.
Secondly, spectral measurements of N+

2 bands can be used to
determine the rotational temperature. Thermal equilibrium
of atmospheric constituents allows us to assume that the ro-
tational temperature is a measure of the atmospheric neutral
temperature of the emitting species. Hence it is possible to
infer the height of the auroral excitation, from which is esti-
mated the characteristic energy.

The auroral N+2 1N band system in the UV (from B26+
u to

X26+
g ) is caused by electron impact ionisation and excitation

of the N2 molecules. However, when N+2 ions are illuminated
by sunlight above the shadow height at high latitudes, the
1N band system will scatter and fluoresce, enhancing bright-
ness and leading to an increase in vibrational and rotational
temperatures. Different bands are affected in different ways,
so that the ratios of emissions will vary with shadow height.
Therefore during sunlit or partially sunlit conditions the mea-
sured values of emission intensities (and rotational tempera-
tures) will lead to uncertainties in the characteristic electron
energy and energy flux. The average energy from rotational
spectra can be underestimated due to the contribution from
highly developed sunlit spectra. Similarly, the flux can be
overestimated in a simple photometric measurement when
the brightness is increased due to the scattered contribution.
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Abnormally bright N+

2 was first observed byStörmer
(1955) in the early 1910s. Triangulation indicated the rays
were located above 1000 km. The observation that sunlit rays
occur between a year before and three years after sunspot
maximum can be related to the significant increase of the ex-
ospheric temperature from 1000 K to 2000 K, and expansion
of the upper atmosphere at the maximum of solar UV activ-
ity. Sunlit measurements have usually been recorded away
from the magnetic zenith (Broadfoot, 1967; Vallance Jones
and Hunten, 1960). The latter reported unusually high ro-
tational and vibrational temperatures of 2200 K during the
1958 solar maximum. An historical account of resonance
scattering from N+2 can be found inHunten(2003).

The theoretical foundation for resonance scattering of N+

2
ions was set up byBates(1949). Broadfoot (1967) later
demonstrated how the vibrational distribution is strongly af-
fected by resonance scattering and highlighted the method of
using the relative intensities and populations of excited states
to give an estimate of the two excitation sources. Ionisa-
tion from photoionisation is indistinguishable from electron
impact because the ionisation efficiency is very similar; the
former dominates in twilight and daytime non-auroral con-
ditions, and the latter in sunlit and non-sunlit aurora. More
enhanced vibrational development in twilight spectra in com-
parison to sunlit aurora is also reported. Broadfoot modelled
steady state populations for all important vibrational levels
of the N+

2 X26+
g , A25u and B26+

u as a function of ion life-
time and reported a 40% contribution of resonance scattering
to N+

2 1N bands.

Degen(1981) used new cross sections in the model of
Broadfoot(1967) which raises ion lifetimes in sunlit aurora
by an order of magnitude. He found that resonance scatter-
ing contributed 56% of the 1N intensities, pointing out the
relative population increase with increasing vibrational level
v′. Degen also introduced low energy electron induced fluo-
rescence analogous to solar induced fluorescence to explain
vibrational enhancement of the 1N band in the great type-A
aurora of 1958 in non-sunlit conditions. The model was re-
visited byDegen(1987) when he modified the N+2 1N (0,0)
rotational band structure by varying the ion life time and ro-
tational temperature. The results were compared favourably
with sunlit auroral data ofHunten et al.(1959).

The characteristic intensity minimum just below the
shadow height of aurora that is partly sunlit has long been
observed with scanning photometers. N+

2 1N (0,1) height
profiles of volume emission rate were studied byLanchester
et al.(1987) over Svalbard. In the morning sector these pro-
files had the characteristic double hump feature due to the
contribution from resonance scattering. In that work the res-
onance scattering contribution was subtracted in order to es-
timate the energy of precipitation from brightness ratios.

Romick et al.(1999) provided the first space borne spec-
trographic observation of auroral emissions above 600 km
from the N+

2 1N and M band systems, reporting emissions

up to 900 km over the northern polar cap close to magnetic
noon. No other significant optical emissions were detected
above 450 km suggesting the source was resonance scatter-
ing of the N+

2 ions in the presence of ion upflows. They
measured up to a 40% contribution in the 1N band system
intensity above the shadow height withKp=3 and a 4% con-
tribution withKp=1.

Remick et al.(2001) conducted simultaneous observations
of N+

2 1N (0,1) with N+

2 M (0,0) at Poker Flat, Alaska over
two seasons between 1995 and 1997. Emission rates of the
two bands should be in strict proportion over a wide energy
range, which was not found. The lack of proportionality was
explained by the increase in the 1N band system intensity
by resonance scattering. They concluded that there exists a
short duration episodic acceleration mechanism in the pres-
ence of auroral arcs that lifts ions into the sunlit region of the
ionosphere.

The present work sets out to quantify the effect of sunlit
conditions on zenith measurements under a steady state. It
follows work ofJokiaho et al.(2008), which used the N+2 1N
(0,2) band to determine the rotational temperature and thus
estimate the energy of precipitation, in conjunction with the
EISCAT Svalbard Radar. In the present work, we make a sta-
tistical study of spectral measurements of three N+

2 1N bands
(1,0), (1,2) and (2,3), and one N2 2P band (0,3). We inves-
tigate the brightness ratios of the N+

2 bands and their ratio
to the N2 band, since in resonance scattered auroral events
the relationship between them can be used as an indicator of
the scattered contribution. We also study the relationship of
all emissions and their ratios to rotational temperatures. The
theoretical basis of the study is provided in Sect. 3, giving a
method of quantifying the scattering enhancement and the ef-
fect on rotational temperatures, as well as the possible effect
of ion upflows.

2 Experimental details and analysis

We report a statistical study of night-time, twilight and day-
time (cusp) aurora at the solar minimum from the magnetic
zenith between 17 January and 14 March 2007 at Advent-
dalen in Longyearbyen, Svalbard (78◦ N, 15◦ E). The exper-
iment used the High Throughput Imaging Echelle Spectro-
graph (HiTIES) (Chakrabarti et al., 2001) equipped with a
water cooled Andor iXon EMCCD camera and a five panel
interference filter mosaic seen in Fig.1, which was designed
to measure the effect of resonance scattering of solar photons
in aurora by N+2 molecules. Height integrated spectral pro-
files were obtained for the study with a temporal resolution
of 10–30 s.

Spectral bands of interest are the N+

2 1N and N2 2P band
systems that both lie in the near UV region. The most suit-
able bands were selected from the overlapping spectral or-
ders of the echelle that could be transmitted simultaneously
with sufficient brightness and without excess contamination.
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Table 1. The spectral properties of the five panels of the interference
filter mosaic.

Wavelengths Emissions

Panel 1 402.9–406.2 nm N2 2P (0,3), Hg1
Panel 2 481.0–487.2 nm Hβ
Panel 3 421.6–428.3 nm N+2 1N (0,1) and (1,2)
Panel 4 418.6–420.8 nm N+2 1N (2,3)
Panel 5 647.5–661.2 nm Hα

These spectral bands are given in Table1. The mosaic selects
orders containing the bands of: N+

2 1N (0,1) at 427.8 nm,
(1,2) at 423.6 nm, (2,3) at 419.9 nm and N2 2P (0,3) at
405.8 nm. Some atomic lines are also seen, namely N+ at
423.7 nm, O+ doublet centred at 419 nm, contaminant mer-
cury HgI at 404.7 nm, all of which are outside the bands of
interest. The Hα and Hβ lines are excited in proton aurora
(Galand et al., 2004) which is one of the science objectives of
the SIF instrument (Lanchester et al., 2003). In this study of
resonance scattering we do not analyse the hydrogen emis-
sions.

Wavelength calibration of the instrument was performed
using data from a period with a bright aurora in the field of
view. The observed position of identifiable spectral features
were related to their tabulated wavelengths. The focusing
was optimised for best wavelength resolution in the R-branch
rotational lines of the N+2 1N (0,1). A flat lamp was used for
intensity calibration of the data.

A sketch of the rectangular interference filter is repre-
sented in Fig.1. The vertical axis corresponds to wavelength
and the horizontal axis translates into field of view of 8◦.
The three N+2 1N bands are recorded from 2◦ centred at the
magnetic zenith. The adjacent N2 2P and proton line filters
are centred 2◦ off magnetic zenith. Figure2 shows a typical
auroral spectra used in this study. The prominent emissions
in order of increasing wavelength are HgI, N2 2P (0,3), N+

2
1N (2,3), (1,2) and (0,1). The presence of HgI indicates re-
flection of artificial lighting from the cloud cover above and
is overlaid on auroral data for comparison. The wavelength
intervals used for deriving the brightness of the bands are
highlighted in colour.

The total band intensities were calculated by integrating
the observed spectral brightnesses over wavelength intervals
of 427.9−424.5 nm for the N+2 1N (0,1), 423.8−422.3 nm
for the N+

2 1N (1,2), 419.5−420.0 nm for the N+2 1N (2,3)
and 405.6−406.0 nm for the N2 2P (0,3). The background
levels are different for each of the bands and these were mea-
sured by taking an average of the spectral brightness outside
the integrated region. The background brightness of N+

2 1N
(0,1) and (1,2) was estimated from the longer wavelength
side of the N+2 1N (0,1) band head. The background for
N+

2 1N (2,3) is determined from the region 418.5−419.5 nm.
The atomic oxygen lines are very weak and allow a reason-

Fig. 1. The HiTIES spectrograph is equipped with a 50×50 mm
square mosaic consisting of five interference filters. The 8◦field of
view is on the horizontal axis and wavelength on the vertical axis.

Fig. 2. Sample data from the HiTIES spectrograph using a 5-band
mosaic filter (excluding the Hα and Hβ lines). The highlighted
spectral features here correspond in increasing wavelength to HgI
(red) overlaid from cloudy data, N2 2P (0,3) (red), N+2 1N (2,3)

(red), N+

2 1N R of (1,2) (blue) P of (1,2) (red) and N+2 1N R of
(0,1) (blue) and P of (0,1) (red).

able noise level to be measured. The longer wavelength side
of the band head cannot be used as the instrument response
falls off rapidly due to optical vignetting at the edge of the
mosaic. The background for N2 2P (0,3) is measured be-
tween the HgI and the N2 2P (0,3) features.

Low brightness and increased experimental uncertainty is
associated with decreased instrument response in the UV.
Spectral features other than N+

2 1NG (0,1) and (1,2) are sub-
ject to greater uncertainties so that the band structure is dif-
ficult to resolve. The N2 2P (0,3) and N+2 1NG (2,3) band
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Table 2. Franck-Condon factors fromGilmore et al.(1992)a and
Lofthus et al.(1977)b.

v′, v′′′ 0,0 1,0 2,0

aN2 X-N+

2 B 8.83-1 1.14-1 2.31-3
bN2 X-N+

2 B 8.864-1 1.112-1 2.335-3

typically account for only a few percent at most of the N+

2
1NG (0,1) intensity and are situated further into the UV re-
gion. N2 2P is a5-5 triplet transition and forms one distinct
band head which makes it easier to detect. The low flat lamp
spectral brightness in the near UV also added some uncer-
tainty in the measurements.

The rotational temperatures of the N+

2 were derived using
theχ2 statistic (Jokiaho et al., 2008) with the N+

2 1NG (0,1)
band profiles. The standard deviation in height integrated ro-
tational temperatures depends on the excitation conditions. It
also depends on the temperature itself as the intensity distri-
bution is more dynamic at lower temperatures than at higher
temperatures. The overlapping of N+

2 bands also needs to
be considered at high rotational temperatures. The rotational
band profiles were acquired by subtracting the correct level
of background output from the statistical process.

3 Theoretical approach

The N+

2 1N band system results from simultaneous ionisa-
tion and excitation of the N2X state via electron collisions to
the N+

2 B state followed by radiative de-excitation to the ion
ground state. During non-sunlit conditions, the emission is
proportional to the ionisation rate.

The N+

2 ion ground state is an efficient scatterer of solar
photons. The molecules in the X state that are sunlit above
the shadow height are excited to the N+

2 A and N+

2 B states
through a resonance process, resulting in increased bright-
ness in the Meinel and the 1N band systems respectively.
Following Broadfoot(1967) andDegen(1981), we consider
excitation and de-excitation of vibrational levels of N+

2 X, A,
B states to determine the brightness of the 1N bands in sunlit
aurora in different conditions.

The time dependent population of the vibrational levels in
the X, A and B states is described by

dn

dt
= Production-Losses (1)

Sources of the N+2 X state include direct excitation from the
N2 X state via electron impact and radiative transitions from
the N+

2 A and B states. Sources for the A and B states also
include direct excitation via electron impact from the N2 X
state. Another source for the excited N+

2 A and B states is the
resonance absorption of solar photons from the N+

2 X ground
state vibrational levels.

Table 3. Einstein coefficients fromGilmore et al.(1992)a, Lofthus
et al.(1977)b, andVallance Jones(1974)c.

v′, v′′ 0,1 1,2 2,3

aAv′v′′ 3.71+6 4.28+6 3.47+6
bAv′v′′ 3.48+6 3.87+6 3.03+6
cAv′v′′ 3.35+6 3.81+6 3.13+6

a∑
v′′ Av′v′′ 16.05+6 16.11+6 15.91+6

b ∑
v′′ Av′v′′ 14.05+6 13.82+6 13.34+6

c ∑
v′′ Av′v′′ 15.15+6 15.97+6 16.64+6

Loss factors for the N+2 X state are resonance absorption
of solar photons into the higher states and for the N+

2 A and
B states the loss factors are prompt emissions. All states are
affected by ion chemical losses through collisions. This ion
life time depends on the relevant reaction rate and is height
dependent.

An updated ion chemistry model (Palmer, 1995) is used
that treats N+2 as a single species and produces time depen-
dent height profiles of the N2 molecular concentration using
the relevant electron impact excitation cross sections and in-
put primary electron spectra. We assume only local produc-
tion of N+

2 . We also do not take into account ionisation by
photoelectrons or excitation from N+2 X to A and B by soft
electrons (Degen, 1981).

3.1 Direct excitation

The production of ions in different vibrational levelsv′ of
N+

2 X, A, B states is given by

ηd
v′′′→v′′,v′ =∫
E

nv′′′ f (E)σ e(E) ε (X,B, A) q(v′′′→v′′,v′) dE (2)

whereηd
(v′′′→v′′,v′)

is the production rate of N+2 into levelv′

orv′′ from a particularv′′′, nv′′′ is the concentration of ground
state N2 molecules,f (E) is the incident electron differential
energy flux,σ e(E) is the total electron ionising excitation
cross section of the N2 ground state to all three ion states and
qv′′′→v′′,v′ is the Franck-Condon factor for each level. We
useε (X, A, B) to describe the ionisation efficiency, given
by the branching ratios between the production rate of X, A
and B states, which are 0.50, 0.39, 0.11, respectively (Rees,
1989). The standard prime convention is used to describe vi-
brational levels.v′′′ relates to the N2 X vibrational levels,v′′

relates to the N+2 X vibrational levels andv′ relates to the ex-
cited N+

2 A, B vibrational levels. Franck-Condon factors are
taken fromGilmore et al.(1992), listed in Table2 for three
N+

2 B vibrational levels from thev′′′
=0 vibrational level of

N2 X. Franck-Condon factors fromLofthus et al.(1977) are
also listed for reference. At vibrational temperatures above
1000 K, higher vibrational levels need to be considered.
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Fig. 3. Vibrational distribution of ion states as a function of
ion chemical lifetime, forTvib=100−10 000 K in steps of 1000 K
(Tvib=1000 is highlighted in black and is very close toTvib=100):
(a) v′′

=0−5 for N+

2 X, (b) v′′
=0−5 for N+

2 A and(c) v′′
=0−3 for

N+

2 B.

If the total ion production rate is known, e.g. from the ion
chemistry model, Eq. (2) can be rewritten as

ηd
(v′′′→v′′,v′) = ε (X, B,A) q(v′′′→v′′,v′) ηd

N+

2
(3)

whereηd

N+

2
is the total production rate of N+2 .

Fig. 4. Vibrational distribution of ion states in levelsv′
=0−5 of the

N+

2 A state and vibrational levelsv′
=0−3 of the N+

2 B state with
respect to the total population in all X, A and B states as a function
of ion chemical lifetime.Tvib=100−10 000 K in steps of 1000 K
with Tvib=1000 highlighted in black.

3.2 Resonance absorption of solar photons

When N+

2 molecules in the X-state are sunlit, resonance ab-
sorption of solar photons results in excitation rateηs into the
A and B ion states.

ηs
v′′→v′ = πFv′′→v′ fv′′→v′

πe2

mec

1

4πε0

λ2

c
nv′′ (4)
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Fig. 5. Ion lifetime derived from the ion chemistry model using
the MSIS atmospheric thermal model for a typical atmosphere at
07:00 UT in January over Svalbard withAp index of 7 and solar
radio flux f107av of 77.

where πFv′′→v′ is the solar flux per unit wavelength
[photons m−2 s−1 m−1], fv′′→v′ is the absorption oscillator

strength, πe2

mec
1

4πε0

λ2

c
[m3] is the photon absorption cross

section multiplied by the line width. The factorλ
2

c
is for

conversion from spectral flux per unit frequency to flux per
unit wavelength.nv′′ is the concentration of N+2 in the X state
vibrational levelv′′.

3.3 Emission processes

Radiative transitions to the N+2 X state are loss processes for
the A and B states. The emission rate in a particular band is
given by the Einstein coefficient as follows

ηv′→v′′ = Av′→v′′nv′ . (5)

Total radiative loss for a givenv′ state is

ηv′ = 6v′′Av′→v′′nv′ (6)

with the emission in each particular band given by the
branching ratio

bv′→v′′ =
ηv′→v′′

ηv′

=
Av′→v′′∑
v′′ Av′→v′′

. (7)

Einstein coefficients are available from several sources. We
have used the most recent values ofGilmore et al.(1992).
These are given in Table3 along with those fromLofthus
et al.(1977) andVallance Jones(1974) for comparison.

3.4 Steady state solutions

Equation (1) can be solved in a time dependent manner,
which is outside the scope of this paper. Settingdn

dt
to zero

we perform calculations for steady state conditions for each

vibrational level of the N+2 A, B and X states, as described in
Eqs. (11), (12) and (13), respectively, where the gain and loss
terms are as previously described. These balance equations
can be regrouped as a linear system of equations in the form
of

6j M ijnj = ηd
i (8)

where M ij is the matrix characterising production and
loss processes,nj is the concentration of each particular
electronic-vibration level andηd

i is the direct production rate
of each electronic-vibration state due to auroral precipitation.
This equation can be solved by matrix inversion

nj = M−1
ij ηd

i (9)

to provide equilibrium concentrations of all considered
electronic-vibration states. Absolute values of the densities
of the states are proportional to the total ionisation rate as the
system is considered linear, while the ratios of densities are
constant and are given by the molecular constants, solar flux
and ion lifetime.

The steady state equilibrium density distribution within
the N+

2 X, A and B states are plotted in Fig.3a, b and c
as a function of ion lifetime assuming the ionosphere is sun-
lit. The percentage population of N+2 in the X state is plot-
ted for vibrational levelsv′′

=0−5, in the A state for vibra-
tional levelsv′

=0−5 and in the B state for vibrational lev-
els v′

=0−3. At high altitudes the long ion lifetime allows
more scattering to take place and is therefore dominated by
resonance absorption, whereas at low altitudes the short ion
lifetime enforces a distribution that is dominated by direct
excitation. The vibrational distribution that follows from the
latter depends on the vibrational temperatureTvib of the N2 X
state. This is indicated in the figure by the expansion of
the coloured lines in the range of 100−10 000 K in steps of
1000 K. The values forTvib=1000 K are highlighted in black,
and are close to those forTvib=100 K.

Although about half of the ions are produced in the A and
B states, they immediately radiate into the X state so that at
any given time nearly all the ions lie in the X state, from
which resonance absorption takes place. The fractionpv′ of
A and B state vibrational level populations with respect to
the total N+

2 concentration can be found from the relation

pv′ =
nv′(A,B)∑
v′,v′′ nv′,v′′

. (10)

Figure4 describes how this fraction varies with ion lifetime.
As expected, at steady state and at longer ion lifetimes the
density builds up in the X state so that only a very small frac-
tion of the total density is maintained in the A and B states
via direct excitation. At long ion lifetimes the B state con-
tributes only a fraction of 10−6 and the A state a fraction of
10−4 to the total ion content.
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Fig. 6. Synthetic volume emission rates of N+

2 (0,1) (solid),(1,2) (dashed) and (2,3) (dot-dash) corresponding to input energies of 100 eV,
1 keV and 10 keV for 30 s. Emission rates from direct excitation are in grey and resonance scattered emissions are in black. The steady state
boundary for this condition is drawn at height B.

∑
v′′′

ε(A)q(v′′′→v′)η
d

N+

2

+

∑
v′′

πFv′′→v′ fv′′→v′

πe2

mec

1

4πε0

λ2

c
nv′′

=

∑
v′′

Av′→v′′nv′ +
nv′

τ
(11)∑

v′′′

ε(B)q(v′′′→v′)η
d

N+

2

+

∑
v′′

πFv′′→v′ fv′′→v′

πe2

mec

1

4πε0

λ2

c
nv′′

=

∑
v′′

Av′→v′′nv′ +
nv′

τ
(12)

∑
v′′′

ε(X)q(v′′′→v′′)η
d

N+

2
+

∑
v′

Av′→v′′nv′

=

∑
v′

πFv′′→v′ fv′′→v′

πe2

mec

1

4πε0

λ2

c
nv′′ +

nv′′

τ
(13)

3.5 Volume emission rates

Following from Eq. (3) the volume emission rate from vibra-
tional levelv′ in the A or B state to vibrational levelv′′ in the
X state from direct electron impact excitation is given by

I d
v′→v′′ =

∑
v′′′

ηd
v′′′→v′bv′→v′′ [ph/m3/s] (14)

The production rateηd
v′′′→v′ is summed over the N2 X

state levels. However, this has an insignificant effect for
Tvib<1000 K as the great majority of ions lie on the zeroth
vibrational level.
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Fig. 7. Band brightness as a function of shadow height for primary
electron energies of 100 eV (blue), 1 keV (green) and 10 keV (red)
for the N+

2 bands (0,1) (solid line),(1,2) (dashed) and (2,3) (dot-
dash).

Using Eq. (4) the volume emission rate from vibrational
level v′ in the A or B state to vibrational levelv′′ in the X
state due to resonance absorption of solar photons is given
by

I s
v′→v′′ = (

∑
v′′∗

ηs
v′′∗→v′)bv′→v′′ [ph/m3/s] (15)

where the summation in this case is over all vibrational levels
v′′∗ of the N+

2 X state. The production rateηs
v′′∗→v′ strongly

depends on the distribution of vibrational levels in the N+

2 X
state and consequently greatly affects the vibrational distri-
bution in the excited states. The total emission rate is given
by

I total
v′→v′′ = nN+

2
pv′Av′→v′′ [ph/m3/s] (16)

wherenN+

2
is the total ion density.

The ion chemistry model is run for a constant energy flux
of 1 mW/m2 and for different monoenergetic electron energy
distributions in the range 100 eV to 10 keV to calculate the
ion production rate and density of N+

2 as a function of time
and height. Figure5 shows the ion lifetime resulting from
the ion chemistry model using input from MSIS atmospheric
model for a typical atmosphere at 07:00 UT in January over
Svalbard withAp index of 7 and solar radio flux f107av
of 77.

Volume emission rate profiles were obtained for direct ex-
citation of 30 s to reach steady state at heights up to 300 km
using Eq. (14), and for resonance scattered emissions with
a sunlit ionosphere, using Eq. (15). The resulting profiles
are shown in Fig.6 for three monoenergetic primary elec-
tron spectra of 100 eV, 1 keV and 10 keV. The bands of in-
terest are N+2 1N (0,1), (1,2) and (2,3) plotted with solid
line, dashes and dot-dash respectively. Resonance scattered

emission is drawn in black and direct excitation emission in
grey. It is evident from these results that the photon scatter-
ing contribution becomes increasingly significant at energies
below 1 keV. The height labelled B represents the steady state
boundary.

In order to compare the modelled emissions with those
measured, we now consider how the modelled total bright-
ness in each of the three bands of interest varies with shadow
height. In Fig.7 the total brightness is plotted for three pri-
mary electron input energies. It can be seen that the enhance-
ment from resonance scattering increases with decreasing
energy. For example, for electron energies of 100 eV (blue
curves) at steady state, the brightness of the (2,3) band in-
creases by two orders of magnitude as the shadow height
decreases from 400 km to 250 km. The effect is similar for
the (1,2) band, but to a lesser extent; for the (0,1) band the
brightness increases by an order of magnitude. For higher en-
ergies (green and red curves) the increase in brightness with
decreasing shadow height is less pronounced, being almost
negligible for energies of 10 keV, due to the short ion life-
time at these heights.

The total brightness ratios (2,3)/(0,1) and (1,2)/(0,1) are
plotted in Fig.8 as a function of shadow height and using a
range of input energies, and forTvib of 1000 K. The ratio re-
sulting from direct excitation is independent of energy, and is
0.01 for (2,3)/(0,1) and 0.18 for (1,2)/(0,1). With the inclu-
sion of resonance scattering the ratios become a function of
energy, increasing with decreasing electron energy. For en-
ergies below 100 eV the brightness ratio of (2,3)/(0,1) ratio
is greater than 0.17, and the (1,2)/(0,1) is greater than 0.42.

The contribution of resonance scattering to observed
height integrated N+2 1N emissions depends on shadow
height, electron energy and the band in question. Figure9
shows the enhancement of total brightness compared to that
resulting from only direct excitation for the three bands of in-
terest. Two effects are noticeable. Firstly, the resonance ab-
sorption enhancement increases with the vibrationalv′ level.
Secondly, the maximum enhancement is reached when the
shadow height is below the height of peak ion density. For
low energies the enhancement starts at higher altitudes and
also reaches a maximum at higher altitudes.

3.6 g-values

Scattering has been characterised by the g-value (Chamber-
lain, 1961), which is defined as the number of photons scat-
tered per second per unit atom if there were no deactivation.
In the present work the g-value should characterise resonance
scattering per molecular N+2 ion. A problem lies in that dif-
ferent vibrational levels of N+2 X have different resonant ab-
sorption efficiencies. These efficiencies are presented in Ta-
ble 4 for the 1N band system. Furthermore, the vibrational
distribution in the N+2 X levels depends on the initial distri-
bution from direct excitation and the re-distribution by reso-
nance absorption, which is a function of ion lifetime. Hence,
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Fig. 8. Band brightness ratios as a function of shadow height for different primary electron energies for N+

2 1N (2,3)/(0,1) (left) and
(1,2)/(0,1) (right).

Fig. 9. The brightness of N+2 1N (0,1), (1,2) and (2,3) bands with respect to the brightness of the same bands from direct excitation for a
range of input electron energies.

it is possible to quantify a g-value for a particular vibrational
level for a specific height, but it is impossible to assign a sin-
gle g-value for the total N+2 population.

3.7 Rotational temperatures

As detailed inJokiaho et al.(2008), rotational temperatures
of the N+

2 1N bands are related to the temperature of the par-
ent neutral population. As this temperature is strongly height
dependent, it can be used to assess the energy of the electrons
creating auroral emissions. In sunlit aurora the rotational
temperatures estimated from the height-integrated spectra
will be enhanced for two reasons. Firstly, resonance scat-
tering produces the strongest enhancement in the aurora at

Table 4. N+

2 X resonance absorption efficiencies to N+

2 B in units
of [ph/s] per ion in the X state.

N+

2 1N v′
=0 v′

=1 v′
=2 v′

=3

v′′
∗ =0 8.240e-2 1.995e-2 2.538e-3 5.289e-5

v′′
∗ =1 6.079e-2 2.219e-2 3.246e-2 5.707e-3

v′′
∗ =2 2.564e-2 6.650e-2 4.716e-3 3.183e-2

v′′
∗ =3 7.389e-3 4.793e-2 5.300e-2 1.827e-4

v′′
∗ =4 2.032e-3 1.874e-2 5.855e-2 3.790e-2

v′′
∗ =5 − 6.711e-3 3.188e-2 5.589e-2
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Fig. 10. Height integrated rotational temperature profiles as a func-
tion of primary electron energy and shadow height.

the highest altitudes, where the neutral temperature is great-
est. Secondly, after multiple scattering, the rotational tem-
perature will tend to the spectral temperature of the solar
spectrum as it is in a collisionless environment. Complete
modelling of the distribution of rotational intensities is out-
side the scope of this paper, but the lowest limit to an esti-
mated rotational temperature can be obtained by assuming
that the N+

2 population retains the rotational distribution of
the parent N2 population (i.e. without taking account of re-
distribution in resonance scattering). In Fig.10 this variation
of rotational temperature with shadow height and input en-
ergy has been estimated using the theoretical model results.
A synthetic spectrum is obtained from the model emission
rate profiles for different input energies. These spectra are in-
tegrated in height and fitted over the same wavelength range
as the observations to find the rotational temperature. The ef-
fect on the rotational temperature of different shadow heights
is shown in colour.

4 Experimental results

An overview of the data used in this study is shown in two
different representations in Fig.11. In Fig. 11a the data are
plotted against local time in day after 1 January 2007. In
Fig. 11b the same data points are ordered with hours UT. In
each part the data are presented in four panels: three ratios
N+

2 1N (1,2)/(0,1), N+2 1N (2,3)/(0,1), N2 2P (0,3)/N+

2 1N
(0,1) and rotational temperature. All the data in this section
are ordered by shadow height using colour coding.

From the first set of figures in Fig.11a it can be seen that
the values for the 1N ratio (1,2)/(0,1) in the top panel are in
the range 0.1−0.4 and those for the 1N ratio (2,3)/(0,1) are
in the range 0.01−0.3. These values can be compared with
the theoretical values of Fig.8, and are in good agreement.

The lower range in both cases is somewhat higher than the
theoretical values, but this may be accounted for by the value
of vibrational temperature being too high at 1000 K for au-
roral heights. The ratio of N2 to N+

2 emissions in the third
panel is inversely proportional to the enhancement of the ion
emission in resonance scattering. As we do not model the
2P bands, only relative variations are of interest. The fourth
panel shows clearly that the rotational temperatures are en-
hanced for low shadow heights. The 1N ratios also increase
with decreasing shadow height.

In Fig. 11b the effect of local time is apparent immedi-
ately, with two distinct populations seen in all four panels.
Most of the data with shadow height below 250 km occur
between 04:00–10:00 UT when Svalbard is under the morn-
ing oval and in the cusp. The 1N ratios in the two top pan-
els demonstrate an increasing ratio with decreasing shadow
height, which follows the increase of UT. In the third panel it
is noticeable that the ratios of N2 to N+

2 emissions are much
lower in the morning hours than the evening, indicating the
effect of increased emission from scattering. The rotational
temperatures are clearly higher during the morning hours, as
seen in the bottom panel, and again there is some indication
of ordering with shadow height. The population from the
evening aurora between 18:00–23:00 UT is when the statis-
tical oval is overhead on Svalbard. The 1N ratios are lower,
and the rotational temperatures are lower, corresponding to
both high shadow heights and more energetic precipitation.

In order to study these separate populations in more detail,
the data have been ordered with band brightness in Fig.12,
using the same format for the ratios and rotational temper-
ature, and using colour to display the shadow height. The
data on the left are from 03:00–11:00 UT and those on the
right are from 19:00–01:00 UT. During the evening and night
hours the ratio of 1N (1,2)/(0,1) in the top panel of Fig.12b
decreases as the brightness increases, which is the possible
effect of increasing energy with increasing brightness. The
second panel of Fig.12b is more noisy, so no trend is seen.
In both these panels there are some higher values of ratios
associated with lower shadow heights. The third panel of
Fig. 12b is as expected for the ratio of the neutral N2 to N+

2 .
The constant proportionality is seen, with little effect from
sunlight. The spread of data points reduces with increased
brightness, with the data converging on the constant value of
about 0.04. In the bottom panel of Fig.12b there is a trend
to lower rotational temperatures with increasing brightness,
again indicating a relationship between energy and bright-
ness.

The morning and cusp hours shown in Fig.12a are very
different from the evening hours. The enhanced ratios are
clearly organised by shadow height in the top two panels.
There is a distinct group of data points associated with a
shadow height of>400 km with low ratios and high bright-
ness, which follow the nightside distribution. For these data
the aurora is dominating the resulting ratio values. In the
third row of panels the scatter in the ratio of N2 to N+

2 is
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Fig. 11. (a)Ratios of N+

2 1N (1,2)/(0,1), (2,3)/(0,1), N2 2P (0,3)/1N (0,1) and rotational temperature as a function of number of days since

1 January 2007. Solar shadow height (excluding screening height) is shown in colour.(b) Ratios of N+

2 1N (1,2)/(0,1), (2,3)/(0,1), N2 2P
(0,3)/1N (0,1) and rotational temperature as a function of universal time. Solar shadow height (excluding screening height) is shown in
colour.

greater for the morning hours than for the evening hours. In
both cases the high ratios are a result of the larger experimen-
tal uncertainty for lower brightnesses. However, it is signifi-
cant that there is a range of ratios below the constant value of
approximately 0.04 seen on the night side. Ratios as low as
0.01 are seen. These values indicate an enhancement of N+

2
which can be estimated from the theoretical values in Fig.9
for N+

2 1N (0,1) as a four-fold increase. Our steady state
assumption allows us to estimate the characteristic electron
energy required to produce the enhancement assuming the
shadow height is known; e.g. for shadow heights of 200 km
and 300 km such ratios were found to correspond to elec-
tron energies of 300 eV and 30 eV, respectively. The bottom
panel of Fig.12a shows two groups of data points for rota-
tional temperature versus brightness during the morning and
cusp hours: one low energy, high temperature (low shadow
heights) and another higher energy, lower temperature (high
shadow heights).

Finally the 1N ratios (1,2)/(0,1) have been plotted ver-
sus rotational temperature in Fig.13 for the morning hours
03:00–10:00 UT. The high temperatures up to 1500 K are
found for low shadow heights and high ratios. The minimum
temperatures estimated in Fig.10 from our simple model are
below 1000 K for all energies and shadow heights, so there
is a strong effect from scattering which requires more careful
analysis. Such high temperatures suggest considerable redis-
tribution between the rotational states.

5 Discussion and conclusions

The aim of the present work is to assess and quantify the ef-
fects of resonance scattering on N+

2 1N emissions at high lat-
itudes. The theoretical treatment of Sect. 3 solves the balance
equations for steady state to give the populations of all the vi-
brational levels of the N+2 X, A and B states, and hence, using
an ion chemistry model, the emissions from direct excitation
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Fig. 12.Ratios of N+

2 1N (1,2)/(0,1), (2,3)/(0,1), N2 2P (0,3)/1N (0,1) and rotational temperature as a function of N+

2 1N (0,1) band brightness
for (a) morning-day time and(b) evening-night time spectra. Solar shadow height (excluding screening height) is shown in colour.

Fig. 13. The ratio of N+

2 1N (1,2)/(0,1) as a function of rotational
temperature and shadow height (excluding screening height) for
03:00–10:00 UT.

and from scattering, with changing shadow height. The main
result of this work shows that for shadow heights above about
400 km the 1N bands and their ratios are almost unaffected,
but for shadow heights below 150 km (i.e. fully illuminated)
there are significant enhancements which increase with de-
creasing energy. At very low energies of 100 eV the increase
in brightness is found to be a factor of 10 (Fig.7).

The variation in the ratios of the 1N bands have been mod-
elled for (1,2)/(0,1) and (2,3)/(0,1) for several input energies,
and as a function of shadow height, in order to compare with
the observations from more than two winter months. The ob-
served ratios have a lower limit than the theoretical values,
which can be explained by the choice ofTvib in the mod-
elling. We have chosen a vibrational temperature of 1000 K
as a conservative estimate. It can be determined from Fig.4
that the ratios will decrease with a smaller value ofTvib as
seen in the relative populations shown in Fig.3. The non-
sunlit N+

2 1N (1,2)/(0,1) ratio was measured byVallance
Jones(1974) as 0.1290, and the (2,3)/(0,1) ratio as 0.0017.
These values are both smaller than our theoretical ratios, but
in the range that we observe.

The main result of the present work is that the ratios of the
1N bands are a function of energy under sunlit conditions.
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The observations in this statistical study do not give an inde-
pendent estimate of electron precipitation. The results from
previous observations of the magnitude of the effect of res-
onance scattering make claims of specific percentages. It
is clear from the present work that such numbers as 56%
quoted by other observers are not valid without knowledge of
the energy spectrum of the precipitation that has excited and
ionised the nitrogen molecules. Over the two months of 24 h
of twilight and solar illumination that we have measured, the
emissions are clearly from a large range of energies, i.e. from
precipitation events that vary significantly.

In order to determine the effect of resonance scattering
more accurately it is necessary to know the energy of pre-
cipitation, which indicates that a case by case approach is
more suitable. With the advantage of incoherent scatter radar
to provide electron density profiles, the incoming energies
can be inferred.Jokiaho et al.(2008) have used the EISCAT
radar to compare energies derived from electron densities and
modelling with those derived from optical measurements of
N+

2 using rotational temperatures. It was this study that gave
impetus to the need to determine the effects of sunlight on
these important emissions. There are clear events within the
present observations that will be used for future case stud-
ies. One event can be readily distinguished in the overview
plots of Fig.11 between 05:00 UT and 06:30 UT. This was
a period of continuous electron precipitation on 14 Febru-
ary 2007. During this time the ratios of N+2 (1,2)/(0,1) and
(2,3)/(0,1) were steadily increasing whilst the rotational tem-
perature was steadily decreasing as a function of time, indi-
cating increasing electron energy.

We have established in the observations that the rotational
temperature is strongly affected by the resonance scattering,
not only through the peak in the emission profile shifting to
higher altitude with higher corresponding neutral tempera-
tures. Values ofTrot in excess of 1000 K suggest considerable
redistribution between the rotational states. In order to cal-
culate the full effect, a complete model is required which in-
cludes all rotational states, radiative and collisional processes
(including inelastic collisions with N2 and electrons). This is
outside the scope of this paper, but is important for future
work. It should be noted however, that if inelastic collisions
not leading to the loss of N+2 ions are important, their effect
will be to equalise the rotational temperatures of N+

2 and the
neutrals or electrons. These temperatures are typically be-
low 1000 K for the conditions presented, so any observation
of Trot in excess of this must come from heights where col-
lision frequencies are negligible compared to characteristic
frequencies of resonance scattering (g-factors). The fact that
such values ofTrot are indeed observed may point to the im-
portance of ion upflow processes.

This study also suggests two directions for further work.
One is a comparison of “cusp” observations with shadow
heights over 400 km, and those with shadow heights of
100 km, especially if there are corresponding radar data. The

other is a time dependent study of the effects of scatter-
ing. When the lifetime of the N+2 ion becomes comparable
with the scattering timescale, and with timescales of tempo-
ral variations in the aurora, the steady state solution poorly
describes the reality. An interesting implication is that the
sun-illuminated N+2 population at high altitudes serves as a
“marker” of the F-region plasma, in a way similar to the
metastable O+ population, opening the possibility for direct
optical observations of plasma flows (Dahlgren et al., 2009).
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