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Abstract. Thermalized rotational distributions of neutral and
ionized N2 and O2 have long been used to determine neutral
temperatures (Tn) during auroral conditions. In both bright
E-region (.150 km) auroras, and in higher-altitude auroras,
spectral distributions of molecular emissions employed to
determineTn in the E-region cannot likewise be used to ob-
tain Tn in the F-region. Nevertheless, charge-exchange re-
actions between high-altitude (&130 km) species provide an
exception to this situation. In particular, the charge-exchange
reaction O+(2D) + N2(X) −→ N+

2 (A25u, ν′
= 1) + O(3P)

yields thermalized N+2 Meinel (1,0) emissions, which, albeit
weak, can be used to derive neutral temperatures at altitudes
of ∼130 km and higher.

In this work, we present N+2 Meinel (1,0) rotational tem-
peratures and brightnesses obtained at Svalbard, Norway,
during various auroral conditions. We calculateTn at thermo-
spheric altitudes of 130–180 km from thermalized rotational
populations of N+2 Meinel (1,0); these emissions are excited
by soft electron (.1 keV) impact and charge-exchange reac-
tions. We model the contributions of the respective excita-
tion mechanisms, and compare derived brightnesses to ob-
servations. The agreement between the two is good. Emis-
sion heights obtained from optical data, modeling, and ISR
data are consistent. Obtaining thermosphericTn from charge-
exchange excited N+2 Meinel (1,0) emissions provides an ad-
ditional means of remotely sensing the neutral atmosphere,
although certain limiting conditions are necessary. These in-
clude precipitation of low-energy electrons, and a non-sunlit
emitting layer.

Keywords. Atmospheric composition and structure (Air-
glow and aurora) – Ionosphere (Auroral ionosphere; Instru-
ments and techniques)

1 Introduction

Determining the temperature is one of the primary mea-
surements undertaken in atmospheric remote sensing. Tro-
pospheric and stratospheric temperatures are key reflectors
of ozone and greenhouse gas levels, both of which directly
influence global climate. Similarly, mesospheric tempera-
tures play an important role in the study of gravity waves,
which are fundamental in understanding global atmospheric
dynamics.

In the troposphere, stratosphere, and mesosphere, ra-
diosondes have been used extensively to directly measure
temperatures. In a study spanning several decades,Angell
and Korshover(1983) determined global temperature means
at several altitudes in the range 1–20 km. Temperatures at
similar altitudes have also been derived using mesosphere-
stratosphere-troposphere (MST) radars (Matuura et al., 1986;
Revathy et al., 1996) and atmospheric lidars (Chanin and
Hauchecorne, 1981; Keckhut et al., 2001).

In the mesopause (∼87 km) and upper mesosphere, metal-
lic ions and atoms deposited by meteors enable high-
resolution neutral temperature calculations. Once again, li-
dars (e.g.,She et al., 1993) and meteor radars (e.g.,Hock-
ing and Hocking, 2002) play a key role. Spectroscopy of the
OH radical (Kvifte, 1961; Sivjee and Hamwey, 1987) is an-
other longstanding method used to sense temperatures in the
mesopause.

Above the mesopause, ionization by photons, electrons,
and protons gives rise to the ionosphere, and no single tem-
perature characterizes this region. Instead, the kinetic tem-
peratures of ions and electrons (Ti andTe, respectively), and
the rotational temperature (Trot) of the neutrals (Tn) must
be obtained with multiple instruments (Trot = Tn assuming
local thermodynamic equilibrium). Incoherent scatter radars
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routinely deriveTi andTe profiles from 100 to 500 km (Kelly,
1983), and several methods are employed to determineTn in
the same altitude range.

At heights of∼97 km, Fabry–Perot interferometers (Her-
nandez, 1976) inferTn from the Doppler broadening of O(1S)
557.7 nm. This same technique applied to O(1D) 630.0 nm
provides neutral temperatures at∼240 km (Killeen et al.,
1995). The most established remote-sensing technique, how-
ever, for obtainingTn in the range 100–500 km, involves
spectrometry. Since the early 1930s,Tn has been obtained
from N2 and N+

2 rotational distributions, initially through
spectrophotometry of N+2 1st Negative bands (Vegard, 1932),
and subsequently for F-region heights from the N2 Vegard–
Kaplan bands (Petrie, 1953). Neutral temperatures have also
been derived from the following N+2 bands: N+2 1st Negative
(1N) (0,1): (e.g.,Vegard, 1932; Romick et al., 1978; Koehler
et al., 1981; Vallance Jones et al., 1987); 1N (0,2): (Jokiaho
et al., 2008); 1N (1,2), (2,3) and Meinel (2,0): (Henriksen,
1984); 1N (0,3): (Henriksen et al., 1987); Meinel (0,0) and
(1,0): (Espy et al., 1987; Sivjee et al., 1999).

This current work presents spectrometric N+

2 Meinel (1,0)
rotational temperatures and brightnesses obtained from a
high-latitude station under various auroral conditions. We
show how, in non-sunlit conditions, charge-exchange reac-
tions (Espy et al., 1987; Sivjee et al., 1999), together with
soft electron impact, both produce N+

2 Meinel (1,0) emis-
sions at altitudes&130 km. We infer neutral temperatures
(Tn) from the thermalized rotational spectra of these emis-
sions, and identify challenges and limitations associated with
interpreting the spectra. In order to elucidate the contribution
of each excitation mechanism, we invert multi-wavelength
optical measurements to retrieve the precipitating electron
spectrum, which is then input into a forward model of the
ionosphere, TRANSCAR (Lilensten and Blelly, 2002; Diloy
et al., 1996; Blelly et al., 1996). We compare modeled emis-
sion brightnesses with observations, and estimate the N+

2
Meinel (1,0) emission heights using several methods.

Contrasted with the nighttime results are time series of N+

2
Meinel (1,0) rotational temperatures obtained under the cusp,
when electron impact, charge exchange, and resonant scat-
tering all excite the emission. We show that, in sunlit condi-
tions, resonant scattering of the N+

2 ion leads to marked dif-
ferences betweenTrot andTn, precluding the calculation of
neutral temperatures from N+2 rotational spectra. Time series
of select O and O+ emissions and geomagnetic indicators
provide contextual background and aid in the comparison of
the two sets of results.

This work is laid out as follows: Sect.2 describes the in-
strumentation, consisting of an optical spectrometer, and pro-
vides experiment details. An overview of the TRANSCAR
model is provided in Sect.3. Next, Sect.4 briefly introduces
the N+

2 Meinel emission, listing the various excitation pro-
cesses pertinent to this work. Section5 presents the main re-
sults, and a discussion and summary conclude the paper.

2 Instrumentation and experiment details

The Kjell Henriksen Observatory in Breinosa, Svalbard
(78.15◦ N, 16.04◦ E, invariant latitude3 = 76◦ N) operates a
suite of optical and radio instruments that monitor the po-
lar cap mesosphere and thermosphere. This observatory is
uniquely situated to study the dayside and cusp aurora.

Spectral signatures of auroral emissions above Svalbard
were obtained using a 0.5-m focal length,f /4.5 modi-
fied Czerny-Turner grating spectrometer in the winter of
2007. The instrument is fitted with a charge coupled de-
vice (CCD) camera to detect optical spectra in the near in-
frared (700.0 to 950.0 nm), and is optimized for low-level
light detection through the use of large, highly reflective op-
tics. Light from a 12◦ circular field of view in the mag-
netic zenith enters the spectrometer via an order-sorting filter
and a curved, 45-mm arc length Fastie slit. An adjustable
slit width of 0.5 mm provides an acceptable compromise
between throughput and spectral resolution. A 0.5-m focal
length spherical mirror collimates and reflects the incoming
rays onto a 110 mm× 110 mm, 1200 grooves mm−1 plane
diffraction grating. Anf /1.4, 85-mm focal length compound
lens focuses the diffracted light onto the CCD detector. The
detector is thermoelectrically cooled; this, in conjunction
with a liquid cooling unit, allows for low dark current and
high signal-to-noise (S/N) ratios, both of which facilitate the
detection of weak emission features.

When observing in first order, the spectrometer covers a
free spectral range of∼240.0 nm, yielding imaged spectral
lines with a nominal full width at half maximum (FWHM)
of 0.8–1.1 nm. Typical integration times last 120 s. An ab-
solute spectral sensitivity calibration of the instrument was
performed according toSigernes et al.(2007).

Observations presented here were timed to coincide with
the midwinter new-moon period in December 2007. The so-
lar depression angle was never less than 11 degrees, thus al-
lowing for uninterrupted measurements, including around lo-
cal noon.

3 The TRANSCAR model

In Sect.5.3, TRANSCAR (Lilensten and Blelly, 2002) is
used to compare modeled and observed emission bright-
nesses, and to estimate the contributions of competing ex-
citation processes to the overall N+

2 Meinel (1,0) intensity.
TRANSCAR is a 1-dimensional, time-dependent forward
model of the ionosphere, consisting of dynamically coupled
fluid and kinetic modules that together solve for the spa-
tiotemporal distributions of the density, drift velocity, tem-
perature, and heat flux fore−, O+, N+

2 , H+, N+, NO+,
and O+

2 . As inputs, it accepts background ionospheric condi-
tions (plasma density, convection electric field, topside elec-
tron heat flux, among others), neutral densities and tempera-
tures from MSIS-90 (Hedin, 1991), and select geomagnetic
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indices. For auroral modeling, it is possible to specify time-
varying precipitating electron distributions. The kinetic mod-
ule (Lummerzheim and Lilensten, 1994) solves the transport
equations for suprathermal electrons. Rates for chemical re-
actions are compiled from published reports. A complete de-
scription of the model is available in, for example,Lilensten
and Blelly (2002); Diloy et al. (1996); Blelly et al. (1996);
Zettergren(2009).

4 Background on the N+

2 M emission

Two emissions from the N+2 ion are significant in aurora.
Transitions from the N+2 (B) state to the N+2 (X) ground state
form the extensively-studied 1st Negative (1N) band system
in the ultraviolet.Meinel (1950) first identified the emis-
sions associated with the N+

2 (A) → N+

2 (X) transitions; these
bands are prominent in the infrared, with the brightest being
the (1,0), (0,0), and (2,0) bands at 918.2 nm, 1108.7 nm, and
785.3 nm, respectively (Vallance Jones, 1974).

Ionization of N2 is accomplished by three primary means:
electron impact, and by photoionization and resonant scatter-
ing under sunlit conditions. An additional means of selective
ionization is provided through charge-exchange reactions be-
tween O+ and N2 (Broadfoot, 1967; Broadfoot and Stone,
1999). Espy et al.(1987), on the basis of excess popula-
tions of N+

2 (A25u, ν′
= 1) ions in comparison withν′

= 0,2
ions, have provided strong support that in aurora, the res-
onant charge exchange shown in Reaction (R1) selectively
populates theν′

= 1 level. Originally proposed byOmholt
(1957) as a source of N+2 (A25u), the mechanism has been
questioned by several parties (e.g.,Vallance Jones, 1974), but
recent work has established its importance (Espy et al., 1987;
Sivjee et al., 1999; Broadfoot and Stone, 1999, and included
references).

O+(2D) + N2(X) −→ N+

2 (A25u, ν′
= 1) + O(3P) (R1)

Thus, on the nightside, the lower E-region N+

2 M (ν′
= 1)

level is populated by hard electrons, while the same vibra-
tional level at higher altitudes is populated both by soft elec-
trons (.1 keV), and the charge-exchange Reaction (R1) (Siv-
jee et al., 1999). On the dayside and in the cusp, resonance
absorption of sunlight is another important source (Broad-
foot, 1967). The following section presents observations of
N+

2 M(1,0) emissions obtained from the latter three sources.
Determining rotational temperatures from charge-exchange
excited emissions provides an additional means of remotely
sensing the upper E-region and F-region, but requires a non-
sunlit emitting layer and precipitation of low-energy elec-
trons. Under such conditions, ionization of the thermalized
N2 molecule does not alter its rotational distribution (Cham-
berlain, 1961); therefore, rotational spectra yield the neu-
tral temperature averaged over the altitude distribution of the
emitting layer.

8 C. K. Mutiso et al: Thermospheric neutral temperatures fromN+
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Fig. 1. A typical high-altitude auroral spectrum, from Svalbard, 10
Dec 2007, 20:05 UTC. No auroral molecular features are present,
with the exception of weak N+2 M(1,0) and O2 Atm (1,1) bands at
920.0 nm and 768.0 nm, respectively; both emissions are produced
by charge exchange. Auroral lines from O and O+ are visible, indi-
cating peak electron energy deposition at altitudes where O is abun-
dant. The spectrum is otherwise dominated by mesospheric OH
airglow bands. Strong contamination by outdoor lighting at 820.0
nm has been subtracted.

Fig. 2. A least-squares fit of the N+2 M(1,0) band; the rotational tem-
perature of the synthetic spectrum is 614 K. Fitting of the observed
spectrum is complicated by weak levels of the emission arising from
charge exchange, contamination from overlapping non-thermalized
OH emission lines, and by the presence of Fraunhofer absorption
features at 916.0 nm and 922.0−925.0 nm (indicated by arrows).

Fig. 1. A typical high-altitude auroral spectrum from Svalbard,
10 December 2007, 20:05 UTC. No auroral molecular features are
present, with the exception of weak N+

2 M(1,0) and O2 Atm (1,1)
bands at 920.0 nm and 768.0 nm, respectively; both emissions are
produced by charge exchange. Auroral lines from O and O+ are vis-
ible, indicating peak electron energy deposition at altitudes where O
is abundant. The spectrum is otherwise dominated by mesospheric
OH airglow bands. Strong contamination by outdoor lighting at
820.0 nm has been subtracted.

5 Data analysis and results

5.1 Optical spectra and synthetic fits

During bright auroras, high-energy (several keV) particles
precipitate deep into the lower thermosphere and meso-
sphere, typically producing emissions from neutral and ion-
ized N2 and O2. The rotational distributions from these
molecular emissions indicate E-region temperatures in the
lower thermosphere (a spectrum of a nighttime aurora peak-
ing at∼110 km can be seen in Fig. 1 ofSivjee et al., 1999). In
contrast, dayside and cusp auroras peak higher in the thermo-
sphere, and are excited by.1 keV electrons. Optical spectra
from such aurora display prominent O and O+ emissions;
electron-impacted molecular band emissions, if present, are
generally very weak, precluding their use in accurately deter-
mining neutral temperatures. Fortunately, charge-exchange
processes like Reaction (R1) produce thermalized rotational
distributions of high-altitude (&130 km) molecular species,
and given sufficiently bright emissions, enable calculation of
neutral temperatures (Sivjee et al., 1999).

Figure1 shows a NIR spectrum recorded at Svalbard on
10 December 2007, which illustrates the following features
typical of high-altitude aurora:

1. Mesospheric airglow OH bands dominate the spectrum.
No molecular auroral emissions are discernible, with
the exception of weak levels of charge-exchange pro-
duced N+2 M(1,0) at 910.0–930.0 nm and the R-branch

www.ann-geophys.net/31/463/2013/ Ann. Geophys., 31, 463–471, 2013



466 C. K. Mutiso et al.: Thermospheric neutral temperatures from N+

2 M(1,0)

8 C. K. Mutiso et al: Thermospheric neutral temperatures fromN+

2 M(1,0)

Fig. 1. A typical high-altitude auroral spectrum, from Svalbard, 10
Dec 2007, 20:05 UTC. No auroral molecular features are present,
with the exception of weak N+2 M(1,0) and O2 Atm (1,1) bands at
920.0 nm and 768.0 nm, respectively; both emissions are produced
by charge exchange. Auroral lines from O and O+ are visible, indi-
cating peak electron energy deposition at altitudes where O is abun-
dant. The spectrum is otherwise dominated by mesospheric OH
airglow bands. Strong contamination by outdoor lighting at 820.0
nm has been subtracted.

Fig. 2. A least-squares fit of the N+2 M(1,0) band; the rotational tem-
perature of the synthetic spectrum is 614 K. Fitting of the observed
spectrum is complicated by weak levels of the emission arising from
charge exchange, contamination from overlapping non-thermalized
OH emission lines, and by the presence of Fraunhofer absorption
features at 916.0 nm and 922.0−925.0 nm (indicated by arrows).

Fig. 2.A least-squares fit of the N+2 M(1,0) band; the rotational tem-
perature of the synthetic spectrum is 614 K. Fitting of the observed
spectrum is complicated by weak levels of the emission arising from
charge exchange, contamination from overlapping non-thermalized
OH emission lines, and by the presence of Fraunhofer absorption
features at 916.0 nm and 922.0–925.0 nm (indicated by arrows).

peak of the O2 Atm (1,1) at 769.0 nm. The remainder of
the O2 Atm (1,1) band is contaminated by mesospheric
OH(9,4). The O2 Atm (0,1) band (857.0–874.0 nm) is
primarily an airglow feature; nevertheless, a small auro-
ral contribution is possible.

2. The metastable O+ 732.0–733.0 nm emission is brighter
than the airglow OH(8,3) rotational lines, and there is no
spectral evidence of the overlapping E-region N2 band
emissions present in the same wavelength range. The
relative brightness of atomic to molecular emissions in-
dicates precipitation of low-energy electrons.

3. Prompt oxygen auroral lines at 777.4 and 844.6 nm are
visible, which, coupled with the near-absence of molec-
ular auroral emissions, signify electron energy deposi-
tion at altitudes where O is abundant.

To determineTn, it is first necessary to fit the rotational spec-
trum of the N+

2 M(1,0) emission. This is accomplished as
follows: the observed spectrum, estimates of the rotational
temperature and brightness, the FWHM, and the wavelength
resolution are input to a nonlinear least-squares iterative rou-
tine. Next, Ḧonl–London factors of the N+2 M(1,0) band,
which determine the individual line brightness as a function
of rotational temperature, are calculated using constants and
expressions detailed inKovács(1969). A synthetic spectrum
is then generated by convolving the spectral lines with an
instrument function defined by the FWHM, wavelength res-
olution, and spectral background. Finally, this procedure is
iterated to minimize the least-squares difference between the
observed and synthetic spectra, shown in Fig.2.

Several difficulties arise when fitting a synthetic spectrum
to the observed N+2 M(1,0). Chiefly, the Meinel (1,0) emis-
sion produced by charge exchange is weak and rarely ex-
ceeds 1–2 kR, unlike its lower E-region counterpart, which
can exceed 45 kR (Sivjee et al., 1999). The detection of
this weak emission is further compounded by the very low
quantum efficiency and high noise level exhibited by silicon-
based CCD chips at N+2 M(1,0) wavelengths.

Secondly, the (1,0) band is contaminated by the P(7)–
P(11) rotational lines of the OH(7,3) band.Pendleton Jr.
et al. (1993) provided evidence that these high-J number
rotational levels of OH bands are non-thermalized, and do
not conform to a Boltzmann rotational-vibrational distribu-
tion. When merged with another spectral feature (in our case
the Meinel (1,0) emission), it is difficult to accurately de-
termine their contribution to the brightness of the merged
spectral feature. Unless the N+

2 emission is sufficiently bright
(>1 kR), the high-J number OH lines introduce uncertainties
in the fitting routine.

Thirdly, spectra of Meinel (1,0) emissions originating
close to the shadow height or in sunlit conditions display
evidence of Swings effect, which causes a distorted spec-
tral profile, owing to Fraunhofer absorption lines in the so-
lar spectrum (Swings, 1941; Jones and Hunten, 1960; Deehr
et al., 1980). The effect is most pronounced at 916.0 nm and
in the range 922.0–925.0 nm, wavelengths corresponding to
strong Fraunhofer features. Additionally, scattering of sun-
light by N+

2 ions leads to anomalous rotational and vibra-
tional distributions (Sivjee, 1983). Both these factors hinder
a more accurate least squares synthetic fit of the observed
spectrum, significantly raising the uncertainty in the fitted
temperature and brightness. A comprehensive error analysis
taking into account resonant scattering and contamination by
both Fraunhofer features and non-thermalized OH emission
lines is beyond the scope of this work.

5.2 Rotational temperatures and emission altitudes

Figure3 shows time series of N+2 M temperatures, and N+2
M and atomic oxygen brightnesses on 10 December 2007.
Lagged Interplanetary Magnetic Field (IMF) components
from the Advanced Composition Explorer (ACE) spacecraft
and local magnetic field data from the International Monitor
for Auroral Geomagnetic Effects (IMAGE) network are also
plotted.

N+

2 M temperatures and brightnesses in Fig.3a are ob-
tained from fitting the emission spectra, as previously dis-
cussed. Additional analysis is required to determine the
brightness of the 777.4, 844.6, and 732.0 nm oxygen emis-
sions, none of which is fully resolved from neighboring OH
rotational lines. First, the rotational temperatureTOH of the
OH(9,4), (6,2) and (8,3) bands (which overlap the 777.4,
844.6, and 732.0 nm lines, respectively) is calculated using
hydroxyl lines that are fully resolved from the oxygen emis-
sions. A knowledge ofTOH and the brightness of any number

Ann. Geophys., 31, 463–471, 2013 www.ann-geophys.net/31/463/2013/



C. K. Mutiso et al.: Thermospheric neutral temperatures from N+

2 M(1,0) 467

Fig. 3.Time series of optical emission data, IMF, and local magnetic field components for 10 December 2007.(a) N+

2 M(1,0) rotational tem-
peratures and brightnesses. The daytime temperatures exhibit enhancements caused by resonantly scattered sunlight. Background-subtracted
brightnesses for N+2 M(1,0) (a), and O and O+ emissions(b), all display pre- and post-local magnetic noon enhancements typically observed
under the cusp (local magnetic noon occurs at 08:58 UTC). The vertical lines highlight nighttime enhancements (19:36–21:00 UTC) repro-
duced in Fig.5. These enhancements are a result of increasing geomagnetic activity, as evinced by disturbed IMF and local magnetic field
traces in panels(c) and(d).

of the resolved hydroxyl lines is used to calculate the bright-
ness of the contaminant OH rotational line, which is then
subtracted from the total brightness of the merged oxygen
and OH spectral feature.

The results in Fig.3 are best discussed chronologically,
focusing on two main periods, each with different N+

2 M
production methods: the cusp and dayside data from 08:00
to 18:00 UTC, and the nighttime data from 18:00 UTC on-
wards. Geomagnetic conditions remain relatively quiet dur-
ing the former, withap ranging from 5 to 7. Within several
hours of local magnetic noon (LMN, 08:58 UTC), Meinel ro-
tational temperatures (Fig.3a) rise with decreasing shadow
height. Maximum values of∼1500 K exceed atmospheric
neutral temperatures, and are attained at low shadow heights
of 160 km. Rotational temperatures (Trot) in the range 1000–
1500 K have been observed in sunlit N+

2 1N (Jokiaho et al.,
2008), while Deehr et al.(1980) used vibrational and ro-
tational temperatures as high as 2500 K to fit midday au-

roral 1N emissions. The elevated temperatures are due to
resonantly-scattered photons redistributing rotational states
in N+

2 ions.Jokiaho et al.(2009) have observed that multiple
scatterings can driveTrot to the solar spectral temperature;
clearly, under such conditionsTrot 6= Tn.

A second period of bright Meinel emissions is highlighted
by vertical lines in Fig.3a. Geomagnetic conditions were
becoming increasingly disturbed:ap, which was≤7 for the
preceding 48 h, rose to 32 at 21:00 UTC. IMF components
and local magnetometer data shown in panels (c) and (d)
also point to enhanced geomagnetic activity. It is possible
that the nighttime enhancements in panels (a) and (b) are a
sun-aligned arc, since they peak close to magnetic midnight
(20:58 UTC), and appear after a sustained period of north-
ward IMF (Ismail and Meng, 1982; Frank and Craven, 1988).
N+

2 M rotational temperatures from 20:00–20:48 UTC range
between 500–700 K, with an average of 625 K. This agrees
well with the 550–800 K from nighttime N+2 1N emissions

www.ann-geophys.net/31/463/2013/ Ann. Geophys., 31, 463–471, 2013
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Fig. 4. (a)Energy-time spectrogram of the precipitating electron distribution, reconstructed by inverting the optical measurements in Fig. 3.
Average electron energies range from 0.3−1.2 keV. The color intensities map the differential energy flux. There is aslight hardening of
the electron distribution and a concurrent increase in differential energy flux starting shortly before 20:00 UTC, and gradually subsiding by
21:00 UTC.(b) Total hemispherical energy flux calculated from the distribution in(a).

Fig. 4. (a)Energy-time spectrogram of the precipitating electron distribution, reconstructed by inverting the optical measurements in Fig.3.
Average electron energies range from 0.3–1.2 keV. The color intensities map the differential energy flux. There is a slight hardening of the
electron distribution and a concurrent increase in differential energy flux starting shortly before 20:00 UTC, and gradually subsiding by
21:00 UTC.(b) Total hemispherical energy flux calculated from the distribution in(a).

reported byJokiaho et al.(2008). Our temperature range
corresponds to an emission altitude of 135–180 km on an
MSIS-90Tn profile for similar geomagnetic conditions. Con-
current incoherent scatter radar (ISR) electron density pro-
files display consistent but low levels of E-region ionization
peaking at 130–140 km. With the shadow height> 600 km
and rising, photoionization and resonant scattering would be
insignificant sources of Meinel (1,0) excitation. Thus, the
nighttime emissions are excited by soft electron impact and
charge exchange, and yield thermalized rotational spectra
that allow the calculation of neutral temperatures. Sufficient
O+(2D), one of the reactants in Reaction (R1), is indicated
by relatively high levels of the O+(2P) → O+(2D) 732.0 nm
emission (Fig.3b). The presence of this emission, which
is rapidly quenched in the lower E-region, and the lack of
molecular auroral emissions from direct excitation by elec-
trons (see Fig.1), both attest to precipitation of relatively soft
electrons and emission heights of&130 km.

In summary, the dayside rotational temperatures are
elevated by resonantly-scattered sunlight, and are non-
thermalized, yieldingTrot > Tn. This is in contrast to the ther-
malized nighttime emissions, produced by soft electron pre-
cipitation and charge exchange, which allow retrieval of ther-
mospheric neutral temperatures.

5.3 Model results

To further elucidate the two nighttime N+2 M(1,0) production
methods, TRANSCAR-derived emission brightnesses are
compared to observed values. This comparison is achieved in
two steps. First, as demonstrated byZettergren et al.(2007,
2008), a time-dependent incident electron spectrum is ob-
tained by inverting O and O+ optical measurements at 844.6,
777.4, and 732.0 nm. N+2 M is not included in the inversion,
since the electron-impact contribution to the emission is not
initially known. Figure4 shows the electron spectrum re-
trieved from the optical data. The precipitating electrons are
relatively soft, with average primary energies of 0.3–1.2 keV.
Starting shortly before 20:00 UTC, the number flux of the
higher-energy electrons increases, with the total energy flux
in Fig. 4b peaking at 20:12 UTC. It should be noted that the
differential number flux (φ) has not been corrected for the
field of view of the spectrometer. This, however, does not
affect the shape of the electron spectrum, which establishes
emission altitudes. The total energy flux in Fig.4b therefore
estimates the relative magnitude of the precipitating popula-
tion, but should not be interpreted quantitatively.

Next, the TRANSCAR model is used to obtain emission
brightnesses expected from the incident electron spectrum
displayed in Fig.4. Figure5 shows time series of observed
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Fig. 5. Time series of observed brightnesses excerpted from Fig. 3, plotted in comparison with modeled brightnesses. Panel(a) shows
modeled N+2 M emissions assuming only an electron-impact source (black line), and acombined electron-impact plus charge-exchange
source (red line). The vertical lines highlight times for which volume emission rates of the two sources are plotted in Fig. 6.

Fig. 5. Time series of observed brightnesses excerpted from Fig.3, plotted in comparison with modeled brightnesses. Panel(a) shows
modeled N+2 M emissions assuming only an electron-impact source (black line), and a combined electron-impact plus charge-exchange
source (red line). The vertical lines highlight times for which volume emission rates of the two sources are plotted in Fig.6.

and modeled brightnesses for the N+

2 M(1,0), 844.6, 777.4,
and 732.0 nm emissions, and panels (b)–(d) demonstrate
good agreement between the observed and modeled data.
For the N+

2 M(1,0) emission in panel (a), however, a better
agreement between the observed and modeled brightnesses
is achieved upon including both electron-impact and charge-
exchange mechanisms in the model.Espy et al. (1987)
demonstrated that charge exchange may selectively populate
the N+

2 M(1,0) excited state during soft electron precipita-
tion. They calculated the upper limit of the ratiopi/pd, where
pi = indirect production from charge exchange,pd = direct
production from electron impact, to be 1.7× n(O)/n(N2),
n(O) andn(N2) being the number densities of atomic oxygen
and molecular nitrogen, respectively. For the observations
presented in Fig.5, we found thatpi/pd = 0.8× n(O)/n(N2)
provides the best match between the observed and modeled
data; applying the upper limit ofEspy et al.(1987) signifi-
cantly overestimates the observed brightness.

Electron impact contributes, on average, 65 % to the ob-
served Meinel (1,0) emission. This justifies the inclusion
of charge exchange as an additional production mechanism
to the total auroral production rate. The volume emission
rates of the two production mechanismspi andpd are plot-
ted in Fig.6, showing their relative proportion at the three

times highlighted in Fig.5. The profiles show maximum ion-
ization occurring in the altitude range 130–150 km, which
is expected for the∼1 keV incident electron spectrum dis-
played in Fig.4 (Lummerzheim and Lilensten, 1994). Of the
two mechanisms, charge exchange peaks several kilometers
higher, due to the increase ofn(O)/n(N2) with altitude.

6 Discussion and conclusions

In the absence of charge exchange, optical spectra obtained
during soft particle precipitation display very weak molec-
ular band emissions, if any. Nevertheless, charge-exchange
reactions contribute significantly to the brightness of Meinel
(1,0) and O2 Atm (1,1) emissions, enabling the calculation of
neutral temperatures from rotational spectra. There are lim-
itations to this technique, perhaps the most significant being
that the weak charge-exchange emissions exhibit low signal-
to-noise ratios, thereby restricting this application to periods
of enhanced brightness. Ideal conditions include a large flux
of soft electrons, and for the Meinel (1,0), a dark emitting
layer to prevent excitation by resonantly-scattered photons.

In this work, we have presented N+

2 Meinel (1,0) rotational
temperatures obtained during varying auroral conditions.
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Fig. 6. Volume emission rates for two N+2 M(1,0) production mech-
anisms, charge exchange and electron impact, at 20:06, 20:12, and
20:32 UTC. The emission profiles for charge exchange peak several
kilometers higher than their respective electron-impact profiles.

Fig. 6.Volume emission rates for two N+2 M(1,0) production mech-
anisms, charge exchange and electron impact, at 20:06, 20:12, and
20:32 UTC, respectively. The emission profiles for charge exchange
peak several kilometers higher than their respective electron-impact
profiles.

Time series from cusp and dayside observations, when elec-
tron impact, charge exchange, and resonant scattering all ex-
cite the emission, display rotational temperatures that exceed
the asymptotic neutral temperature. The enhancements inTrot
can be attributed to resonantly-scattered photons. In contrast
to the daytime observations, we inferTn from the thermal-
ized rotational spectra of N+2 M(1,0) obtained under dark
skies, when both charge-exchange reactions and precipitat-
ing electrons excite the emission. The competing production
mechanisms are modeled in an attempt to determine their rel-
ative contributions, and resultant emission brightnesses com-
pare favorably with observations. Our results suggest that the
charge-exchange Reaction (R1) plays a significant role in N+2
M(1,0) production. Furthermore, our estimated reaction rate
is 50 % lower than the upper bound proposed byEspy et al.
(1987). Lastly, emission heights obtained from optical data,
modeling, and ISR data are consistent, and point to nighttime
N+

2 emissions emanating from∼130 km altitude.
Several areas of investigation are possible as a continua-

tion of this work. A detailed modeling of Reaction (R1), tak-
ing into account all production and loss channels, including
ion chemistry, and important radiative and collisional losses,
would better estimate the relative contributions of the dif-
ferent production methods. A somewhat less ambitious task
would be to obtain rotational temperatures from both the O2
Atm (1,1) at 769.0 nm, and the N+2 M(1,0), both of which
have a charge-exchange excited component. This will yield
the neutral temperature at two different heights in the ther-
mosphere, with possible application to gravity wave stud-
ies. From an instrumentation perspective, the use of a single
detector to perform multi-wavelength measurements propa-

gates uncertainties in the fitting of rotational spectra, in the
calculation of the precipitating electron distribution, and ul-
timately in the modeled brightnesses. Since retrieving the
electron spectrum requires inverting optical brightnesses ob-
tained at several wavelengths, a possible improvement would
be a multi-instrument approach, with each optimized for a
particular emission.

In conclusion, in both lower E-region auroras and in
higher-altitude auroras,Tn in the latter typically cannot be
obtained from auroral molecular spectra normally employed
for temperature determination in the former. We have demon-
strated an exception to this, and shown how charge exchange
produces thermalized rotational populations at altitudes of
∼130 km, from which it is possible to obtainTn. This tech-
nique represents an additional means of remotely sensing the
neutral atmosphere.
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