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Abstract

Measurements of the OH airglow have been used as a way to remotely sense temperatures
and chemical species in the Mesosphere and Lower Thermosphere (MLT) region. At the
same time, the OH contaminates standard astronomical observations. It is considered a
background in astronomical data, which has to be removed. This thesis, however, takes
data from the Nordic Optical Telescope and extracts the spectrum of the OH airglow,
masking out the astronomical target. With such spectra from an unusually high-quality
instrument, the OH airglow can be measured on very different spatial scales, from the

tens of kilometres scale down to the quantum scale.

On the kilometre scale, this thesis investigates the influence of large gravity waves and
atmospheric tides in the MLT region on the apparent population of the rotational levels
of the OH. Due to the approximately 7 km thickness of the OH layer, these waves perturb
the OH differently at different altitudes. A ground-based observer who sees the integrated
spectrum of the whole layer will then observe apparent excess populations at high
rotational levels. The distribution of the apparent excess population looks very similar to
excess populations due to non-local thermodynamic equilibrium (NLTE) effects, even
though the simulations this thesis presents only include calculations under LTE

conditions.

The same long-scale waves grow in amplitude as they ascend higher into the atmosphere
in order to conserve their energy. When their amplitude grows too large to be supported
by the surrounding atmosphere, they break into smaller and smaller waves and quasi-
periodic structures (QPS) on metre scales. This thesis employed the telescope’s high
spatial resolution to detect horizontal QPS from 60 metres down to 4.5 metres. On these
scales, the QPS still followed a Kolmogorov type cascade and did not break into the
dissipative region. This behaviour is different from that previously observed for vertical
turbulent structures in the MLT, which broke into the dissipative region at wavelengths

between 10 and 40 metres.

On quantum scales, this thesis reports new measurements of the relative Q-branch

transition probabilities for spontaneous emission (also called Einstein coefficients)



between vibrational and rotational levels. These measurements include seven Meinel
rotational-vibrational bands with a change in the vibrational quantum number Av = 2 or
3. These seven Meinel bands lie within the bandpass of commonly used telescope filters.
Many of these measured Einstein coefficients for the Q-branch are lower than previously
calculated, consistent with an uncoupling of the electronic angular momentum from the

inter-nuclear axis (Pendleton et al., 2002).
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Samandrag

Malingar av natthimmellyset fra OH er ein ofte bruka metode for a fjernanalysere
temperaturen og den kjemiske komposisjonen i atmosfaereregionen kring Mesosfaeren og
den Lagare Termosfaren (MLT). Samstundes er stralinga fra OH-laget ei forureining av
vanlege astronomiske observasjonar. Ho er vanlegvis ein del av bakgrunnen i
astronomiske malingar og blir fjerna. Denne avhandlinga brukar data fra det Nordiske
Optiske Teleskopet (NOT) og ekstraherer spektrumet av OH natthimmellyset, ved a
trekkje fra det astronomiske objektet, som vanlegvis er fokuset i observasjonen. Dette er
eit instrument av uvanleg hgg kvalitet, og med eit spektrum fra dette instrumentet kan OH
natthimmellyset verte mala pa svert forskjellige romlege skalaar. Desse skalaane

strekkjer seg ifra nokre titals kilometer og heilt ned til kvanteskalaen.

Pa kilometerskalaen greier denne avhandlinga ut om korleis lange tyngdebglgjer og
atmosfarisk tidvatn i MLT regionen paverkar ein tilsynelatande populasjon i
rotasjonstilstandar til OH-laget. Fordi OH-laget er om lag sju kilometer tjukt kan desse
bglgjene forstyrre OHet pa ulike matar pa ulike hggder. Ein observatgr pa jordas overflate
kan berre sja ein sum av alle spektruma fra alle hggdene av OH-laget og vil difor male
ein tilsynelatande overpopulasjon av dei hgge rotasjonstilstandane. Fordelinga av denne
tilsynelatande overpopulasjon er veldig lik ein overpopulasjon som oppstar grunna fravaer
av eit lokal termodynamisk likevekt (NLTE). Denne likskapen kan oppsta sjglv om alle
simulasjonar som er presentert i denne avhandlinga fgreset lokal termodynamisk likevekt

(LTE).

Amplituden til dei lange tyngdebglgjene veks medan dei reiser oppover i atmosfaren, for
a bevara energien til bglgja. Nar amplituden blir for stor til at atmosfaren kan stgtte
bglgjene, kvitnar dei og dannar stadig mindre bglgjer og kvasiperiodiske strukturar
(QPS), heilt ned til meterskalaen. Denne avhandlinga brukar den hgge opplgysinga til
teleskopet for @ male QPS med horisontale bglgjelengd mellom 60 og 4,5 meter. Pa denne
skalaen fglgjer bglgjene framleis ein type kolmogorovkaskade og gar ikkje over i ein
dissipativ region. Denne atferda er ulik det som tidlegare er malt for vertikale turbulente
strukturar i MLT regionen. Desse som gjekk over i ein dissipativ region nar den vertikale

bglgjelengda var mellom 10 og 40 meter.
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Pa kvanteskalaen presenterer denne avhandlinga malingar av sannsynet for spontane
overgangar (0g kalla einsteinkoeffisientar) mellom vibrasjons- og rotasjonsniva i Q-
greina. Desse malingane inneheld sju ulike meinelovergangar der forandringa i
vibrasjonsnivaet er Av’ = 2 eller 3. Desse sju meinelovergangane ligg innanfor dei mest
bruka optiske filtera til teleskopet. Mange av dei malte einsteinkoeffisientane er mindre

enn det som tidlegare er rapportert.
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1. Introduction

The atmosphere is often divided into four parts based on the temperature gradient; the
troposphere, stratosphere, mesosphere, and thermosphere. Even though these four regions have
different characteristics, they are not independent. The troposphere is mostly governed by
convection. On the other hand, the Stratosphere and the Mesosphere and Lower Thermosphere
(MLT) region are driven mostly by radiation, but the action of wave breaking can drive the
dynamic atmosphere out of radiative equilibrium (Holton, 1983). These waves originate mostly
in the troposphere and travel upwards. As they travel into regions with lower pressure, they
increase in amplitude to conserve energy (Lindzen, 1981; Holton, 1982). Once their amplitude
grows too large to be sustained, the waves start to break and dissipate their energy and deposit
their momentum into the surrounding atmosphere. The waves, therefore, connect very distant
layers of the atmosphere. Figure 1 shows a simplified diagram of the atmosphere. The
temperature profile (black), decreasing in the troposphere due to surface heating, increases in
the stratosphere due to ozone heating, decreases again in the mesosphere due to CO; cooling
and finally increases in the thermosphere due to atmospheric absorption of short wavelength

radiation.

One method often used to sense the state of the MLT region remotely is hydroxyl (OH)
spectroscopy. Many studies have used the bright airglow in the near infrared that is emitted
from the OH" radical to infer rotational temperatures, densities, winds, and wave activity.
Meinel was one of the first to see the potential of this minor species (Meinel, 1950a, 1950b).
Even today, almost 70 years after these first publications, it is frequently used in day-to-day

research.

Even though measurements of the OH airglow have been used extensively, there are still open
questions to be answered on very different scales. These open questions start on quantum
scales. For example, French et al. (2000) reported discrepancies between the rotational line
intensity ratios of the Meinel (6,2) vibrational band, which Pendleton et al. (2002) explained
with an angular momentum uncoupling effect on quantum scales. This thesis presents work
extending this to seven other Meinel vibrational transitions in order to understand the extent of

this uncoupling with vibrational level.

On the size scales of several metres, open questions remain on the nature of wave breaking in

the MLT region. As mentioned above, wave breaking determines the dynamic state of this



region. Previous measurements of waves, quasi-periodic structures (QPS) and turbulent
features only went down to scales of 550 m (Sedlak et al., 2016). This thesis presents
measurements of QPS down to the size of 4.5 m, showing that the horizontal structures behave

in a Kolmogorov type cascade even down to these scales.
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Figure 1: Schematic of the atmosphere: The black line shows a typical temperature
profile for summer in the subtropics. Data from the NRLMSISE-00 model (Picone et
al., 2002). The OH layer is shown in blue.

The larger scales also pose open questions. Gravity and tidal waves have an impact on the mean
state of the OH airglow spectrum. This thesis includes numerical simulations of such large
scale waves perturbing the OH layer and shows how they can affect temperature measurements

and the apparent populations of different quantum levels.



2. Hydroxyl

The main observational focus of this thesis lies in the hydroxyl molecule, which is formed in
the MLT region. This chapter will provide an in-depth explanation of its formation and

behaviour in the excited states.

2.1 Chemistry
OH’ production

Under normal conditions, the atmosphere is well mixed below an altitude around 100 km
(Andrews, 2010). This well-mixed state means that all the major species in the atmosphere
remain at constant mixing ratios at any altitude. As the pressure decreases with altitude, the
species density decreases as well. As an example, the density of O2 from the Sounding of the
Atmosphere using Broadband Emission Radiometry (SABER) instrument on the
Thermosphere Ionosphere Mesosphere Energetics and Dynamics (TIMED) satellite
(Mlynczak, 1997; Russell et al., 1999) is plotted in Figure 2 a) as a solid blue line. The
measurements are a monthly mean and zonal average for December 2016 for mid-latitudes but
can serve as an example for any time. The density of the O decreases approximately
exponentially. Solar UV radiation with a wavelength below 240 nm can photodissociate the O
bond and create atomic oxygen O (Andrews, 2010), and most of the O produced this way is
found in the middle and upper atmosphere. Below the stratosphere, all the UV radiation with a
wavelength below 240 nm has been absorbed, and no more atomic oxygen is produced this
way. Figure 2 a) also shows the O density from TIMED/SABER. The O density is highest in

the upper atmosphere and decreases rapidly below 90 km altitude.

These two species can react in the following way:
0+0,+M->0;+M (1)

Here, M can be any mediator that carries away excess energy. In the well-mixed part of the
MLT, the major species N2, Oz and O are the most likely species to mediate this reaction. The
resulting density of ozone, Os, from the SABER/TIMED observations is also shown in Figure
2 a) as a black dashed line. It shows a maximum in the MLT as O increases, a minimum where
the O density decreases rapidly, and then an increase again as O density becomes large at

lower altitudes.
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Figure 2: a) Species densities of the O (red), O (blue) and the O3 (black dashed). b)
Species densities of H (red), Oz (blue), and OH (black dashed), where the OH is created
according to Equation (2) in the MLT region. All densities are measurements from

TIMED/SABER and are a monthly mean and zonal average of December 2016 for

mid-latitudes.

Another free atomic species in the MLT region is hydrogen. It is primarily formed via
photodissociation of water vapour in the MLT region (Mlynczak et al., 2014). Therefore, its
distribution is similar to the atomic oxygen in this region, decreasing rapidly below 80 km. The
species density of H from TIMED/SABER is shown in Figure 2 b) in red. The atomic H can

react with the O3 via Equation (1):
0; + H - OH(¥') + 0,. (2)

Figure 2 b) also shows the ozone species density (here in blue). The low density of the atomic
hydrogen at lower altitudes makes the OH production very inefficient at these altitudes. The
OH density (here in black and dashed) generally has only one maximum around 90 km altitude.

This maximum has a half width of 7 £ 3 km and is usually centred around an altitude of 87 +

3 km (Baker et al., 1988).



Equation (2) is highly exothermic by about 3.3 eV. The OH(v’) created via the reaction in
Equation (2) is therefore rotationally and vibrationally excited into vibrational levels with the
quantum number, v’, between 5 and 9. The branching ratio into the different vibrational levels
has been measured by Charters et al. (1971), Ohoyama et al. (1985) and Klenerman et al.
(1987). Adler-Golden (1997) extrapolated the branching ratios of Charters et al. (1971) to lower
v’, and these are shown in Table 1. Other measurements show a slightly different distribution.
For comparison, Klenerman et al. (1987) reported the distribution for only v’ =9 to v’ = 6 with

the percentages shown in Table 1.

Table 1: Distribution of the OH(v’) from Equation (2) into the different vibrational
levels according to Charters et al. (1971) & Adler-Golden (1997) and according to
Klenerman et al. (1987).

i oy | Kenermanet . 187
v'=9 47 % 44 %
v’ =8 34 % 28 %
v =7 15 % 19 %
v'=6 3% 9 %
v'=5 1 % 0 %

OH" destruction and relaxation

The excited hydroxyl can relax through different mechanisms to reach lower vibrational levels
v”’, including the v’’ = 0 level. One of these relaxation mechanisms is collisional quenching,
where the OH collides with a mediator M and gives some or all of its vibrational energy to the

mediator. The reaction for this is:
OH(v')+ M - OH(v"") + M 3)

Here, M can here be any mediator dependent on their abundance in the MLT. The most
common ones are therefore the major species N2, O2, CO2 and O (Adler-Golden, 1997). This
quenching can be single-quantum, where Av = v’ - v’ = 1, or multi-quantum, where Ay > 1. In
the case of “sudden death” quenching, the final vibrational state is the ground state v’ = 0

(McDade et al., 1987). Adler-Golden (1997) showed in a simulation that the single-quantum
5



case is always the dominant one. However, for higher v’, multi-quantum quenching becomes

important. OH(v’) can also be destroyed chemically via:
OH(¥') + 0 - H + 0,. €]

This reaction increases with vibrational level (Caridade et al., 2013) and is a constant sink of
the OH(v’) population. Besides chemical destruction of the OH(v’), the OH(v’) can also change

its vibrational excitation by spontaneous emission of radiation via:
OH(v") » OH(®'") + hv. (5)

Here, hvis a photon with the wavenumber V. Spontaneous vibrational-rotational relaxation via
radiation can happen between any upper v’ and lower v’’ level, but Av = 2 is the dominant
transition (Langhoff et al., 1986). Radiative relaxation via Equation (5) can lead to a cascade

down the vibrational energy levels and produce OH(v’) in many different vibrational levels.

Taking Equations (1) to (5) together, a simple model can be generated to calculate the OH(v")
density over the different v’, assuming a steady state between production and loss. The
background atmosphere of N>, O, O and H densities; temperature; total number density and
total mass density can be taken from an empirical model such as NRLMSISE-00 (Picone et al.,

2002).

Figure 3, which shows the OH(v’) density for v’ between 1 and 9, was produced with such a
steady-state model used in paper 3 of this thesis (Franzen et al., 2019a). The different species
density profiles are shown in different colours, with the v’ = 1 case being the darkest shade of
blue, and the v’ = 9 case the darkest shade of red. All of the profiles have a similar shape, with
the lower v’ profiles maximizing at both lower altitudes and higher density. On average the
altitude of the maximum of this profile changes by approximately 0.5 km per vibrational level
(von Savigny et al., 2012). Therefore, the layer thickness is far larger than the separation

between the different layers.
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Figure 3: density distributions of the OH(v’) at different v’. The lowest vibrational level
v’ =1 (darkest blue) has the highest density, and its maximum is at the lowest altitude.
The highest vibrational level v’ = 9 (darkest red) has the lowest density, and its

maximum is at the highest altitude.

2.2 Quantum Mechanics
A detailed explanation of the quantum mechanics of diatomic molecules can, for example, be

found in Herzberg (1950). The aspects relating to the OH molecule of relevance to this thesis

are discussed in this section.
Energy levels

The separated O and H atoms, each in their ground states, are brought together and decrease
their inter-nuclear distance to form the OH molecule. The energy of the OH molecule formed,
called the X state, is less than that of the two separated atoms by the binding energy (the
molecule is a lower energy configuration than the two separated atoms). This binding energy
sets the depth of the well. The charged nuclei, sharing their valence electrons in an orbital,
vibrate back and forth like a harmonic oscillator with inner and outer turning points. These
vibrations are quantized, giving rise to the vibrational levels separated by approximately

0.35 eV. In addition to vibration, the nuclei undergo quantized rotations. Since the molecule



vibrates on the order of 1000 times for a single rotation, the energy separation of the lowest
rotational levels is on the order of 5 meV (although this is non-linear and increases between
states as n*2B, where B is the rotational constant, about 20 cm™ = 2.5 meV). All transitions
considered in this thesis are between different vibrational and rotational levels within the

electronic ground state X.
Selection rules and transitions

Transitions from an upper quantum state S’ to a lower quantum state S’ are subject to selection
rules. To a first approximation, the possibility of a transition between any state S’ to state S’

is given by the overlap integral between the wave functions of the two states.

The vibrational state can change from any upper state v’ to any lower state v’’. However, the
near-infrared (NIR) measurements in this thesis cover only the transitions with a change in

vibrational states of Av =2 and Av = 3.

The selection rules for the rotational levels J” are stricter than the ones for the vibrational levels.
In the cases observed in this thesis the rotational quantum number can only change by one unit,
or not at all; that is, AJ = J> — J’ = -1, 0, +1. These three different cases give three different
branches, separated in energy and therefore wavenumber and wavelength. Figure 4 a) shows
an energy diagram as an example of the (9,7) transition. The vibrational energy gap is not to
scale. Twelve different transitions between the energy levels are shown, with the cases
AJ =-1, 0, +1 represented. Figure 4 b) below shows the resulting spectra of the transitions in

Figure 4 a).

On the left, transitions with AJ = -1 are shown. Together, these transitions form the R-branch.
Transitions from higher rotational upper states J’ have slightly more energy than transitions
from lower rotational upper states J’’ due to the quadratic nature of the rotational states.
Transitions from higher R-branch levels, therefore, are more energetic and appear at shorter
wavelengths. The case AJ = 0 is called the Q-branch. Since the rotational upper and lower
states have the same quantum number, the Q-branch lines are close to each other. The last
case AJ = +1 forms the P-branch. Since the energy gap between the upper and lower
rotational levels for the P-branch is smaller than for the other branches, the P-branch lines lie
at the longer wavelength end of the spectrum. The first line of the P-branch is close enough to
the Q-branch that high Q-branch lines may lie close to, or even overlap with the low P-branch

lines.
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Figure 4: a) Simplified energy diagram of the OH molecule. The upper vibrational level
v’ =9 and the lower level v’’ = 7 are shown. For each vibrational level, the lowest five
rotational levels are shown. Arrows indicate the five lowest possible transitions with
AJ = -1 for the R-branch, AJ = 0 for the Q-branch and AJ = +1 for the P-branch. The
energy axis is not to scale, and A-doubling and the XTI, substates are not shown. b)

The resulting spectrum of the twelve transitions shown in a).

The example shown in Figure 4 of the (9,7) transition is typical for the Meinel vibrational-
rotational transitions presented in this thesis. However, details such as the distances between
the single branches can differ for different vibrational transitions. Paper 1 (Franzen et al.,

2017) gives an overview of the eight observed Meinel transitions for this thesis.



OH doublet states, A-doubling and forbidden transitions

Figure 4 above shows twelve lines in the (9,7) Meinel transition, but other lines are possible.
The HIgh-resolution TRANsmission molecular absorption database (HITRAN) (Rothman et
al., 2013) lists a total of 434 lines for the (9,7) transition. While Figure 4 only shows lines up
to J’ = 5.5, the HITRAN database lists lines up to J' = 18.5. Even though all these lines can

still be categorised as R-, Q- and P-branches as described above, there are some differences.
Figure 4 shows only those transitions that take place within one of the two different spin
sublevels of the OH. While the orbital momentum is L = 1 (i.e. a II-electronic-state), the spin

. . 1 . 1

of the unpaired electron is £ = + > The total angular momentum € can, therefore, be either >
3 N D .

or - The spectrum shown in Figure 4 shows the state X113, which is the electronic doublet

. 3
ground state with a total angular momentum of > The XI1i state, the other doublet state, has

slightly higher energy. Figure 5 shows the complete spectrum of the (9,7) transition. The solid
red lines are the lines from the X2I1s, state, while the blue dashed lines are from the X211

state. Every line therefore appears twice in the spectrum, once for each doublet state.

1.2 rR-branch P-branch a
>
S o1 Q-branch .
2
208¢f j
[}
<
.00.6— T
@
N :
T 04r S I N |
€ | A I I R
20-2J”s | IR IR :
I 1 I O O | T TR .
2.1

2.15 2.2 2.25 23 2.35 24 2.45
Wavelength A [um]

Figure 5: The full spectrum of the (9,7) Meinel transition with values from the HITRAN
database. Lines from the X*I1;,» doublet state are shown in blue dashed, lines from the

XI5, doublet state are shown in red solid.
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As the result of perturbations from the higher lying A electronic state, the normally energy-
degenerate projections of the angular momentum A split slightly, resulting in each rotational
line being a closely spaced doublet. However, the energy gap of this splitting is so small, that
the two resulting lines are not visible in Figure 5, nor are they separable in any data analysed
in this thesis. Henceforth, the A-splitting is treated as just a simple degeneracy at the exact

same energy.

Lastly, there are also forbidden lines. Forbidden transitions cannot take place through emission
or absorption of electric dipole radiation, and thus the transition probability from one state to
another, discussed in the next section, is zero. However, transitions can take place though
magnetic dipole, electric quadruple, or higher moment transitions. Although their intensity is
much lower than the dipole-allowed transitions, these lines can be observed. Even though these
lines are not directly discussed in the papers of this thesis, they are part of all the spectral fits,

whenever the full spectrum is fitted, throughout this thesis.
Line intensities and transition probabilities

The spectra shown in Figures 4 and 5 show the lines of the (9,7) transition with different

normalised intensities. These intensities can be calculated as:
I,UI',UIIJIJII = Nvl']/ . Avl’,UIIJIJII, (6)

where [ is the intensity of one line, N is the population of the upper vibrational and rotational

state, and A is the transition probability between the upper state S’ and the lower state S””.

The transition probability is also called the Einstein coefficient and describes how many
transitions would happen per second per unit population. To calculate these Einstein
coefficients, one has to know the dipole moment function between the upper and the lower
states as a function of inter-nuclear distance. This function can be estimated over a limited
range of inter-nuclear distance through measurements of relative band intensities. Since the
OH molecule has a relatively large spacing of rotational energy levels, the extrapolation of the
dipole moment function to zero from the measured region is very important for the precise
determination of the FEinstein coefficients. Different extrapolations of the dipole function
toward zero have led to different sets of transition probabilities from, for example, Mies (1974),
Turnbull et al. (1989), Langhoff et al. (1986), as well as the Pickett et al. (1998) transition
probabilities that are tabulated in the HITRAN database (Rothman et al., 2013).

11



Einstein coefficients for Q-branch transitions have been measured relative to the P- and R-
transitions from the same upper state, but different lower states, by French et al. (2000) for the
(6,2) Meinel transition. Paper 4 of this thesis (Franzen et al., 2019b) extends this work for seven
different Meinel vibrational transitions. Comparisons of these relative values with the values
tabulated in HITRAN indicate that the Q-branch Einstein coefficients have been overestimated
for all vibrational levels, although the extent of that overestimation depends upon the
vibrational transition being measured. (Pendleton et al., 2002) could explain the difference
observed by French et al. (2000) with the effect of electronic angular momentum uncoupling

from the inter-nuclear axis for the (6,2) transition.

Figure 6 shows the Finstein coefficients of the (9,7) Meinel transition for the HITRAN
database. The Einstein coefficients for the P-branch (black circles) are, after a small increase
for the first rotational levels, rather constant around 70 to 80 s™'. The Einstein coefficients for
the R-branch (red crosses) show similar behaviour, but with a small peak atJ’ = 4.5. However,
the Q-branch (blue stars) shows a rapid decrease of the Einstein coefficients with J’. This
decrease is dominant in giving the Q-branch in Figure 5 its falling shape since the line intensity

is the product of the level population and the Einstein coefficient (see Equation (6)).

The second variable in Equation (6) is the population of the upper state N, ;. If one assumes
that OH is in thermodynamic equilibrium, the v’ and J’ components of the population can be
separated into a general population of the upper vibrational state N,’ and a thermal distribution
of these into the closely spaced rotational states belonging to this vibrational state. If that
thermal distribution is assumed to be collision dominated, then it can be described by a

Maxwell-Boltzmann distribution as:

E

Nyt o Ny - gy exp (= kB+T) (7)

where gy is the degeneracy of the rotational level, 2(2J°+1) (including the A-splitting), and E;:
is the energy of this upper state. Since both the degeneracy and the energy of the upper states
increase quadratically with J’, the population first increases with g, at low energies before
exponentially decreasing at higher energies. This results in a peak in the population
distribution. Higher temperatures shift the peak of the population towards higher rotational
levels and stretch the distribution, i.e. dividing the population into more levels. Cooler
temperatures, on the other hand, shift the peak to lower J’ and distribute the population over

fewer levels.
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Figure 6: Einstein coefficients (A) of the (9,7) Meinel transition from the HITRAN
database. The P-branch (black circles), Q-branch (blue stars) and the R-branch (red
crosses) are shown. The Q-branch Einstein coefficients decrease fast with the rotational
quantum number, while the Einstein coefficients for the other two branches stay

comparatively more constant.

However, whether OH is actually in local thermodynamic equilibrium (LTE) is still an open
debate. Many measurements show that at least the levels below N = 5, ie. J'<5.5 are
thermalized, and in LTE (Harrison et al., 1970; Harrison et al., 1971; Sivjee et al., 1972; Sivjee
et al., 1987; Pendleton et al., 1993; Perminov et al., 2007). For these levels, the energy
separation is less than the thermal kinetic energy of the atmosphere, k7. This small separation
facilitates an efficient collisional energy transfer between levels, and thus thermalises them into
a Boltzmann distribution (Maylotte et al., 1972; J. C. Polanyi et al., 1972; J. C. Polanyi et al.,
1975). However, other observations indicate that all of the OH rotational levels are
incompletely thermalised and in non-local thermodynamic equilibrium (NLTE) (Cosby et al.,

2007; Noll et al., 2015).

To achieve absolute population, one has to divide Equation (7) by the partition function Q. This
is the sum of the populations of all rotational levels and is sometimes called the state sum. It

can be approximated as:
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0= )

Here, B is the rotational constant that is proportional to the width of the potential energy well,
which is relatively broad for the OH molecule. B varies for the OH with vibrational level but

is approximately 20 cm™!. The total intensity of any OH line therefore becomes:

, Avl’vll’]I’]II E]I
Ly = 200 4 1) Ny P gy () ®
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3. Hydroxyl Spectroscopy with the NOT

All the primary data that were analysed in this thesis were obtained using the Nordic Optical
Telescope (NOT). The NOT is located at the Observatorio del Roque de los Muchachos, on La
Palma, Canary Islands, Spain (17°53” W, 28°45° N). It is a collaboration between the five
Nordic countries, Denmark, Finland, Iceland, Norway and Sweden. The map in Figure 7 shows
the location of the NOT in La Palma and the five member states in blue. The location on La
Palma was chosen, despite its geographic distance to the member states, because of the local
astronomical conditions. The whole area of the observatory is a national park, which by law
protects the astronomical conditions, such as the light pollution, radio-electronic pollution,
atmospheric pollution, and air traffic above the area (Carlos et al., 1988). The position on the
edge of the caldera at approximately 2400 metres above sea level yield good weather conditions
throughout the year. The low latitude of 28°45’ north gives only a small variation in the length

of the night throughout the year.

0’ 20 E

Figure 7: Map of Europe and North Africa. The NOT is marked on La Palma, Canary
Islands. The member countries of the NOT (Denmark, Finland, Iceland, Norway and

Sweden) are marked in blue.

Near-infrared (NIR) astronomical observations are contaminated by emission from the OH
airglow. Standard astronomical procedures aim to remove as much of the OH airglow as
possible from the target spectrum. To that end, the spectrum of the OH airglow from a starless

part of the slit is often recorded and used to subtract the OH airglow “contamination” from the
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target’s spectrum. A side effect of this procedure is that for each spectrum measured towards

an astronomical target, a spectrum of the OH airglow is measured and archived.

The main NIR spectroscopy instrument of the NOT is the Nordic Optical Telescope near-
infrared camera and spectrograph (NOTCam) (Abbott et al., 2000). It has been used for
spectroscopic measurements since August 2003. Typical “low-resolution” (R = MAA ~ 2100)
observations utilise a 1024 x 1024 pixel detector and a slit length of 4 arcmin. The slit projects
onto approximately 100 metres on the night sky at OH layer altitudes. Simultaneously the width
of the slit is only 0.6 arcseconds, which projects to less than 25 cm on the airglow layer. The
OH airglow observations with this telescope provide much higher spatial resolution than
standard OH remote sensing instruments. The drawback of using data from a telescope is the
restricted availability for experiments directed towards atmospheric research. Paper 2 in this
thesis (Franzen et al., 2018) had access to measurements taken with the NOT specifically for
atmospheric research. Paper 1 (Franzen et al., 2017) and Paper 4 (Franzen et al., 2019 b)

worked with data from the NOTCam astronomical archive instead.

The majority of the standard NOTCam spectroscopic observations utilize one of three filters:
J, H or K. Each filter is centred on a minimum in the water vapour absorption (atmospheric
windows) and spans different OH airglow Meinel transitions. Additionally, the NOTCam can
be used with the K filter, which is similar to the K filter, but with the wavelength range shifted
slightly towards the blue. Table 2 gives an overview of the transitions that lie in each filter and
the branches that are visible. The (8,6) transition is heavily absorbed by H>O in the atmosphere
and was therefore only used in paper 1 (Franzen et al., 2017) and not in the subsequent papers.
Additionally, Figure 8 shows the filters (black, right axis) and the eight Meinel vibrational
transitions (alternating red and blue for distinction, referenced to the left axis) on a wavelength
scale. The areas between the filters feature strong atmospheric absorptions and are therefore

not normally used for observations, either for the MLT region or for astronomical targets.

The papers presented in this thesis make use of the high signal to noise and very high spatial
resolution spectroscopic data afforded by this instrument. Paper 1 (Franzen et al., 2017) shows
how to extract the OH airglow spectrum from a standard astronomical observation. The paper
discusses in detail how the data from the astronomical observation can be reduced to yield a
clean OH spectrum. These high signal-to-noise ratio spectra facilitate new research on the OH
and the MLT layer on very different scales. Paper 1 (Franzen et al., 2017) discussed how the

high spatial and temporal resolution OH spectra can be used to measure waves and quasi-
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periodic structures (QPS) in the MLT layer down to the metre scales. This research is published

in Paper 2 (Franzen et al., 2018).

Table 2: Overview of the eight observable Meinel transitions in the OH airglow in the
four standard NOTCam filters J, H, K and K’. The (8,6) transition is heavily influenced

by atmospheric absorption and was only used in Franzen et al. (2017).

Transition | Filter b\rgrslicl;l:s Comments
(3,1) H QP R-branch outside of filter range
4,2) H R,Q,P
(5,3) H R,Q,P
(6,4) H R, Q P-branch outside of filter range
(7,4) J R,Q,P Low intensity due to Av =3
(8,5) J R,Q,P Low intensity due to Av =3
89 | K | P | g branch outse of e range
(8,6) K’ R,Q,P Heavy H>O absorption
9,7 K, K | R,Q,P

Furthermore, paper 1 (Franzen et al., 2017) was able to show a snap-shot measurement of the
temperature gradient in the MLT. This temperature gradient can be heavily influenced by large,
kilometre-scale, waves and tides in the atmosphere. Paper 3 (Franzen et al., 2019a) describes
and models this large scale wave interaction with the observed OH airglow in detail and
discusses how wave perturbations can generate an apparent excess population of the higher
rotational lines, even under pure LTE conditions. Lastly, the availability of the high-quality
data in the archive described in Table 2 allows a precise measurement of the Q-branch Einstein
coefficients, which influence the OH airglow even on quantum scales. This research is

presented in paper 4 (Franzen et al., 2019b). These papers are introduced in the next section.
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4. OH Spectroscopy on Different Scales

4.1 Paper 1

To unlock the potential of the data in the astronomical archive of the NOTCam for atmospheric
use, the OH spectrum had to be extracted. However, standard astronomical procedures are
optimised to remove the airglow spectrum and extract the (usually much brighter) spectrum of
the astronomical target. Figure 9 (a) shows typical astronomical data as it comes from the
archive. The vertical axis is the spectral direction, while the horizontal axis is the spatial
direction. The bright vertical line a little to the left of the centre is the spectrum of a star. Large
step-like background effects can be seen in the spectral direction. Both these background
effects and the star are much brighter than the OH lines, which can be seen as slightly upward
curving lines in the background. The positions of the Q(1) lines of the four visible transitions

are marked on the side to help guide the eye.

(a) Before reduction (b) After reduction

a(myof 3.1)

E S (1) of (3.1)
g . ; i = %
"é Q(1) of (4,2) e e R .= il 2 Q(1) of (4,2) -%
g Q(1) of (5,3) S ol Q(1) of (5.3)
w o [}

Q(1) of (5,4) [G—_—_— Q(1) of (6,4)

spatial direction spatial direction

Figure 9: Image of the OH spectrum in the H band on the detector. The positions of the
Q(1) lines of the four visible transitions are marked on the side. The y-axis is the
spectral direction; the x-axis is the spatial direction along the slit. (a) (left) Before the
data reduction. The bright vertical line a little left of the centre is a spectrum of a star.
Steep background effects dominate the rest of the picture. (b) (right) After the data
reduction. The OH spectral lines are now visible without background structure. Not
used parts of the detector (e.g. the position of the star spectrum) are marked in red.

Figure reproduced from (Franzen et al., 2017).
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Dead pixels (i.e. pixels with no response) and hot pixels (i.e. pixels with too strong and
unreliable response) were masked out first. The dark current was removed by subtracting dark
images taken with a shut shutter. Wavelength-dependent variations (e.g. from the optical filter)
were corrected by using the spectrum of the light of a halogen lamp with a 3,200 K colour
temperature. The spectrum of the star was removed, together with the surrounding pixels the
star bleeds into. In total, a 60-pixel wide column was removed. Cosmic ray hits were masked
out at the same time. These can create very intense, but isolated hits, usually only affecting a
single pixel. They could therefore be detected easily as pixels that are much brighter than their
neighbours. After that, the curvature of the OH lines due to the telescope optics was corrected.
All these steps produce the detector image shown in Figure 9 (b), where masked out pixels are
shown in red. The only features left in the data after these image reduction steps are the OH

airglow lines, now clearly visible as straight horizontal lines.

The spectrum of the OH airglow was then retrieved by summing all the pixels in the horizontal
direction. Lastly, the wavelength calibration was performed using the spectral positions of the
OH lines themselves listed in the HITRAN database. For this wavelength calibration, only the

brightest lines of the Q- and P-branches visible in a given filter, were used.

All these steps transformed a standard astronomical observation from the NOTCam archive to
a clean and high signal-to-noise spectrum of the OH airglow. The details of each step are
described in paper 1 of this thesis (Franzen et al., 2017) together with the quality assurance of
the process. This data reduction tool opened up the research on the OH airglow with
astronomical data from the NOTCam archive. It thereby directly enabled the work presented

in paper 2 (Franzen et al., 2018) and paper 4 (Franzen et al., 2019b) of this thesis.

4.2 Paper 2

The smallest horizontal scale OH wave observations before the publication of paper 2 (Franzen
et al., 2018) was a wave structure of approximately 500 metres wavelength (Sedlak et al.,
2016). On these scales and larger, the waves and quasi-periodic structures have been shown to
follow a Kolmogorov type power law, characterised by a wave power that decreases with the
wavenumber of the structure raised to the exponent of -5/3 (Dewan et al., 1992; Hecht et al.,

2005).

Vertical structures of smaller scales are more easily observed with LIDARS (Diettrich et al.,
2005; Li et al., 2005; Fritts et al., 2017) or rocket measurements (Liibken, 1992; Hillert et al.,

1994). These show that at vertical wavelength scales between 10 and 40 metres, the power
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cascade breaks off from the Kolmogorov cascade and into a dissipative region, where the power
of the wave or QPS falls off as the wavenumber to the power of -7 (Liibken et al., 1994; Thrane
et al., 1994; Liibken et al., 2002; Miillemann et al., 2002).

As mentioned in section 3 and in paper 1 (Franzen et al., 2017), the NOTCam has a field of
view of only 100 x 0.25 metres when projected onto the OH layer. The slit is so narrow that
any effects across the width of the observed patch of sky can be ignored. Along the slit, the
NOTCam detector has 1024 pixels. It, therefore, reaches a theoretical resolution of 10 cm per
pixel. This resolution is of course not obtained in reality due to turbulent refraction in the
troposphere, lens effects, pixel bleeding, and signal to noise considerations. Considering these
limitations, the pixels along the slit could be summed to give a spatial resolution of
approximately 1 metre on the night sky while increasing the signal to noise of the observations.
Using dedicated telescope time of approximately 140 minutes, where the telescope was staring
only at one spot of the sky, waves below 100 m wavelengths in the Q-branch of the (9,7)
transition of the OH airglow could be observed along the slit. These waves could be traced
from one integration to the next, which lasted either 10 s or 20 s, depending on the day of the

observation. Figure 10 illustrates this with a simple sine-wave.

Wave Intensity [ ]
o
(&)

N .
| 1 1 A e |

-50 -40 -30 -20 -10 0 10 20 30 40 50
Relative Distance on the sky [m]

Figure 10: Sketch of a wave observation. At a start point, ¢ = 0 s (black) the wave can
be observed along the slit, with three maxima. After a time At, the wave has moved to

the right and is now observed at a new location along the slit.
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The wave at a given start time ¢ = 0 s is shown in black. The red dashed line is the same wave
along the slit after a time At, this time moved to the right. The vertical axis in this figure is the
wave intensity. This means that in the NOTCam measurements, one can see bright spots at the

maxima of the waves and dark spots at the minima of the waves moving along the slit length.

Figure 11 shows a spatial location versus time plot, sometimes called a keogram (Eather et al.,
1976), that shows the progression of wavefronts across the slit. The y-axis is the spatial axis
along the slit. Each column is, therefore, one picture along the slit. The x-axis is a time axis,
and later observations are shown to the right. As in Figure 10, the wave seen in the first column
has moved down (to the South) in the second figure. Three wave crests are highlighted in
yellow to guide the eye. This example has a wavelength of approximately 33 metres and
persists over a time period of nearly 600 seconds. Paper 2 (Franzen et al., 2018) reported 42
QPS events between 60 m and 4.5 m wavelength. Each event is coherent over at least one Brunt
period, which is about 300 seconds in the MLT region (Andrews, 2010). Details on the

extraction of the waves are presented in paper 2 (Franzen et al., 2018).
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Figure 11: Keogram of an observed QPS. The horizontal axis is time, while the vertical
axis is the spatial direction along the slit. Three crests are highlighted in yellow. Figure

from Franzen et al. (2018).
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The 42 QPS events reported in Paper 2 (Franzen et al., 2018) followed a Kolmogorov type
cascade with an exponent of -5/3, even down to scales of 4.5-m wavelengths. The previously
observed transition into the dissipative region at 10 to 40 metres for the vertical waves and
QPSs seems not to hold for horizontal waves and QPSs. A parametrisation according to a
Kolmogorov cascade can, therefore, be used in atmospheric models instead of other, more

complex and time-consuming methods to account for wave breaking in the MLT region.

4.3 Paper 3

The OH airglow layer has a thickness of about 7 km, as shown in Figure 3. The temperature of
the surrounding atmosphere and therefore the temperature through the OH layer is generally
not constant. A ground-based observer can only observe the spectrum integrated through the
whole OH layer. The assumption before was that this will show a density weighted average
Boltzmann distribution from which an average temperature can be derived assuming LTE

applies.

Usually, only lines with N < 4 are considered to be in LTE (Harrison et al., 1970; Harrison et
al., 1971; Sivjee et al., 1972; Sivjee et al., 1987; Pendleton et al., 1993; Perminov et al., 2007).
It is therefore common practice to fit a temperature distribution only to these lines. For the P-
branch these lines correspond to the lowest three rotational lines. Different temperatures at
different altitudes of the OH layer, combined with a fit to only the first three rotational lines,

can influence the apparent population of the higher rotational levels.

To illustrate this, Figure 12 shows two different spectra of the (7,4) transition Pi-branch. Figure
12 a) shows the spectrum at a temperature of 150 K in blue. Note that most of the intensity
comes from the lower rotational lines at shorter wavelengths. Figure 12 b) shows the same
spectra in red, but at 300 K. The peak of the distribution increases to higher rotational lines at
longer wavelengths. The highest vibrational lines are notably more populated than in Figure 12
a). These two temperatures are extreme for the MLT region and are used for illustrative purpose
only. If these two spectra represent the OH airglow layer at two different altitudes, then a
ground-based observer would only see the density weighted sum of each rotational line from
below. Assuming the two levels contribute equally, this sum is shown as black crosses in Figure
12 ¢). A simple fit to the first three rotational lines yields a Boltzmann temperature of
approximately 185 K. The magenta spectrum in Figure 12 c) has this temperature. For the
lowest three lines, the magenta spectrum and the integrated spectrum in black fit very well. For

higher vibrational lines, the integrated spectrum in black has far higher intensities than the fit
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in magenta. It appears as if the integrated, observed spectrum has an apparent excess population
(AEP) in the higher rotational levels, just as it would have if the spectrum were created under
NLTE conditions. It was, however, created under strict LTE conditions. This AEP can therefore
not be ascribed to any NLTE effects but comes from the influence of different temperatures in

the OH airglow layer. The extent of this AEP is dependent on the different temperatures present

in the OH layer.
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Figure 12: a) Calculated spectra of the (7,4) transition P;-branch at 150 K. b) The same
spectrum as in a), but at 300 K. c¢) In black crosses: the sum of the spectra in a) and b)
as a ground-based observer would see, if a) and b) were at different altitudes of the
same OH layer. In magenta: the fitted spectra to the first three lines (with N <4). The
fit temperature is 185 K. At higher rotational lines, the integrated spectrum seems to

have an apparent excess population compared to the fit.
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Paper 3 (Franzen et al., 2019a) simulated this effect. The paper looks at how much AEP can be
expected from different climatological conditions and when waves with different amplitudes
and wavelengths perturb the background temperature profile. The paper concludes that large
waves in the atmosphere with an amplitude of 40 K and a wavelength of at least double the
layer thickness can create an AEP of 40 % for the J’ = 6.5 (N = 7) level. This effect will be
most dominant for OH observations over periods commensurate with the wave period, where
a wave will substantially modify the temperature slope through the layer. Paper 3 (Franzen et
al., 2019a) therefore showed that large scale waves with vertical wavelengths over ten
kilometres could change the OH airglow and the atmospheric parameters inferred by remote
observations. These integration effects must be removed from spectroscopic data before the

true, NLTE population can be observed and kinetic thermalisation models developed.

4.4 Paper 4

As stated in Equation (6), the intensity of any given line is only dependent on the degeneracy
and population of the upper state and the Einstein coefficient of the transition. Given different
lines originating from the same upper-level v’, J’, the difference in the line intensity is only
due to the different Einstein coefficients A. If any two lines from the same upper levels are

measured, the ratio between their intensities is therefore:

]_1 _ ngJI Nvl']/ Al _ ﬂ

=—, (10)
I, gv’,]’Nv’,]’AZ A,

There are always three different lines originating from a given upper state, ending in states that
are separated by -1, 0 or +1 rotational quantum numbers. These three lines belong to the R-, Q-
and P-branches respectively. Figure 13 illustrates a simple energy diagram for these three lines
from an upper state v’, J’. If one of the Einstein coefficients is known and the line intensities
can be measured, the other two Einstein coefficients can be determined relative to the known

transition probability.

French et al. (2000) measured these line ratios for the Q-branches of the (6,2) Meinel transition
relative to the P-branch and found that the intensities of the Q-branch lines were consistently
lower than tabulated values. Pendleton et al. (2002) explained these discrepancies as a result of
a possible uncoupling of the electronic angular momentum from the inter-nuclear axis and
coupling directly to the nuclear rotational angular momentum for the OH molecule in the (6,2)
vibrational band. Following this explanation, it would appear that the Q-branch Einstein

coefficients listed in HITRAN are generally too large relative to the P-branch coefficients.
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Figure 13: The transition from a given v’, J’ upper level to a different lower level v’’,
J’’ has three possible destinations, only varying in J’’. The R-branch will end at J*’ =
J’—1, the Q-branch at J°” = J’ and the P-branch at J/’’ = J’ + 1. All three originate from

the same upper level.

Paper 4 (Franzen et al., 2019b) measured these line ratios for seven other Meinel vibrational
transitions. Of the eight transitions shown in Table 2, the intensities of the (8,6) rotational
transitions were too heavily affected by atmospheric absorption and could not be used.
However, consistent with the French et al. (2000) results, the other vibrational transitions
generally showed Q-branch transition probabilities smaller than those listed in HITRAN.
Figure 14 shows the (6,4) transitions as an example (red in the figure). The solid line with
crosses are the line ratios derived from the NOTCam measurements; the dashed line with the
circles are the HITRAN values. As a comparison, the findings from French et al. (2000) are
shown in the same manner (black in the figure). While the absolute numbers are expected to
be different for the different vibrational transitions, the shape of the deviation between
measurements and the HITRAN values is comparable. The extent of the deviation depends on
the vibrational transition in question. The mechanics of the OH airglow could, therefore, be

observed on quantum scales.
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Figure 14: Line ratios of the (6,4) transition from paper 4 (Franzen et al., 2019b) in red
and the (6,2) transition from French et al. (2000) in black. The dashed lines with circles
are the corresponding values from the HITRAN database. Both publications show
similar results, i.e. smaller Q-branch Einstein coefficients and intensities in the

measurements compared to the calculations.
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5. Conclusion

The starting point of this thesis was to employ astronomical spectroscopic data to remote sense
the atmosphere. Since the OH airglow contaminates standard astronomical observations in the
near infrared, the archive of telescope background spectra provides an extensive source of
information for atmospheric research. Paper 1 (Franzen et al., 2017) showed how astronomical
observations could be prepared for OH airglow measurements by masking out the star,

removing the dark current and adjusting for the telescope optics.

The extracted spectra of the OH Meinel airglow have a very high signal-to-noise ratio and a
high temporal and spatial resolution, compared to other observations. With observation of the
(9,7) Meinel transition at zenith over about two hours of observations, I was able to detect
wave-like intensity fluctuations or QPS on very small scales between 60 and 4.5 m. Paper 2
(Franzen et al., 2018) shows these QPS followed a Kolmogorov-type cascade for the whole
wavelength region observed, suggesting that these QPS are breaking waves in the MLT. Other
horizontal waves or QPS have been observed at the scales between one to hundreds of
kilometres. These larger scale QPS also showed a Kolmogorov-type cascade with slope of
- 5/3. My results are therefore an extension of the breaking QPS power spectrum to previously
unobserved wavelength ranges. This extension makes it possible to use a Kolmogorov cascade
parametrisation of the waves down to the metre scales, instead of using more time consuming

and involved simulation methods.

With these high quality and long-exposure spectra, I was able to measure the Einstein
coefficients of the Q-branches of seven different Meinel vibrational bands. These
measurements extended the work of French et al. (2000), who found that the (6,2) Meinel
transition had significantly smaller Einstein coefficients for the Q-branch than previously
described. These unexpected results were explained by Pendleton et al. (2002) by an
uncoupling of the electronic angular momentum from the inter-nuclear axis and directly with
the nuclear rotational angular momentum. With the data from the NOT, I was able to show that
several more transitions appear to have smaller Einstein coefficients than theoretically
predicted and give precise numbers for the relative coefficients in paper 4 (Franzen et al.,
2019b). I was also able to show that this effect varies with vibrational level, with levels v’ < 4,

where vibration-rotation effects are also smallest, least affected.

In paper 3 (Franzen et al.,, 2019a), I conducted a simulation of large scale waves in the

atmosphere. Waves with wavelengths of several tens of kilometres and amplitudes of 20 and
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more K can change the fitted temperatures to an OH airglow spectrum. This behaviour is
possible due to different temperatures in different parts of the OH layer. A ground-based
observation is only able to observe the integral through the whole layer and will not observe a
single temperature profile, but a spectrum characterised by all temperatures in the layer. This
integration can show apparent excess populations in high rotational levels of the OH. At the
same time, these high apparent populations in the high J’ levels resemble populations measured
in conditions where the OH was in NLTE, even though my simulation was performed in strict
LTE conditions. The effects of temperature variations across the OH airglow layer can
contribute up to half of the excess emission intensity at high rotational levels, leading to
overestimations of the NLTE populations that must be corrected in order to formulate

thermalisation models.

To conclude, in this thesis, I have shown how useful astronomical spectral measurements can
be to atmospheric OH airglow research on several scales. On quantum scales, they can be used
to measure Einstein coefficients, on small scales of a few metres to observe small-scale QPS
contributing to the wave-breaking process, and on large scales, waves can change the apparent

behaviour of the rotational levels of the excited OH.
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Abstract. Astronomical spectroscopic observations from
ground-based telescopes contain background emission lines
from the terrestrial atmosphere’s airglow. In the near in-
frared, this background is composed mainly of emission from
Meinel bands of hydroxyl (OH), which is produced in highly
excited vibrational states by reduction of ozone near 90 km.
This emission contains a wealth of information on the chem-
ical and dynamical state of the Earth’s atmosphere. However,
observation strategies and data reduction processes are usu-
ally optimized to minimize the influence of these features on
the astronomical spectrum. Here we discuss a measurement
technique to optimize the extraction of the OH airglow sig-
nal itself from routine J-, H-, and K-band long-slit astronom-
ical spectroscopic observations. As an example, we use data
recorded from a point-source observation by the Nordic Opti-
cal Telescope’s intermediate-resolution spectrograph, which
has a spatial resolution of approximately 100 m at the air-
glow layer. Emission spectra from the OH vibrational man-
ifold from v’ =9 down to v’ = 3, with signal-to-noise ratios
up to 280, have been extracted from 10.8 s integrations. Ro-
tational temperatures representative of the background atmo-
spheric temperature near 90 km, the mesosphere and lower
thermosphere region, can be fitted to the OH rotational lines
with an accuracy of around 0.7 K. Using this measurement
and analysis technique, we derive a rotational temperature
distribution with v’ that agrees with atmospheric model con-
ditions and the preponderance of previous work. We discuss
the derived rotational temperatures from the different vibra-
tional bands and highlight the potential for both the archived
and future observations, which are at unprecedented spatial

and temporal resolutions, to contribute toward the resolution
of long-standing problems in atmospheric physics.

1 Introduction
1.1 OH airglow

The atmospheric region between 85 and 90km repre-
sents a transition zone that lies between the thermosphere,
where collisions are rare, and the collision-dominated, well-
mixed mesosphere. This mesosphere and lower thermo-
sphere (MLT) region is highly variable both chemically and
dynamically (Smith, 2004, 2012). It is driven from above
by diurnal, seasonal, and long-term changes in solar insola-
tion and from below by tides, planetary waves, and upward-
propagating gravity waves.

Photochemical reactions in the MLT play a key role in the
vertical distribution of energy. The major loss for mesopause
ozone is its reduction to molecular oxygen via

H+ 03 — OH* + 0,. R1)

This loss is balanced by the major source of the ozone, the
combination of molecular and atomic oxygen via a media-
tor M:

O0+0,+M— O3 +M, (R2)

where the atomic oxygen is formed by the dissociation of
molecular oxygen by solar radiation (Espy and Stegman,
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2002; Sigernes et al., 2003). Reaction (R1) is highly exother-
mic (> 3 eV), leading to production of vibrational levels from
v’ =7 to v" =9 of the OH product. Deactivation of these high
vibrational states primarily occurs through photo-emission in
the Meinel bands (Meinel, 1950), resulting in the bright OH
airglow, localized in a thick (~ 8 km thick) layer near 90 km,
that can be observed in the visible and infrared. Collisions
of each long-lived vibrational excited state (v’) with the sur-
rounding gas effectively thermalize the lower, closely spaced
rotational states into a Boltzmann distribution (Pendleton et
al., 1993). Hence, moderate-resolution spectroscopic mea-
surements of the relative population of the rotational lev-
els of individual OH vibrational bands can be used to re-
motely sense the temperature of the mesopause region. Fur-
thermore, the relative intensity of the individual vibrational
bands can be used to estimate the relative populations of the
v’ states. Comprehensive reviews on ground-based observa-
tions of OH and their applications to mesopause chemistry
can be found in von Zahn et al. (1987), Yee et al. (1997), and
Smith et al. (2010).

However, achieving high temporal resolution has often
only been possible at low spatial resolution (and vice versa).
In this paper we use J-, H-, and K-band long-slit observations
of an astronomical point source made by the Nordic Opti-
cal Telescope near-infrared camera and spectrograph (NOT-
Cam). This intermediate-resolution spectrometer was used
to obtain high-quality, very high spatial (< 100 m) resolu-
tion observations with short integration times (~ 10s). We
demonstrate how to extract and optimize OH atmospheric
spectral data from these astronomical observations and dis-
cuss the quality and validity of the derived data over the range
of vibrational bands. Finally, we consider some problems of
atmospheric physics that can be addressed with these new
data.

1.2 Instrumentation

Founded in 1984 and located in La Palma, Spain (17°53’ W,
28°45'N), the Nordic Optical Telescope (NOT) has a pri-
mary mirror with a diameter of 2560 mm (Djupvik and
Andersen, 2010). Its near-infrared camera and spectro-
graph, NOTCam (Abbott et al., 2000), has been used
for imaging since June 2001 and spectroscopy since Au-
gust 2003. The detector is a 1024 x 1024 pixel Rock-
well Science Center HgCdTe Astronomical Wide Area In-
frared Imaging (HAWAII) array. The low-resolution mode
(R=A/AX~2100) is sufficient to resolve the individual
rotational lines of an OH vibrational level. The dispers-
ing element is an echelle grism used together with broad-
band filters to sort the orders. In low-resolution spectro-
scopic mode the slit employed has a width of 128 um, cor-
responding to approximately 0.6 arcsec on the sky, and a
slit length of 4 arcmin. At an approximate OH layer alti-
tude of 87km (Baker and Stair Jr., 1988), 4 arcmin corre-
sponds to around 100 m on the sky. The detector has a dead
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time of about 10 s due to reading out processes after each in-
tegration. Further details on NOTCam spectroscopy can be
found in Telting (2016), and a description of the NOTCam in
Djupvik (2016).

During point-source astronomical observations, measure-
ments in the J, H, and K bands (1.165-1.328, 1.484-1.780,
and 2.038-2.363 nm, respectively) are typically taken. Al-
though each of these wavelength bands is observed indi-
vidually, atmospheric OH vibrational band transitions (7, 4)
and (8, 5) are simultaneously observed in the J band; the
3, 1), 4, 2), (5, 3), and a part of the (6 ,4) in the H band;
and the (8, 6) and (9, 7) in the K band (Meinel, 1950). The
(9, 7) band is of particular interest as it represents the highest
vibrational level populated by Reaction (R1).

2 Data reduction

To demonstrate the data reduction procedures required to
optimize the OH signal from routine astronomical observa-
tions, a single H-band spectroscopic exposure toward the star
21 Vir (spectral type B9V, H = 5.64 mag) with an exposure
time of 10.8 s was used. This exposure time was chosen as
an example as it is the shortest exposure time available in
the archive, although the methods presented here were de-
veloped and optimized for a variety of conditions with in-
tegration times up to 600 s, which is the longest integration
time available in the archive.

The H-band image presented here was taken in good as-
tronomical observing conditions at an air mass of 1.516 at
05:50UT on 19 February 2013, together with dark frames
and flat fields recorded with a halogen lamp on the same
night. The J- and K-band images presented in Sect. 3.2 were
recorded toward the same object with the same integration
time within 5 min of the H-band observation. The raw im-
age frame is reproduced in Fig. 1a. The vertical bright band
in Fig. 1a, located slightly to the left on the detector, is the
H-band spectrum of the star. The weaker, nearly horizontal
lines that curve upward are the atmospheric OH lines from
the (3, 1), (4, 2), (5, 3), and (part of the) (6, 4) vibrational
bands, listed from top to bottom in the image frame.

For the initial data reduction steps standard Image Reduc-
tion and Analysis Facility (IRAF; Tody, 1993) astronomical
procedures were followed. This entailed removing bad pix-
els (zero valued or cold) that are known and stable, and dark
frames were used to create a pixel mask to remove hot pixels
on the detector. The intensity of the OH lines is well within
the linear range of the array, so non-linearity effects could
be ignored. The dark current was removed using dark im-
ages taken toward the closed dome before observations be-
gan. Wavelength-dependent variations in transmission and
detector response were corrected by flat fielding using short
integrations of a halogen lamp with a known colour temper-
ature situated at the upper end of the optical path.
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Figure 1. (a) The array in its raw form. The bright star is visible as a vertical band slightly to the left of centre. The curved OH lines are
visible in the background. (b) The array after cleaning and flat fielding, with the star removed and the OH lines straightened. The unusable
parts of the array are blanked out in red, and the OH lines can be seen clearly.

The stellar spectrum is much brighter than the OH lines
and has to be removed. A linear mask, 60 pixels wide in the
spatial direction and centred on the star’s horizontal position,
was applied to the detector frame. Sixty pixels removed the
stellar influence while maintaining as much OH data as pos-
sible. The remaining OH lines do not appear as straight lines
on the array due to the intersection of the array detector with
the telescope’s diffraction optics. Instead they are parabolic,
with a curvature that varies linearly with spectral position. To
straighten them for integration, a line’s spatial and spectral
pixels (x, y') were mapped to a coordinate system where the
line appears at the same spectral location, y, along the entire
spatial extent, x, using the function y =y’ + (x — p1)%- p.
The detector is aligned such that the central position of the
parabola, p1, is constant at column number 465, and the cur-
vature, ps, is given by p» =3 x 107> +5.3x 1078 . y/. The
result after processing is shown in Fig. 1b.

Given this transformation, the OH lines could then be in-
tegrated in the spatial dimension, x, for a given value of
wavelength, y, with the standard deviation used to estimate
each line’s uncertainty, to form a high signal-to-noise spec-
trum (after accounting for the pixels masked out as described
above). Gaussian functions with a full width at half maxi-
mum of 0.42, 0.73, and 0.87 nm were found to fit the line
shape of the resulting OH lines in the centres of the J, H, and
K bands, respectively, to within the noise present in the data.
The fitting however is performed in units of pixels rather than
nanometres. The line width is constant in pixel units for each
band separately at 2.27 pixels.

Since the wavelengths of the OH lines are known (Roth-
man et al., 2013), and the lines are easy to identify, the abun-
dant lines themselves were used for wavelength calibration.
The brightest lines of the Q branch and the six brightest P-
branch lines of each transition were used for the calibration
of each filter band. For the H-band example presented here,
this led to a calibration based on 22 pixel-wavelength pairs
(only the main Q-branch lines were used for the (6, 4) tran-
sition). The wavelength calibration has only small non-linear
contributions.
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Figure 2. H-band spectrum of atmospheric OH extracted from the
data frame presented in Fig. 1. Red shading highlights parts of the
spectrum not used in the subsequent rotational temperature fitting.

3 Results
3.1 H-band data

In Fig. 2 the resulting H-band spectrum is shown based on
the total integration time of 10.8s. The spectrum has been
corrected using a relative spectral radiance calibration de-
rived from the flat-field source. However, an absolute cali-
bration could be achieved using observations of a standard
star of known intensity. The absolute calibration is however
not needed for this work as we are only interested in the hy-
droxyl temperatures. The flat fielding distorts the edges of the
spectrum slightly as the filter transmission nears zero in the
red highlighted regions in the figure. At the long-wavelength
end, the Q and R branches from the (6, 4) transition can be
seen. The other three resolved bands belong to the (3, 1),
(4, 2), and (5, 3) transitions. The signal-to-noise ratio is 280
for the Q-branch lines and around 200 for the P-branch lines
for this 10.8 s exposure. Longer integration times increase
these ratios further.

As can be seen in Fig. 2, the background is not completely
flat but has low-frequency variations that span wavelength
ranges greater than the OH line widths. Since these back-
ground variations will influence the relative intensities of the
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individual rotational lines, they impact the fitted OH rota-
tional temperature since it is strongly dependent on the rela-
tive heights of the lines. For this reason a seventh-order But-
terworth infinite-impulse-response (IIR) filter with a cut-off
(—3 dB point) at ﬁ was applied to the extracted 2-D spec-
tra to remove the low-frequency variability. This filter was
optimized through repeated tests on synthetic OH spectra to
have minimal impact on the temperatures derived from the
OH rotational lines. Figure 3a and b show the (5, 3) vibra-
tional band before and after application of this filter. After
filtering, the spectrum was normalized such that the sum over
the absolute values of the spectrum was equal to 1.

A model spectrum was created using the OH line
strengths, S/ ;», for a given vibrational transition, tabulated
in the HIgh-resolution TRANsmission (HITRAN) molecu-
lar absorption database (Rothman et al., 2013). The number
of photons emitted in each rotational transition, assuming a
Boltzmann distribution of population in the upper-state rota-
tional levels, is given by

3 Ey
I'=Ny-Sjjr-(vjjr)” -exp (_kTmt) ’

Here N,/ is the relative population of the upper vibrational
level, v/, and v jj» 18 the wavenumber of the transition from
the upper state level at potential energy E j: to the final rota-
tional state at energy E ;». To form the model spectrum, these
relative line intensities were convolved with the instrumental
line shape and then filtered and normalized in the same man-
ner as the data. A x> minimization using the rotational tem-
perature and a total intensity scaling factor as the variable
parameters was then performed between the model and the
data to determine the rotational temperature best fitting the
data. A Brent algorithm (Brent, 1973) from the GNU Sci-
entific Library (Galassi and Gough, 2009) was used for the
minimization. Following Pendleton et al. (1989), only rota-
tional lines originating from levels N <4 were used in the
fitting, since higher levels may not be thermalized. The tem-
perature fitting routine was tested against model data with
added Gaussian white noise where temperatures were varied
between 150 and 400 K. The resulting fit was found to repro-
duce the input rotational temperatures to within the fitting
errors of the temperature parameter.

Figure 3c shows the data from Fig. 3b along with the fitted
model spectrum shown as the red line. The fitted tempera-
ture in this case is found to be 186.5 £ 0.7 K, representing a
0.4 % relative uncertainty. The residual spectrum (data fit) is
shown in Fig. 3d, where it may be seen that, although small
differences in the wavelength calibration or line shape may
occur, the fitted spectrum accurately represents the observa-
tion. This and similar tests for the other Meinel bands and
different integration times demonstrate that the model used
is robust, that fitting the high-pass-filtered data works well,
and that the fit to the data converges to a temperature with a
small error.
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Figure 3. (a) Unfiltered spectrum of the (5, 3) transition. (b) Fil-
tered spectrum of the (5, 3) transition. (¢) Normalized spectrum
from (b) (blue crosses) with the fitted, filtered model spectrum
shown in red. The fitted rotational temperature is 186.5 £0.7 K.
(d) Residuals of the fit from (c).

3.2 Other vibrational bands

Figure 4 shows an overview of all the measured OH vibra-
tional transitions recorded in the H-, J-, and K-band spec-
tra taken toward the same star, extracted in the manner out-
lined above. The measurements in the J and K band were
executed at 05:53 and 05:47 UT, respectively, meaning that
the total time between all observations was about 6 min. All
spectra were taken with the same 10.8 s integration time and
are normalized to the same Q-branch intensity for compari-
son. For the majority of vibrational transitions, the signal is
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Figure 4. Spectra from the H, J, and K bands in wavenumbers relative to the Q(1) line in each band. The Q(1) lines of each spectrum are

aligned. Line positions for the (3, 1) transition are shown.

very much greater than the noise, providing excellent data for
temperature fitting, especially for the transitions in the H and
K bands.

Since the (7, 4) and (8, 5) transitions in the J band have
a Av =3, the lines are not as intense as in the other Av =2
bands. Due to the lower intensities of these Av =3 bands,
the signal-to-noise ratio is substantially reduced for this short
integration, which is typical of the NOTCam data. As a re-
sult, the fitting error for these bands was very large. While
longer exposures, or the co-addition of sequential short expo-
sures, would improve the fitting error of the OH (7, 4) band,
the R and Q branches of the (8, 5) band are overlapped by
the optically thick O, infrared atmospheric band at 1270 nm,
and the filter cut-off reduces its P1(4) line to near the noise
level. Thus, the temperatures for the (8, 5) bands would re-
main compromised even for longer integrations.

3.3 Temperature gradient

The peak concentrations of the neighbouring vibrational lev-
els are, on average, separated in altitude by 0.5 km (von Sav-
igny et al., 2012). Even though the absolute peak altitudes
are known to vary with season (Gao et al., 2010), they can
be taken as constant on the timescales of a few minutes over
which this experiment was executed. With a steady-state OH
model driven using a neutral atmosphere from the Naval Re-
search Laboratory Mass Spectrometer and Incoherent Scatter
Radar Empirical model (NRLMSISE) (Picone et al., 2002),
the altitude of the (9,7) transition was fixed. The relative alti-
tudes of the other vibrational transitions were then assigned
using an altitude separation of 0.5 km, the average separation
found by von Savigny et al. (2012). The rotational tempera-
tures derived from each of the individual vibrational bands
then provide an estimate of temperature gradients present
similar to what has been done by Perminov et al. (2007) and
Schubert et al. (1990).
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Figure 5. The temperatures from the data presented in Fig. 4 with
Av =2 in blue and Av =3 in red. Both are presented with their 1o
error bar. The altitude of the (9, 7) transition was fixed with a steady-
state model using a neutral atmosphere. The altitudes of the other
transitions are fixed with a relative distance between neighbour-
ing transitions of 0.5 km, following von Savigny et al. (2012). The
NRLMSISE temperature gradient for 19 February 2013 at La Palma
(17°53’ W, 28°45’ N) at 05:50 UT is shown as a dashed black line.
The same gradient but smoothed with a modelled OH distribution
in altitude is shown as a solid black line.

Figure 5 shows the distribution in altitude for the data pre-
sented here together with the NRLMSISE model kinetic tem-
perature for the corresponding location and time. In addition,
the NRLMSISE profile has been smoothed with the volume
emission rate profile of an OH band derived from the steady-
state OH model to reflect the effect of the OH layer width
on the rotational temperatures. The temperature profile from
this model is consistent with the gradients estimated from
our data for the (3, 1), (4, 2), (5, 3), (6, 4), and (9, 7) transi-
tions. It is important to note that the J-, H-, and K-band data
shown in Fig. 5 were acquired using sequential 10.8 s obser-
vations, spanning only 6 min. Thus, large deviations from the
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climatological gradients can occur due to wave activity (Xu
et al., 2000). While the agreement here may be fortuitous, a
time sequence of short integrations may give insight into the
wave-induced temperature gradients.

While the (8, 6) transition is anomalously high, it was
found that the P(2) and P(4) lines are partially absorbed
by atmospheric H,O and CO; (Jones et al., 2013; Noll et
al., 2012). To model the impact of this atmospheric absorp-
tion, synthetic spectra with rotational temperatures between
130 and 300 K were created. When these were fitted with the
technique described above, this input temperature could be
retrieved. When these synthetic spectra were however first
multiplied by a high-resolution (0.002 nm) absorption spec-
trum for seasonally averaged conditions obtained from the
Cerro Paranal sky model (Jones et al., 2013; Noll et al,,
2012), the fitted temperature was approximately 8% higher
than the original synthesized temperature. This would ac-
count for the higher fitted temperature of the observed (8, 6)
band shown in Fig. 5. Using this same technique, the tem-
peratures for all other vibrational-rotational transitions pre-
sented in Fig. 5 were examined and found not to be signifi-
cantly affected by atmospheric absorption.

With the intent of demonstrating that the NOTCam pro-
vides atmospheric data that can be used to supplement other
astronomical data sets used for aeronomic studies (e.g. Os-
terbrock et al., 1996; Noll et al., 2015; Cosby and Slanger,
2007), a sample short-integration spectrum was analysed,
and both the analysis procedure and the results are pre-
sented. With the exception of the weak or compromised
v/ =7 and 8 levels discussed earlier, the temperature vari-
ation with vibrational level observed using the NOTCam
and analysed here reflects the NRLMSISE kinetic temper-
ature to within 20. This is consistent with previous obser-
vations using ground-based spectrometers or interferometers
(e.g. Innis et al., 2001; Oberheide et al., 2006; French and
Mulligan, 2010; Dyrland et al., 2010). However, it must be
pointed out that the NOTCam measurements cover a very
short time span and may be affected by gravity-wave per-
turbations of the climatological temperature gradient of the
atmosphere represented by NRLMSISE. The temperature
distribution with vibrational level observed here shows a
small decrease toward higher levels, although this decrease
is, apart from the v’ =9, not significant at the 2o level. This
is at odds with the measurements of Noll et al. (2015) and
Cosby and Slanger (2007), who show strong increases in
temperature with vibrational level that they attribute to non-
thermodynamic equilibrium effects. However, our results are
consistent with the results of Liibken et al. (1990), Espy and
Hammond (1995), Wrasse et al. (2004), and Perminov et
al. (2007), who show similar or decreasing temperatures with
increasing vibrational level. Once again, the short duration of
these demonstration data is not able to resolve this apparent
discrepancy, but the larger NOTCam data set may prove use-
ful in this regard.
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Figure 6. Dates between November 2007 and June 2016 (which
is the coverage in the NOTCam archive) when the NOTCam was

mounted at the NOT and making spectroscopic astronomical obser-
vations.

4 Outlook

Near-IR spectroscopy with NOTCam has been performed
over the last 13 years toward point-like sources (stars or
marginally extended objects). NOTCam, in both spectro-
scopic and imaging mode, was mounted and used on the
telescope an average of 15% of the observing time be-
tween 2003 and 2016, spread evenly throughout the calen-
dar year. Thus, good seasonal coverage is available as indi-
cated in Fig. 6, which shows the distribution of dates between
November 2007 and June 2016 when the NOTCam was used
for long-slit spectroscopic observations.

The spectroscopic mode has been continuous and stable
with no change of optical elements, except for the addition
of the two broadband filters, Z and Y, in 2010. There has
been a change of detector, most recently in 2007, but each
array is well characterized. All data older than 1 year (the
proprietary period at the NOT) are available in the NOT data
archive. Figure 7 shows histograms of the total number of
spectroscopic observations taken in the J, H, and K bands for
each hour, indicating nearly uniform coverage in each wave-
length region.

With this data set, a variety of atmospheric problems can
be addressed. One example is to simply generate climatolog-
ical temperature gradients of the mesopause region from the
long-term data as in Fig. 5. High-quality long-term observa-
tions of the mean state, trends, and inter-annual variability
of this region are rare, especially at low latitudes, and can
serve as an important standard against which whole atmo-
sphere models can be validated.

Additionally, there is a long-standing discussion as to
whether the vibrationally excited OH quenches to the ground
state (“sudden death”) or relaxes to the next-lowest vibra-
tional level (McDade, 1991). Knowledge of the population
and quenching of the individual upper states is essential for
the interpretation of the OH airglow emission for remote
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Figure 7. (a) Total number of spectroscopic data frames recorded in each hour and each band with NOTCam between November 2007 and
June 2016. (b) Total hours of on-target integration time for spectroscopic data recorded in each hour and each band with the NOTCam in the

same period of time.

sensing of the mesopause region. These high-quality data
described above, together with a steady-state model, can be
used to estimate the ratio of single to multi-quantum quench-
ing efficiency accurately. Although these quenching rates
have been examined by Xu et al. (2012) using broadband
SABER measurements that combine multiple high-v’ and
low-v’ levels, the individual bands resolved by astronomical
telescopes would allow an unambiguous assessment of these
rates.

The data discussed here have very short integration times
as a demonstration of the worst-case conditions. This means
that a series of measurements of the same spot of the sky can
scan the OH layer with a repetition rate of down to 20 s. This
lies well below the upper boundary of gravity waves (Ko-
valam et al., 2011) and stretches into the domain of acoustic
and infrasonic waves. Although these waves have been ob-
served in the hydroxyl airglow (Bittner et al., 2010; Pilger et
al., 2013), the low spatial resolution of the observations cre-
ates ambiguity in their identification. Here the observations
have a spatial resolution on the airglow layer of about 100 m
(which is 4 arcmin), sampled with approximately 1000 pixels
in the spatial direction of the NOT detector. This resolution is
achieved with the telescope in “staring mode”, which means
without star tracking. The resolution with star tracking is de-
pendent on the slit orientation and is in the worst case up
to 6.7 x 2.7 arcmin over a 10.8 s integration. Using staring
mode, the high resolution in both the temporal and spatial
dimensions allows high-frequency waves to be measured at
a commensurate spatial resolution. This opens up new possi-
bilities to study the smallest structures of waves propagating
through the OH layer in the MLT. While staring observations
would recover the full spatial resolution of the instrument,
care should be taken with the slit orientation and choice of
direction to ensure that bright astronomical objects do not
interfere with the airglow observations.

Finally, in parallel with the atmospheric work, it will be
possible to quantify how the intensity of the mesospheric OH
background in the astronomical H, J, and K bands varies on
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different timescales (from minutes to years) over La Palma.
This will be useful in the planning and scheduling of obser-
vations in order to optimize dithering strategies and observ-
ing modes, especially important for instruments observing
simultaneously at optical and infrared wavelengths.

Data availability. Archive data from the NOTCam can be accessed
via http://www.not.iac.es/observing/forms/fitsarchive/ (Nordic Op-
tical Telescope, 2017).
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Observation of Quasiperiodic Structures in the Hydroxyl
Airglow on Scales Below 100 m
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'Department of Physics, Norwegian University of Science and Technology (NTNU), Trondheim, Norway, *Birkeland Centre
for Space Science, Bergen, Norway, *Nordic Optical Telescope, Santa Cruz De La Palma, Spain

Abstract Gravity waves are known to transport energy and momentum to the middle atmosphere. The
breaking processes associated with divergence of fluxes of energy and momentum into the atmosphere
occur on scales that cannot be resolved in models and therefore have to be parameterized. The question
remains as to whether it is possible to use a turbulence model on scales below 100 m and what kind of
turbulence model should that be. Here we use high spatial resolution observations of the OH nightglow
located near 90-km altitude from the Nordic Optical Telescope to observe quasiperiodic structures down to
horizontal scales of 4.5 m. These results indicate that a Kolmogorov type of energy cascade model of
turbulence with a —5/3 power law appears to be satisfied down to these short, 4.5-m scales.

1. Introduction
1.1. Gravity Wave Breaking

Gravity waves propagating upward from the lower atmosphere transport energy and momentum into the
upper atmosphere. As they propagate upward their amplitudes grow to conserve energy as the background
density decreases with altitude. Ultimately, wave-induced temperature gradients exceed the adiabatic lapse
rate (Holton, 1982; Lindzen, 1981). When this occurs, the waves begin breaking, dissipating energy and
depositing momentum into the surrounding atmosphere (Staquet & Sommeria, 2002). There are also other
breaking mechanisms that can lead to instabilities, including self-accelerating instabilities (Fritts et al.,
2015), wave-induced shears, or wind-induced critical levels, where the intrinsic wave speed approaches that
of the wind (Fritts & Alexander, 2003). These breaking processes generally take place in the mesosphere and
lower thermosphere (MLT), where this wave momentum drives the mean flow away from radiative equili-
brium and produces a pole-to-pole meridional circulation in the MLT (Holton, 1983).

The intensity of the terrestrial airglow layer, produced at night by chemiluminescent reactions associated
with the recombination of atomic species that have been photodissociated during the day, is modulated
by the temperature and density perturbations associated with these gravity waves as they pass through
the layer. The hydroxyl (OH) airglow near 90 km (Meinel, 1950a, 1950b) is one of the more intense emissions,
and observations of the OH airglow are often employed to measure gravity waves and breaking features in
the MLT region (Diettrich et al., 2005; Fritts et al., 2017; Li et al.,, 2005). Responding to a wide range of vertical
wavelengths (Liu & Swenson, 2003; Swenson & Gardner, 1998), measurements of the horizontal wavelength
of gravity waves have been made with OH airglow imagers (Sedlak et al.,, 2016; Taylor et al., 2007). Studies
such as these typically detected atmospheric gravity waves in the OH airglow layer on scales of the order
~1 to hundreds of kilometers. Other studies (Dewan et al., 1992; Fritts et al., 2017; Hecht et al,, 1997) have
observed turbulent and wave-breaking features in the OH layer on scales larger than a kilometer and with
frequencies up to 0.01 Hz.

During the breaking process, the waves do not instantaneously deposit all their energy. Rather smaller and
smaller structures are created with ever increasing wave numbers in the process (Becker & Schmitz, 2002).
These smaller-scale structures, including secondary waves and turbulence, can have a phase direction differ-
ent from that of the primary wave (Fritts et al., 2017) and carry less energy. Kolmogorov (1941a, 1941b)
described this cascade-breaking process with a simple diffusion model, where the energy cascades as a
—5/3 power law with the wave number of the wave like structure. While some measurements of the OH air-
glow have observed such a —5/3 power law for kilometer-scale waves (Dewan et al., 1992; Hecht et al., 2005),
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228 it is unclear whether this turbulence model can be assumed at the smal-
226 lest, parameterized scales below 100 m to characterize this energy

2.24 | 2.24 transfer.
E 222 - 222 E In this paper we will present measurements on the OH airglow Q branch of
% 22 B0 - 22 % the (9,7) transition at 2,100 nm to 2,250 nm. These measurements have
%2_18‘ 218 % been made using the NOTCam spectrograph mounted on the Nordic
3 ‘ 3 Optical Telescope (NOT) in La Palma. The high throughput of the system
= 216 216 = coupled with its high temporal resolution (~10 s) affords the opportunity
2.14 1214 to utilize the high spatial resolution along the slit (10 cm/pixel) to measure
212 212 quasiperiodic structures (QPS) in the OH with horizontal wavelengths
21 21 below 100 m. The energy cascade of these small-scale structures comple-

50 -40 30 -20 -10 0

Figure 1. Example of one integration from May 2016. The integration time is

10 20 30 40 500 0.5 1
Relative distance on the sky [m]

ments previous studies at larger scales and adds to a further understand-

Rel. Intensity ing of the energy deposition of gravity waves in the MLT.

1.2. Instrumentation and Data

20 s. Only the (9,7) transition is shown with P, Q, and R branch from top to
bottom. The left side shows the spatially resolved picture along the slit over  The measurements presented in this paper were taken with the NOT. The

100 m of sky at the OH layers’ mean altitude. The right side shows the
accumulated spectrum over the whole slit. The blue area marks the Q branch,
while the red areas mark pure background noise areas on both sides of the Q

branch.

Table 1

Technical Details of the Observations

NOT is part of the Spanish Observatorio del Roque de los Muchachos, situ-
ated in La Palma, Canary Islands, Spain (17°53’ W, 28°45'N). The telescope
has an f/2 primary mirror with a diameter of 2,560 mm (Djupvik &
Andersen, 2010). The spectroscopic instrument used here is the NOT
near-infrared Camera and spectrograph (NOTCam). The detector is a
1,024 x 1,024 pixel Rockwell Science Center HgCdTe “HAWAII" array. The slit size is 50 mm by 0.128 mm, with
a field of view of 4 arc min by 0.6 arcsec. Taking the altitude of the OH layer to be 87 km (Baker & Stair, 1988),
this projects to a spatial area of 100 by 0.25 m on the OH airglow. Therefore, effects across the slit width are
neglected in this work. The filter used here is a K' bandpass filter for wavelengths between 1,950 nm and
2,290 nm. Both the (9,7) and the (8,6) transitions can be found in this wavelength region. The resolving power
used, R=1/AA~2, 100, is sufficient to separate the R, Q, and P branches, as well as to resolve or partially resolve
the individual rotational lines in each branch, as shown in Figure 1.

Data were obtained for two, approximately 1-hr-long observing periods on both 21 May 2016 and 20 June
2016 without automated star tracking. Instead, the telescope was pointed to the zenith in a staring mode
and away from the galactic plane with the slit length orientated perpendicular to the apparent movement
of the stars in the sky. That is, the slit was oriented on the north-south axis. In this orientation, stars pass
through the 0.6 arcsec field of view of the slit width in 0.04 s, minimizing their effects on the background.
For each hour of observation, spectra were recorded using an integration time of 20 s (21 May) or 10.8 s
(20 June). After each integration there was a dead time of about 12 s during which time the detector was read
out. Table 1 below summarizes the observations.

Figure 1 below is a typical example of a single 20-s integration recorded during May that shows only the (9,7)

transition of OH and describes the techniques used to process the data. The basic data processing for telescope

data of the OH is described in Franzen et al. (2017). Briefly, the effects of the known bad pixels on the detector

and the curvature of the image due to focal plane orientation were corrected. Similarly, a dark image was used
to remove detector background, and the relative spectral sensitivity was
corrected using a 3200 K deuterium lamp as a flat field calibrator right
before or after the observations.

Date of observation

21 May 2016

Integration time (s)
Repetition time (s)
# of integrations
Total time (min)
Time (UT)

22:07-23:18

20 June 2016 Shown on the left side of the figure is the detector image with the horizon-
20 108 tal axis showing distance along the slit length, mapped to the nominal 87-
32 24 km altitude of the OH layer (Baker & Stair, 1988). The vertical axis is the
133 167 spectral axis labeled in wavelength. The image grayscale is inverted, and
71 67 the individual OH spectral lines in emission are therefore seen as the black
22:23-23:30

horizontal lines in the image.

Note. Shown are the dates of the observation, the integration times, the
total repetition time between each two integrations (integration time plus
read-out time), the total number of integrations executed, and the total
time of the whole observation, as well as the UT time of the observations.

On the right side of Figure 1, the spectrum is integrated along the horizon-
tal, slit-length axis to show the total intensity as a function of wavelength.
The spectrum is presented in uncorrected relative intensity for simplicity.
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Figure 2. Example keogram of a quasiperiodic structures (QPS) event across
100 m of sky. The display lasted from minute 31 to minute 38 of the obser-
vation from 21 May 2016. The integration time per time step is 20 s. Three
QPS crests are visible over the course of about 7 min, moving to the right
of the picture. The QPS crests’ positions are highlighted in yellow by a poly-
nomial fit of second order through the maximum values along the three
crests. The observed wavelength is around 30-40 m. The intensity color scale
is in counts.

The blue area marks the Q branch in the center of the (9,7) transition. The
two red areas on either side mark areas of background noise free of OH
lines. The P branch can be seen at longer wavelengths, while the R branch
is visible at shorter wavelengths.

2. Method

The spectrum on the right side of Figure 1 shows the sum over all 1,024
pixels along the slit of the telescope. However, each column of pixels from
the left side of Figure 1 shows the spectrum for each 10-cm-wide position
on the sky along the slit length. A variation across the observed 100 m of
sky will therefore be visible as a change in the intensity of the spectrum
between these columns.

There is an underlying background in the spectra presented in Figure 1
that is obvious in the integrated spectrum on the right. To remove this,
the background level on either side of the Q branch is measured, and
the background below the lines of the Q branch is approximated by linear
interpolation and then subtracted. Then, the signal across the Q branch
from 2,148.5 to 2,165 nm is integrated for each column to obtain the total
intensity of this branch, independent of the rotational temperature, for
each spatial element along the slit length. A 10-pixel median filter, which
represents T m at the OH altitude, is applied to the integrated Q branch
along the slit columns to increase the signal-to-noise ratio and avoid alias-
ing in the subsequent analysis.

This procedure is employed on each 10- or 20-s data sample, yielding

the time evolution of the Q branch intensity at every spatial location along the slit. The temporal sequence
is combined to form a keogram (Eather et al,, 1976), an example of which is presented in Figure 2. The
figure shows the intensity along the slit for each time along the horizontal axis with intensities shown
by the color scale. Three bright lines of high intensities (highlighted in the figure by a simple polynomial
fit of second order through the maximum values of each of the three crests) are visible, indicating three
QPS crests moving to the south over the course of 7 minutes. The wavelength of the QPS shown is about
30-40 m, with small variations. If the orientation of the structure is at an angle ¢ relative to the slit direc-
tion, this wavelength would be longer by a factor 1/ cos ¢ than its true wavelength. A discussion of the

Wavelength [m]

50 20 10 5
E T T T T
— Energy Spectrum
:<|x 0.06 |- _Peak integral
G | T 99 % confidence | |
- | % 90 % confidence
g 0.04 50 % confidence
[a]
I i
B o002t
&
3
w 1 1 1
S 0
w 0 0.2 0.4 0.6 0.8 1 1.2 1.4
km™]

Figure 3. Lomb-Scargle periodogram of one time step from around the mid-
dle of the example event presented in Figure 2. The clear peak around the
wave number 0.19 m™" (corresponding to a 33-m horizontal wavelength) is
marked by the black vertical line. The integral over the peak is shown in blue.
Other, smaller peaks show events whose durations were less than one
Brunt period and are therefore not counted as an event. The blue horizontal
lines show the lines of 50%, 90%, and 99% confidence in dotted, dashed, and
dash-dotted, respectively.

implications of this projected wavelength compared to the real wave-
length will be given later in the paper.

In order to quantitatively extract even weak structures and their temporal
duration, we present a method based the work of Humberset et al. (2017).
As detailed below, the method uses a Fourier-based technique to
separate the spatial frequencies present and a correlation between the
temporal samples to determine their duration. The example of QPS pre-
sented here in Figure 2 will serve as the example through the steps of
the procedure.

We employ a Lomb-Scargle algorithm (Lomb, 1976; Scargle, 1982) along
the slit length, which yields the energy spectral density per spatial-
frequency interval at each temporal sample. As an example, a time step
from the middle (at about 4.3 min into the keogram presented in
Figure 2) is used as input data to the Lomb-Scargle algorithm. The result-
ing energy spectral density is shown in Figure 3. If random noise in the
data has a probability, p,, of creating a spectral estimate of amplitude.
Z,, then the level of confidence, (1 — p,), with which one can eliminate
the hypothesis that random noise in the data created a spectral amplitude
Z, is given by
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Figure 4. Temporal evolution of the energy of the QPS (spectral density inte-
grated over the full width at half maximum wave number bin between

016 m~ " and 0.22 m ") for the data presented in Figure 2. This shows the
fluctuation to be an isolated event, with a duration of approximately 600 s.

zoz—ln[1 -(1 —po)ﬂ7

where N is the number of data points (Scargle (1982). The blue horizontal
lines in Figure 3 represent the spectral amplitudes where random noise
can be excluded as the source with 50%, 90%, and 99% confidence, shown
as dotted, dashed, and dash-dotted lines, respectively. The highest peak in
the spectrum, significant above the 90% confidence level, appears at radial
wave number k=27/A=0.19m " (or33 m wavelength). This corresponds
to the approximate distance between QPS crests that can be seen in
Figure 2. The relative energy in the peak is taken to be the integral over
the peak’s full width at half maximum, 0.06 m~', which is set by the total
distance spanned by the slit length.

This integral over the peak is executed for the Lomb-Scargle periodogram
of each individual time sample. Regions of significant (at the 50% confi-
dence level) energy spectral density at wavelengths that are coherent over
time indicate an event rather than random fluctuations. While a 50% con-
fidence level on an individual spectrum is relatively low but tolerable
(Vetterling et al., 1992), we require a peak to be above the 50% level over
at least a full Brunt period. This means that the peak would occur at or
above the 50% confidence level at least 10 times in a row, allowing one
to say that at the 99.9% confidence level, random noise in the data is
not responsible for this peak.

For example, for the data presented in Figures 2 and 3, the temporal evolution of the energy (the spectral

density integrated over the full width at half maximum wave number bin between 0.16 m

1 and

0.22 m™") is shown in Figure 4. The data in the Figure have been smoothed with a 1.5-min running median
filter, and the event is visible for a duration of about 600 s.

To determine which events show coherent behavior in time and to get a consistent, quantitative measure of

o
©

©
o)}

Auto-correlation
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o
N

-500 0 500

Time lag [s]
Figure 5. Lagged autocorrelation of the data presented in Figure 2 in the
integrated spectral density bin between 0.16 m~"and 022 m~ . The point
of 0.5 correlation is highlighted with blue lines for both positive and

negative lags. The lag at these points is +288 s, which yields an event length
of 576 s. This is consistent with the qualitative evaluation from Figure 4.

the length of the event, we use the autocorrelation function of the tem-
poral evolution of energy shown in Figure 4. An event with constant
energy with abrupt starting and ending times would have a triangular
lagged-autocorrelation function centered at zero lag with a maximum
value of 1. The lag at which the autocorrelation passes 0.5 in the positive
and negative directions represents the length of the event.

Figure 5 shows the autocorrelation of the example data discussed above.
The triangular structure is clearly visible and the points measured at a cor-
relation greater than 0.5 yield an event length of 576 s, which agrees with
the qualitative observation in Figure 4 of about 600 s. Events with a dura-
tion shorter than one Brunt period, which is roughly 300 s for the atmo-
spheric conditions during the experiments presented here, are attributed
to noise.

To treat the entire data set, a Lomb-Scargle periodogram is created for the
spatial distribution along the slit length, as described above, for each tem-
poral sample during the night. For each of these resulting periodograms,
the wave numbers of peaks with significance >50% level, as well as their
corresponding energies (the integral over the full width at half maximum)
and time, are recorded. Taking each peak separately, the time sample
when a significant peak first occurs is taken as the starting point, and the
time series of energy versus time at that peak position is formed for all con-
secutive time samples, where the peak remains significant at >50% level.
The resulting time series of energy is then autocorrelated as shown on
the example in Figure 5. A peak whose energy autocorrelation
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consistently remains above 0.5 for a duration longer than a Brunt period is taken to be a QPS. The process is
repeated for all peaks found to be significant at >50% level.

While QPS may occur with durations shorter than a Brunt period, we have limited our analysis to events with
duration of at least one period. This corresponds to about 300 s for the atmospheric conditions during our
observations, and requires the peak in the power spectrum to be at the 50% significance level in at least
10 consecutive scans. The choice of 50% as the minimum criterion for significance in a single periodogram
allows us to exclude random noise as the cause of the peak at an overall confidence level of 99.9%.
However, this does not imply that QPS of duration shorter than one whole Brunt period may not occur.

3. Results and Discussion

We employ the method presented in the previous section on the observations from both nights. The first
observation from 21 May yields 22 consistent QPS events. The second observation from 20 June yields 20
events. Together these 42 QPS events cover a time span of about 140 min. All the events span the wave num-
ber range from 0.11 m~' (@60 m wavelength) to 1.39 m~'(45m wavelength), which substantially expands
the range of QPS features that have been observed in the OH airglow.

Figure 6 below gives an overview over the 42 QPS events found. Figure 6a presents the events for the obser-
vations from 21 May 2016, while Figure 6b shows the results for the observations from 20 June 2016. Each
box represents one event, with the horizontal length showing the timespan over which the QPS could be
observed. The QPS events range between 300 and 1,100-s length, with an average of 490 s. The vertical width
of the box shows the full width at half maximum of the observed wave number peak from the Lomb-Scargle
periodogram. The wavelengths corresponding to the wave numbers are indicated on the axis on the right-
hand side. The darkness of the box indicates the relative energy of the event. A darker shade of gray repre-
sents a higher energy. It is apparent that events at smaller wave numbers have higher energy than those at
larger wave numbers.

Figure 7 shows a log-log plot of the relative energy (in Al*//) versus observed wave number for the events
from the two nights of observations shown in Figure 6. The linear trend on the log-log plot indicates a power
law relation between energy and wave number. The red line shows a power law fit that yields an exponent of
—1.62 + 0.08, with a correlation coefficient of —0.95. This value agrees to within one sigma with the —5/3 rela-
tion that would be expected from a Kolmogorov model of turbulent cascade (Kolmogorov, 1941a, 1941b).
This suggests that the relationship holds for the QPS fluctuations found in the OH layer with wave numbers
between 0.11 m~" and 1.39 m ™' (wavelengths between 60 and 4.5 m). Previous workers (Cot, 2001; Dewan
et al,, 1992; Hecht et al.,, 1994) have found similar exponential relationships between QPS energy and wave
number for QPS with kilometer scales. The results presented here suggest that the energy decay during
breaking continues down to wave numbers as small as 1.39 m™' (4.5 m wavelength), indicating that a
Kolmogorov type model can be used to describe the turbulent cascade of energy in the MLT down to
meter scales.

While the energy and the wave number show a clear correlation, the duration of the events is not correlated
to either the energy or the wave number. That means that longer duration events show no tendency to have
more or less energy than shorter ones, and that QPS events with higher wave numbers have no tendency to
last longer or shorter than waves with smaller wave numbers.

The observations presented here, as with any measurement, have their own biases. For one, we observe only
QPS with a well-defined wavelength structure and not random turbulent fluctuations. For another, we
observe these structures in the horizontal, not the vertical. Finally, we have no altitude information as to
where in the OH layer these structures may occur. Rocket observations near 90 km of the continuum of tur-
bulent fluctuations in the vertical have reported the break to the dissipative region between 10 and 40 m
(Hillert et al, 1994; Libken, 1992; Liibken et al., 1994, 2002; Millemann et al.,, 2002; Thrane et al., 1994).
Although we observe individual structures with well-defined wavelengths at shorter scales, we would expect
the break toward the dissipative region at smaller scales if the structures were occurring at the bottom side of
the OH layer at lower altitudes (Liibken, 1992). Similarly, are we not aware of similar studies for horizontal
observations, or for short-scale structures with a well-defined wavelength as presented in this paper.
Observational biases in the two techniques, as well as the fact that we are not observing the same
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Figure 6. Overview over the 42 quasiperiodic structure (QPS) events detected at their observed wave numbers (wave-
lengths) and their durations in time. The wave number shown is that projected onto the slit direction. The darkness of
each box indicates the energy of the QPS perturbation, with darker shades indicating higher energy. The highest wave
number observed during the two nights is 1.39 m71, which corresponds to a wavelength of 4.5 m. (a) Observations from 21
May 2016. The QPS event from Figure 2 is highlighted in red. (b) Observation from 20 June 2016.

phenomena (random turbulence in the vertical vs. horizontal periodic structures) may account for this
apparent discrepancy.

In order to examine whether detector effects could influence the results, we repeated the analysis proce-
dure on the P branch of the OH (9,7) band. The P branch is spread over a wider range of wavelengths as
can be seen in Figure 1. As a consequence the P branch is more vulnerable to any leftover detector
effects. We again subtracted a linear interpolation of the background. Lines up to N = 8 used as higher
rotational lines were cut off by the filter. The events presented in Figures 6 and 7 were found in the P
branch as well, after employing the same reduction steps as for the Q
branch. Small changes within the statistical noise limits were found in

the length, the precise wave number, and the relative energy, and the
slope of the energy cascade agreed with that found for the Q branch
to within one sigma standard deviation.

To further test that no stray detector signals caused variations along the
slit length that would be interpreted as QPS events, the same procedure
was repeated for areas between the OH lines where there was no airglow
signal. Again, a background on either side was linearly interpolated over
the signal region and the analysis carried out as described above. With
no airglow signal present, no QPS event longer than the Brunt period
could be detected. These two tests demonstrate that the results presented
above are very small-scale, QPS in the OH airglow and not the result of ran-
dom fluctuations or localized detector effects.

Finally, we note that the fact that we observe these QPS features implies

Wavenumber k [m'1]

0 that either wind speeds are small or the features are not locked to the
10 wind. The latter would be true for turbulent features associated with grav-
ity wave breaking that move with the phase of the parent wave rather than

the background wind (Fritts et al., 2003). Thus, depending upon the

Figure 7. Logarithmic plot of the relative energy in AI/I* versus the wave ground propagation speed of the wave, small-scale structures could
number of the 42 observed events (stars). A clear correlation of —0.95 is remain within the field of view of the telescope for times long enough to

measured. The power-law fit (red, dashed line) yields an exponent of
—1.62 + 0.08. This suggests that quasiperiodic structures up to a wave
number of 1.39 m™~ ! follow the dissipative process of the Kolmogorov cas-

be observed. An extreme example would be a breaking mountain wave,
where its associated instability structures would be relatively stationary

cade model during breaking (shown as a black solid line parallel to the data). ~ to a ground-based observer.
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A number of simulations were executed using synthetic data of QPS events with added white noise to verify
that the procedure could retrieve wave numbers and energies correctly. This test was executed and recov-
ered the input results for noise levels up to twice those found in the data.

To examine whether sampling the field in one direction distorted the energy spectrum, a number of QPS
events with energy and wave number pairs following a Kolmogorov-like —5/3 power law were generated
with random orientation angles, ¢, relative to the slit direction. These were then projected onto the slit,
lengthening the wavelengths by a factor of 1/ cos ¢. The resulting data were fitted with a power law, as
the data presented in Figure 7 above. The resulting exponent in the statistical mean over many simulations
is —1.58 + 0.08 which is within the standard deviation of the measurements presented here and the pre-
dicted value of —5/3 (—1.67) from the Kolmogorov law. We therefore infer that projecting the wave onto
the slit direction does not change the result or our interpretation.

To demonstrate that the projection of the wave onto the slit does not artificially create a power law of —5/3,
we generated QPS events with completely randomized energies and wave numbers lying in the range of
observable energies and wave number of the instrument. We then projected these onto the slit direction
and repeated the fit as presented in Figure 7. The resulting energy spectrum shows no correlation or signifi-
cant relationship between energy and wave number. This indicates that the projection of the waves onto the
slit direction cannot artificially create a Kolmogorov-like power law.

4, Conclusion

Three hundred spectra of the (9,7) OH vibrational transition were taken during two nights in May and June
2016 with the NOT in La Palma. The temperature-independent total intensity of the Q branch was calculated
for each spectrum. Variations in OH airglow intensity along the slit of the camera showed QPS patterns. The
wave numbers and energies of these QPS events were found employing a Lomb-Scargle periodogram. QPS
features with wave numbers up to 1.39 m~" could be observed. This wave number corresponds to a wave-
length of about 4.5 m.

The consistency over time and the duration of the events were tested and calculated with an autocorrela-
tion function test. The logarithm of the energies and corresponding wave numbers of the QPS events
showed a very strong anticorrelation of —0.95. A least squares fit showed that the two quantities are con-
nected via a power law with an exponent of —1.62 + 0.08. This result lies within one sigma of the standard
deviation with the predicted value of a Kolmogorov type model. This correspondence indicates that QPS
down to scales of 4.5 m horizontal wavelength follow a Kolmogorov-type energy cascade during breaking
and that this type of energy cascade model can be used to characterize scales down to 4.5 m in atmospheric
gravity wave models.

These results were tested by using the intensity of the P branch instead of the Q branch, which yielded the
same results within one sigma standard deviation. However, no QPS longer than at least one Brunt period
could be found when employing the method presented here on a spectral area without OH airglow lines.
This verifies that the QPS features observed were due to the OH airglow and not associated with position
on the detector or stray detector signals.
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ABSTRACT

Spectroscopy of the hydroxyl (OH) airglow has been a commonly used way to remotely
sense temperatures in the mesopause region for many decades. This technique relies on
the OH rotational state populations to be thermalised through collisions with the
surrounding gas into a Boltzmann distribution characterised by the local temperature.
However, deviations of the rotational populations from a Boltzmann distribution
characterised by a single temperature have been observed and attributed to an incomplete
thermalisation of the OH from its initial, non-thermodynamic equilibrium distribution.
Here we address an additional cause for the apparent amount of excess population in the
higher rotational levels of the OH airglow brought about by integrating these OH
emissions through vertical gradients in the atmospheric temperature. We find that up to
40 % of the apparent excess population, currently attributed to incomplete thermalisation,
can be due to the vertical temperature gradients created by waves. Additionally, we find
that the populations of the different upper vibrational levels are affected differently. These
effects need to be taken into account in order to assess the true extent of non-

thermodynamic equilibrium effects on the OH rotational populations.



INTRODUCTION

The hydroxyl (OH) airglow has been employed for many years for remote sensing of the
Mesosphere and Lower Thermosphere (MLT) region (Meinel, 1950b, 1950a). The 8-km
thick airglow layer is created at about 90 km altitude (Baker et al., 1988; Xu et al., 2012)

by the highly exothermic reduction of ozone:
H + 05 » OH* + 0, (—76.9 kcal - mole™?) (1)

The excess heat of reaction, 76.9 kcal-mole’! (~3.3 eV), produces the OH" in excited
vibrational quantum levels of v’=6-9 (e.g. Mlynczak et al. (1993)). Subsequent radiative
cascading and collisional-deactivation produces OH" in all vibrational levels < 9.
Radiative de-activation can occur between any two vibrational quantum levels, but

transitions with Av = 2 are preferred (Langhoff et al., 1986).

The excess energy of reaction (1) also creates rotational excitation within the OH"
molecule in addition to the vibrational excitation. The nascent rotational population for
high rotational levels, J°, shows a distribution characteristic of a temperature far above
the local atmospheric temperature. Dodd et al. (1994) reported a nascent temperature of
760 K for v’ =9 and up to 2600 K for the v’ = 6. Others report temperatures as high as
10* K (Khomich et al., 2008).

Low rotational levels with energy separations less than k7, typically exchanged during
collisions, have been observed to have efficient energy transfer and are thermalised
(Maylotte et al., 1972; Polanyi et al., 1972; Polanyi et al., 1975). Thus, these states are
observed to be in local thermodynamic equilibrium (LTE) (Harrison et al., 1970; Harrison
et al., 1971; Sivjee et al., 1972; Sivjee et al., 1987; Pendleton et al., 1993; Perminov et
al., 2007). However, emission from the upper rotational levels, where the energy
separation exceeds kT, indicates an excess, non-thermalized population in the these higher
rotational levels (i.e. they are in non-local thermodynamic equilibrium or NLTE)
(Pendleton et al., 1989; Pendleton et al., 1993; Dodd et al., 1994; Cosby et al., 2007; Noll
et al., 2015). Work is currently underway to use observations of the excess populations
in the high rotational levels of the OH airglow to determine state-to-state quenching

coefficients and to understand the thermalisation process in OH (Kalogerakis et al., 2018).



Here we examine the effects of temperature gradients in the OH emission region on the
resulting vertically integrated spectrum of the Meinel Av=2 sequence. We assume that
the OH is in LTE at every altitude, and vertically integrate the emission in each rotational
line. We find that even if the OH is in strict LTE with the surrounding atmosphere, the
temperature gradients through the OH emission region will create apparent excess
emission in the higher OH rotational lines. These can be incorrectly interpreted as excess
population due to NLTE effects, affecting the subsequent calculations of the
thermalisation process. The deviations in the inferred populations from a single-
temperature Boltzmann distribution are compared with observations that include both
NLTE and temperature gradient effects. This comparison is made for realistic
atmospheric temperature profiles that have been perturbed with realistic atmospheric
gravity-waves in order to help quantify the true NLTE content needed to construct a

quantitative picture of OH thermalisation.

Overview of the OH emission

Figure 1 shows an example of the OH airglow volume emission rate (VER) and a
temperature profile, measured from the Sounding of the Atmosphere using Broadband
Emission Radiometry (SABER) instrument aboard the NASA Thermosphere Ionosphere
Mesosphere Energetics Dynamics (TIMED) satellite (Mlynczak, 1997; Russell et al.,
1999). This specific measurement is a zonal mean and monthly average from July 2016
between the latitudes of 20 and 30 degrees north. The OH VER from the vibrational levels
8 and 9 is shown in red in the figure, while the black curve shows the temperature profile.
It can be seen that the temperature is not constant through the OH layer. In this example
the atmospheric temperature changes by over 10 K through the layer. This observed
behaviour is similar to other observations, for example from French et al. (2010), who

compared TIMED/SABER observations with ground-based observations.

Waves will exacerbate this effect by perturbing both the OH VER and changing the
temperature gradient. Thus, the OH, even if thermalised at each altitude, will have
different temperatures at each of those altitudes. Any instrument that integrates through
the OH layer will therefore not see rotational line emission resulting from a single,
average temperature, but from the whole span of temperatures present in the layer. That

is, the emission from high rotational lines that occurs in the warm regions will be present



in the spectrum along with the predominantly low rotational level lines emitting from the

colder regions.
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Figure 1: Example of a typical temperature profile (black) of the airglow layer and the
VER (red -dashed) from the SABER satellite showing the variation of temperature
through the emission region. This specific measurement is a zonal mean and monthly
average from July 2016 between the latitudes of 20 and 30 degrees north for the Av=2

bands from the 8 and 9 upper-state vibrational levels.

METHOD

We utilise a steady-state model of the OH VER, described below, to synthesise individual
synthetic rotational spectra at 1 km intervals from 74 to 125 km, assuming that the OH is
in LTE with the local temperature at each altitude. Each rotational line is integrated in
altitude to give the net spectrum that would be observed by an instrument integrating
through the layer. The distribution of emission in the rotational lines is then used to infer
the population of the OH rotational levels, allowing us to quantify the portion of the
inferred excess population in the upper levels that is due to the temperature gradients

across the OH layer.



The OH model

The atmospheric background temperature and concentrations of N2, Oz, H and O are taken
from the empirical model of the US Naval Research Laboratory Mass Spectrometer and
Incoherent Scatter radar (NRLMSISE-00) (Picone et al., 2002). The steady-state ozone
concentration is then calculated from balancing the production and loss processes. The

production mechanism is:
0+0,+M-03+M, (2)

where M is a reaction mediator. The temperature dependent rate coefficients for these
reactions are taken from the International Union for Pure and Applied Chemistry
(IUPAC) Gas Kinetic Database (Atkinson et al., 2004). Loss processes include losses to

O via
0+ 03 - 202, (3)

using the reaction rate coefficient of Sander et al. (2003). The loss of O3 to atomic

hydrogen,
H+0; - OH" + 0, 4)

was also used to calculate the production rate of OH" using the reaction rate coefficient
(Sander et al., 2003). Due to the exothermicity of reaction 4, vibrational levels from v’=6
to 9 can be populated. The production of each vibrational level OH*(v") is calculated
using the branching ratios from Sander et al. (2019). Collisional loss for each OH*(v’)
vibrational level was calculated for collisions with O, O, and CO; using the rate
coefficients of Dodd et al. (1991), Knutsen et al. (1996), Dyer et al. (1997) and Chalamala
et al. (1993), assuming quenching to the ground vibrational state, known as “sudden

death” (McDade et al., 1987).

The total radiative loss from each vibrational level is given by N,(z) / %, where N,(z) is
the concentration of the hydroxyl v’ vibrational level and its lifetime, 7, is taken from
Mies (1974). The total VER of any v’ to v” vibrational transition is then given by

Vivi(z) = @y - Nyv(z)/ 7, where @, is the vibrational branching ratio (Mies, 1974).



This radiative cascade into lower vibrational levels then acts as an additional production
term for levels below v’=9. Balancing these production and loss terms at each height
yields the steady-state concentration of each OH* vibrational level as a function of height,
Ny(z). Such a model has been shown to fit observations, for example TIMED/SABER
(Xu et al., 2012).

The wave model

As mentioned above, the background atmospheric temperature profile can be perturbed
by waves. We therefore include wave-induced temperature perturbations in the model.
Following Holton (1982), we limited the wave growth with altitude to maintain
temperature gradients to below the dry adiabatic lapse rate. The background atmosphere
mixing ratios from the NRLMSISE-00 model were also perturbed using the gravity wave
polarisation relations from Vincent (1984). This perturbed background atmosphere and
temperature profile were then used in the steady-state model for the OH to yield a new,

wave-perturbed N,(z) for the analysis.

Simulation of a ground-based measurement

The VER of a rotational transition for the J’ to J’’ state from the upper state, v’, of the v’

to v” vibrational band is given by:

(‘)v'v”
Vorpryrym = ., Ny (2) - Ny - Ay, (5)
where Ay, is the Einstein coefficient for the rotational transition and N, is the population
of the upper rotational level, J’. Assuming that collisions have thermalised the closely

spaced rotational levels with the surrounding gas at temperature 7, their population may

be described using a Boltzmann distribution written as:

—E .
— ’ . ]
Ny o = N,2(2]" +1)-exp (k : T(Z)) (6)
Where N, is the total population of the v’ vibrational level from the model, E; is the
energy of the J’ rotational level, and the factor 2(2J°+1) is the degeneracy of that level
(including A-doubling) (Herzberg, 1950).



Using the rotational transition probabilities of Rothman et al. (2013), the rotational line
VERs are calculated within a single v’ to v” transition assuming that the OH is in LTE
with the surrounding gas at each altitude and therefore follows a Boltzmann distribution
of population characterised by the local temperature. The VER of each rotational line is
integrated through the layer from 74 km through to 125 km to give the intensity of the
line, Iy;». This results in a net spectrum of low rotational lines that have been emitted
from the cooler regions along with high rotational lines that were emitted from the warm

regions, each weighted by the VER of the vibrational transition at each altitude,

Nv’(Z) 4 al/'v"/Tv’.

As an example, the OH model was used to create a synthetic spectrum of the (7,4)
rotational-vibrational band, assuming LTE at every altitude level, for conditions for mid-
July for a mid-latitude region. Specifically, the data presented are for Boulder, Colorado
(40.0° N; 105.6° W) to make a direct comparison with the findings from Pendleton et al.
(1993). The background temperature profile (black line) and the (7,4) VER variation with
altitude (red line) are shown in Figure 2 (a). These are perturbed by the wave with an
amplitude of 30 K at 90 km altitude, and a vertical wavelength of 30 km, shown in blue-

dashed. The wave has the form

2nz

) 7)

A, (2) - cos (

Where A.(z) is a function of altitude so as not to exceed the dry adiabatic lapse rate, and
@, for this example is defined as zero at an altitude of 74 km, which is the lower edge of
the model. The resulting distribution of rotational line intensities as a function wavelength
for two altitudes is shown in Figure 2 (b) and (c). The net spectrum as observed by a
ground-based instrument is analysed, as detailed below, to examine the influence of this

high-rotational level tail on the fitted temperature.
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Figure 2: (a) Illustration of the change in the OH airglow spectrum with altitude due to
the temperature profile. The red line shows a modelled VER profile of the OH in ergs cm
3 s!. The black line shows the background temperature profile retrieved from the
NRLMSISE-00 model. The blue dashed line shows the same temperature profile but
perturbed by a wave with an amplitude of 30 K at 90 km altitude and a vertical wavelength
of 30 km. The insets (b) and (c) on the right show OH spectra of the (7,4) transition at
different altitudes for the wave case. The temperature variation causes a higher relative

VER in the lower rotational lines at 95 km, but in the higher rotational lines at 80 km.

Temperature fitting
After integration through the layer, the relative population of the J’ state relative to the

lowest rotational energy level, Eo, is now given in terms of the line intensity by:

IIII —(E’—E)
JJ J 0
=Ny, - _— 8
2(2]/ + 1) 'A]l]ll 174 eXp( kT > 3)

Where N, is the integral of the vibrational band VER N,(z) - @,y / Ty over altitude, and
T is the effective rotational temperature of the altitude-integrated spectrum. From this, the

observed line intensities from rotational levels of known quantum number, energy, and



transition probability may be used to define the relative total population and temperature

using:

I]I]II . 1 (E]l - Eo)
In <2(2]' +1) -A],],,> = In(Ny1) _T[T ©)

Figure 3 shows the result in terms of Equation (9), of integrating each rotational line in
the (7,4) Meinel band for the atmospheric perturbation of a wave with an amplitude of 30
K at 90 km altitude and 30 km vertical wavelength. This is the same wave as shown in
Figure 2. Following Pendleton et al. (1993), fitting a temperature to the lowest three
rotational levels of the OH spectrum yields the dashed red curve shown in Figure 3. It
may be seen that the lowest three rotational levels are well characterized by a single,
Boltzmann rotational temperature, T13 = 155.8 £ 0.8 K, as has been observed in nightglow
spectra (Baker et al., 1985; Espy et al., 1995; Noll et al., 2015; Franzen et al., 2017).
However, there is excess emission in the higher rotational lines which could be interpreted
as populations exceeding that expected from a thermalised Boltzmann distribution. This
apparent excess population occurs even though the OH distribution was constrained to be

a Boltzmann distribution with a single temperature at each altitude.
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Figure 3: Population of P-branch lines of the (7,4) Meinel band as calculated with an
atmospheric background profile containing the wave shown in Figure 2. The energies
given on the x-axis are relative to the lowest rotational energy. An exponential fit to the
lowest three rotational levels (red dashed line) underestimates the populations at higher
levels. A non-linear fit as presented in Equation (10) can fit the intensities of rotational
levels as high as J” = 9.5, while reproducing the same temperature as the fit to the lowest

three levels.

A non-linear formulation can be used in order to characterise this excess population. This

non-linear fit is of the form:

I]’]ll _ 1 (E]I _EO) B (E], _EO) 2 "
l11(2(2]""1)"41’1”) _m(NV’)_T[T i (10)

Here fis a non-linearity parameter, which is a free parameter in the non-linear fit. This
non-linear fit is also presented in Figure 3 as a solid blue line, showing that the intensity
in rotational lines as high as J° = 9.5 is now fitted. The retrieved temperature Tz, = 154.9

+ 0.1 K, is the same as 73 within the fitting uncertainties.

Expansion to arbitrary waves

So far, we have considered only a single wave with one given amplitude, wavelength and
phase as an example. Different wave amplitudes A, will, of course, change the
populations seen in Figure 3. In the limiting case, where 4,, = 0, the original background
temperature profile is retrieved. Different wavelengths A,, will also change the shape of
the atmospheric temperature profile. Short 4, waves can change the temperature toward
both warmer and colder temperatures within the OH layer. Thus, their effect can be small
when integrated over the whole layer. Longer A,, waves, especially with 1,, on the order
of, or longer than, the thickness of the OH layer, can introduce a temperature change that
only warms one end of the layer and cools the opposite end. When such gradients
reinforce the background temperature change with altitude, they can change the total
integral over the OH layer substantially, as seen in Figure 3. Lastly, the wave phase ¢,

can change the influence of the wave on the total integral of the OH layer. The same wave

10



would have the opposite temperature perturbation if ¢,, was shifted by half a wavelength.
In this case, the wave would work against the natural temperature gradient of the
background atmosphere without a wave, resulting in a smaller effect than that shown in

Figure 3.

All three wave parameters - 4,,, 4,, and ¢,, - should therefore be considered when
modelling different waves to examine their influence on the total integrated OH spectrum.
In this research, the three parameters were adjusted in equidistant steps. The amplitude
A,, was varied between 0 K and 40 K at an altitude of 90 km, spanning a range of
previously observed semi-diurnal tide amplitudes (Hagan et al., 1999; She et al., 2002;
Shepherd et al., 2004; Zhang et al., 2006; Oberheide et al., 2011). The vertical wavelength
A was varied between 2 km and 80 km, spanning the range of gravity waves, tides and

planetary waves (Davis et al., 2013). The phase ¢,, was varied between 0 and 2.

RESULTS AND DISCUSSION

Figure 3 shows that a large atmospheric temperature gradient can produce higher
populations in the higher J’ rotational lines than would be expected from a strict LTE fit
with only one effective temperature. We now want to quantify how large this apparent
excess population can become and compare it to the study by Pendleton et al. (1993). An
ensemble of waves was simulated as described above. The apparent excess population
and the non-linearity parameter, 5, were calculated for each wave-perturbed temperature

background profile.

Figure 4 shows two different wave scenarios for the (7,4) transition. The red plot (with
the axis on the left-hand side) shows a no-wave scenario, where the atmospheric
background temperature profile from the NLRMSISE-00 model is used. The apparent
excess population is the ratio between the calculated intensity of a rotational line
integrated in altitude, and the intensity of that line predicted by a Boltzmann distribution
fitted to the distribution of integrated rotational line intensities using a single, effective
temperature. It is clear that the first three lines with J° < 3.5 can be characterised by a
single, effective Boltzmann temperature. However, all higher lines show populations in

excess of that expected from a single effective temperature. The effective overpopulation

11



approaches approximately 12.5% for J° = 9.5, even though the OH molecule is

thermalised with the local temperature at every altitude.

The blue bars (with the plot on the right side) show a scenario with a wave perturbing the
atmosphere. This specific wave has an amplitude 4,, = 30 K at 90 km altitude, 4,, = 30
km and ¢,, = 4.9 rad. This would be a large amplitude gravity wave, but still within the
range of atmospheric tidal observations. Although different J’ levels are affected
differently, the general shape is similar to that observed with the no-wave scenario.
However, the magnitude of the effect is much greater. The first three lines show the
populations expected in a single temperature LTE case, while higher J° levels yield
increasingly higher apparent excess populations. For the highest line considered in this
paper with J° = 9.5, the apparent excess population is twice that expected for a Boltzmann
distribution with a single effective temperature, despite the OH being in LTE at every

altitude.
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Figure 4: The calculated apparent excess population of the OH (7,4) P(J’) lines. Red on
the left is calculated with the climatological temperature gradient shown from
NRLMSISE-00 above Boulder, Colorado (40.0° N; 105.6° W) in mid-July. Blue on the
right is calculated with a wave of A, = 30 K at 90 km, 4,, = 30 km and a phase that

yields the maximum effect, ¢,, = 4.9 rad.
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These results can be compared to the findings from Pendleton et al. (1993) in their figure
16, for the (7,4) transition above Boulder, Colorado during mid-summer, the same season
and transition as presented here. Although the measurement from Pendleton et al. (1993)
included NLTE effects, the overall shape of the distribution is similar to the LTE
simulations presented here. When comparing these results, note that Pendleton et al.
(1993) use the lower-state quantum number N, which corresponds to our J’ + %2. The
first three rotational levels reproduce the same population as an atmosphere in LTE
characterised by a single temperature, and above that, there is excess population. The
difference between the absolute numbers we observe and those of Pendleton et al. (1993)
indicates the portion of the NLTE that might be due to the temperature gradient effects
observed here. For example, Pendleton et al. (1993) reported an apparent excess
population of around a factor of 2 for the P1(N=7) (i.e. J’=6.5) line. However, for the two
cases presented here in Figure 4, there is less apparent excess population. While the no-
wave scenario yields an apparent excess population of 1.02, a background profile with a
wave yields 1.17 times the population. These numbers mean that up to about 17 % of the
effect Pendleton et al. (1993) observed could be due to wave activity and not NLTE
effects. Thus, the effect of the atmospheric temperature background has to be considered
in addition to NLTE effects whenever the populations inferred from integrated airglow

observations of high J’ lines are to be used in kinetic thermalisation models.

This calculation of the apparent excess population can now be repeated for waves of
different amplitudes, wavelengths and phases. Figure 5 shows the non-linearity in terms
of the f-value of the temperature fit (from Equation (10)) and the corresponding apparent
excess population of the sixth rotational line with J° = 6.5 (N = 7), the highest line reported
by Pendleton et al. (1993) in their NLTE study of the OH. The figure shows the (7,4)
transition, which is the same transition Pendleton et al. (1993) used. In Figure 5 a) the
non-linearity of the temperature fit increases with both wave strength and vertical
wavelength, approaching 2% of the linear temperature variation (see Equation 10). Figure
5 b) shows the phase that yields the highest apparent excess population for a given wave
amplitude and wavelength. There are small but observable effects in the limiting case of
no waves (background atmosphere, see Figure 4 a)), and the apparent excess population

increases for longer wavelengths and stronger waves similarly to the non-linearity of the
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fit. Extreme waves with 40 K amplitude at an altitude of 90 km can cause up to 30 %

apparent excess populations in the J’=6.5 line.
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Figure 5: a) The S-value from the non-linear fit (Equation (10)), and b), the apparent
excess population of the J' = 6.5 (N =7) of the (7,4) Meinel transition for the ensemble
wave spectrum. The values are shown as a function of the wavelength, 4,,, and the
amplitude, A,,. Each value represents the phase ¢,, where the apparent excess population
was largest. Extreme waves (tides) can show a non-linearity of about 2% corresponding

to an apparent excess population of 30%.

While Figure 5 shows the (7,4) transition, Figure 6 shows the same analysis for the
commonly observed (3,1) transition. Both the f-value and the apparent excess population
look qualitatively similar to the (7,4) band, but the effect of waves on the (3,1) transition
is about 30 % stronger. That means that the non-linearity exceeds 2.5 % and the apparent

excess population of the J” = 6.5 level is up to 40 % for the largest waves shown here.
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Figure 6: As Figure 5, but this time for the (3,1) transition. Both the f-value from the non-
linear fit in a) and the apparent excess population of the J” = 6.5 upper level in b) show a

stronger effect than seen for the (7,4) transition in Figure 5.

Tests showed that the difference in the apparent excess population between the (3,1) and
(7,4) bands is unlikely to be due to the altitude separation of the different vibrational
levels in the OH airglow layer (von Savigny et al., 2012). Repeating the analysis and
weighting the v'=3 and 7 levels with the same VER profile yields essentially the same
result; as did performing the analysis in an unperturbed isothermal background
temperature profile. Instead it is due to the compressed rotational energy structure of the
higher vibrational levels that lie closer to the dissociation limit. A given J’ level in a low
vibrational state will have more rotational energy than one in a high vibrational state. So
for a given temperature, higher rotational levels will be thermally populated in the higher
vibrational levels. These thermally populated higher rotational levels then make the

perturbing effects of waves relatively less important.

Figure 7 illustrates the dependency of the amount of apparent excess population on the
different vibrational upper levels at different altitudes. For consistency, the apparent

excess population of the J* = 6.5 upper level is again shown. All data points are for the
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wave presented above as an example, with an amplitude of 30 K at 90 km altitude and a

vertical wavelength of 30 km.

The smallest upper vibrational level of v’ = 2 shows an apparent excess population of
about 28 %, while the highest upper vibrational level of v’ = 9 only shows an apparent

excess population of about 8 %.
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Figure 7: The apparent excess population of the J° = 6.5 upper level for a wave with
wavelength 30 km and an amplitude of 30 K at 90 km altitude as a function of vibrational
upper level. The effect of the waves, creating the apparent excess population decreases

with rising vibrational quantum number v’.

CONCLUSIONS

Spectroscopic observations of the OH airglow have been commonly used to measure
temperatures in the MLT. The OH radiates over an extended, Chapman-like layer that
extends over several kilometres, over which the temperature is changing. Strong waves
perturbing the MLT can make this change in temperature within the OH layer substantial.
The simulations executed here show that these temperature profiles can change the
populations of the different rotational lines in a given Meinel (v’,v’”) band. Even though
the simulations have the OH in LTE at every altitude, the integrated intensities of the

higher rotational lines indicate an apparent excess population that could be misinterpreted
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as contributing to the NLTE effects previously reported (Pendleton et al., 1993; Cosby et
al., 2007; Noll et al., 2015).

We have shown in this work that the influence of a wave that has an amplitude of 30 K
at an altitude of 90 km can explain between 12 % and 30 % of the effects previously
ascribed to NLTE by Pendleton et al. (1993). Smaller waves can also have an impact of
up to 10 %, and their impact can not be ignored. Other transitions with lower vibrational
quantum numbers show even higher apparent excess populations caused by this
temperature-variation effect. We conclude that it is necessary to consider the temperature
profile in order to infer the rotational distribution of the OH from ground-based airglow

observations.
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ABSTRACT

Spectroscopic measurements of the hydroxyl (OH) airglow emissions are often used to
infer neutral temperatures near the mesopause. Correct Einstein coefficients for the
various transitions in the OH airglow are needed to calculate accurate temperatures.
However, studies from French et al. (2000) and Pendleton et al. (2002) showed
experimentally and theoretically that the most commonly used Einstein spontaneous
emission transition probabilities for the Q-branch of the (6,2) Meinel transition are
overestimated. Extending their work to several Av = 2 and 3 transitions from v’ =3 t0 9,
we have determined Einstein coefficients for the first four Q-branch rotational lines.
These have been derived from high resolution, high signal to noise spectroscopic
observations of the OH airglow in the night sky from the Nordic Optical Telescope. The
Q-branch Einstein coefficients calculated from the spectra show that tabulated values
currently in the HITRAN database (Rothman et al., 2013) overestimate many of the Q-
branch transition probabilities. Our results indicate that the aforementioned findings of
Pendleton et al. (2002) and French et al. (2000) for the OH Meinel (6,2) transition also

occur for the Av =2 and 3 transitions presented here.

1 INTRODUCTION

The reduction of ozone creates hydroxyl (OH) in the upper mesosphere via:



H+ 0; » OH* + 0, (1)

This chemical reaction is highly exothermic and creates the OH in excited vibrational and
rotational states. Radiative relaxation of the OH results in the bright near-infrared
radiation, which is known as OH nightglow or airglow. The OH emission occurs over an
approximately 8 km thick layer (Baker et al., 1988) and spectroscopic observations of the
nightglow have been used to infer the atmospheric conditions at the peak of the layer
altitude near 87 km (e.g. Pendleton et al., 1989; Sivjee, 1992; Bittner et al., 2000; Espy et
al., 2002; Taylor et al., 2007; Wiist et al., 2017; Franzen et al., 2018).

If the OH rotational states are fully thermalised with the surrounding atmosphere into a
Boltzmann distribution, then the distribution of intensities in the rotational structure will
yield a rotational temperature equal to the atmospheric temperature at this altitude. It is
possible to calculate the rotational temperature of the OH whenever at least two spectral
lines coming from different upper rotational levels, J’, are observed. However, the
calculation of a rotational temperature from spectral line intensities requires the precise
knowledge of the Einstein spontaneous emission coefficients, A, -, ;. There have been
several calculations of these Einstein coefficients in the past (Mies, 1974; Langhoff et
al., 1986; Turnbull et al., 1989; Pickett et al., 1998), and those calculated by Pickett et al.
(1998) have been tabulated in the HITRAN database (Rothman et al., 2013).

High-resolution observations over a limited spectral range, such as those using Fabry-
Perot interferometers, utilise the compressed rotational structure of the Q-branch to
determine rotational structure (Wiens et al., 1997; Innis et al., 2001). Such high-spectral
resolution observations can compare kinetic and rotational temperatures in order to
determine the extent of the OH rotational state thermalisation (Cosby et al., 2007; Noll et
al., 2015). Pendleton et al. (2002) utilised measurements from French et al. (2000) to
show that the Einstein coefficients from the (6,2) Meinel transition with AJ = 0 (Q-branch)
are significantly lower than theoretically predicted. Pendleton et al. (2002) explained this
disparity as due to perturbations by excited electronic states causing the ground state
electronic angular momentum to de-couple from the inter-nuclear axis. This causes
mixing of the two ground-state levels whose electronic angular momentum along the

inter-nuclear axis is given by Q =1/2 and 3/2, subsequently affecting the transition



probabilities of primarily the Q-branch. However, this angular momentum uncoupling
does not appreciably affect the P- and R-branch Einstein coefficients, where tabulated

values agree with those observed (French et al., 2000).

This angular-momentum uncoupling was verified for the (6,2) band, but has not been
tested experimentally for transitions from other vibrational levels. Here we present
measurements of the Q-branch Einstein coefficients relative to the P-branch for seven
vibrational transitions; (3,1), (4,2), (5,3), (6,4), (7,4), (8,5) and (9,7) using two different
methods. We show that many of the measured Einstein coefficients are significantly lower
than those tabulated in HITRAN (Rothman et al., 2013), indicating that the angular

momentum uncoupling is a general feature that varies with vibrational level.

2 INSTRUMENTATION AND DATA SET

The data presented in this paper were obtained with the Nordic Optical Telescope (NOT).
The NOT is located in La Palma, the Canary Islands (17°53” W, 28°45° N). It is equipped
with a 2560 mm primary mirror (Djupvik et al., 2010). Spectroscopic observations in the
near-infrared are taken with the Nordic Optical Telescope near-infrared Camera and
spectrograph (NOTCam) instrument. Data presented here are recorded with a slit size of
50 mm x 0.128 mm, which gives a field of view of 4 arc minutes by 0.6 arc seconds. The
resolving power of R = 4/ A4 ~ 2100 is high enough to separate the main OH airglow

rotational lines in observed spectra.

NOTCam spectroscopy uses an echelle grism and the spectral orders are
separated with broad band filters. Most frequently the filters J, H, and K are used to isolate
the wavelength regions 1.165-1.328 um, 1.484 - 1.780 wm, and 2.083 - 2.363 um,
respectively. The J-band filter spans two OH Meinel transitions, the (7,4) and (8,5). The
H-band filter contains four transitions, namely the (3,1), (4,2), (5,3) and the (6,4)
transition. Lastly, while the K-band filter spans two transitions, the (8,6) and the (9,7),
the filter does not include the (8,6) Q-branch and only the (9,7) is used for this study.

The airglow data have been extracted from the terrestrial background of astronomical
observations of point sources that span the years from 2007 to 2017. Data were selected

with preference for long integration times in order to achieve the highest quality.



Observations of astronomical targets are typically obtained as a set of shorter integrations.
These sequences have been treated as a single observation with an integration time equal
to the sum of integration times of the individual spectra. These sum of integration times
spanned between 240 seconds and 4800 seconds. The total integration time of all
observations considered in this research is 4.1 hours for the J- and the H-band each and
9.6 hours for the K-band. Any spectra perturbed by other light sources or otherwise

contaminated were not used.

3 METHOD

Data preparation

Unless otherwise stated, the data reduction used here typically follows that developed and
described in Franzen et al. (2017). The NOTCam spectra of astronomical point sources
were chosen as described above. First, dead and hot pixels, i.e. pixels with an over
sensitive measured current, were removed according to established pixel masks (the
masks can be found on the NOT web page http://www.not.iac.es). A dark-current was
subtracted and a good relative intensity calibration was obtained with the help of a flat-
field image from a 3200 K Halogen lamp. The spectra of any astronomical object, e.g.
stars, were masked out. Since point-source astronomical objects only extend over a few
spatial pixels (typically less than 60), these regions were masked leaving the spectrum of
the extended-source atmosphere in the background. Warping effects along the slit from
the telescope optics were accounted for and the final OH spectrum was integrated along
the slit dimension, to yield a conventional spectrum. The spectral calibration was done
with the theoretical OH line positions from the HITRAN database. These steps were
executed for each individual image and the resulting spectra towards the same target were
finally summed up to yield one, high signal-to-noise spectrum of the OH airglow. Initial
OH rotational temperatures were estimated with a simple fit of the P-branch lines. Spectra
yielding a temperature outside a range between 120 K and 250 K, and therefore clearly
exceeding the range normally found near the subtropical mesopause (Leblanc et al.,
1998), were not used. Such temperatures would indicate exceptional atmospheric

conditions that may result in unreliable retrievals of the Q-branch coefficients.



The result is a spectrum of the OH airglow with only a slowly changing background. This
background consists of remnants of the signal-dependent read-out mechanisms. Since it
is signal dependent, it is not part of the dark image. To assess this background, we
identified areas between the individual OH lines and assumed any signal here to be due
to the background. A polynomial fit of fourth order was made to only these areas free
from OH emission to estimate the contribution of the background under the emission lines
in that branch. This background was then subtracted to construct a background-free

spectrum.

Figure 1 a) shows an example of this background subtraction for the P-branch of the (3,1)
transition. The total spectrum is shown as the solid black line. The areas between the lines
that are free of OH emission are marked with blue shading, and the fit through these areas
is presented as a red, dashed line. Figure 1 b) then shows the spectrum with the
background subtracted. This background subtraction method is used for each of the bands
examined. To check that all wavelength dependent calibration effects are accounted for,
ratios of the intensities of P- and R-branch lines from the same upper state were compared
with the ratio of their corresponding Einstein coefficients from the HITRAN database.

This confirmed that no wavelength-dependent calibration issues were left in the spectra.
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Figure 1: Example of the background fit and subtraction on the P-branch of the (3,1)
transition. a): Fit of the background. The clean areas between the lines are marked in blue
and the fit of a fourth order polynomial to these areas is shown as a red and dashed line.

b): The same spectrum with the background subtracted.

Direct line ratio method

The intensity of each rotational line from a give upper vibrational level, v’, is given by:

]//kT

Iv’,v”,]',]” = Nv’2(2], + 1)eE”'r Av’,v”,]’,]” (2)

Here, N, is the relative population of the upper-level v’, T is the rotational temperature,
and A is the Einstein coefficient in question. The energy of the upper state E,’, is taken
from the HITRAN database and k is the Boltzmann constant. In a given vibrational
transition, the ratio of two lines from the same upper rotational level, but with different

lower rotational levels, J*’, then collapses to the ratio of the two Einstein coefficients:
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For example, given the intensities of the Qi(1) and Pi1(2) lines, which originate in the
same upper level, one can calculate the ratio of the transition probabilities in terms of the

observed intensities as:

Ap2) _ Ip(2)

= . “4)
Ao,y oy

This is the method used in French et al. (2000). In this manner, one can calculate the
Einstein coefficients of the Q-branch lines relative to those in the P-branch, which do not
suffer from L-uncoupling (Pendleton et al., 2002). For transitions, where the P-branch is
not available, for example the (6,4) transition, the R-branch can be used. However, since
the R-branch does not have a line from the lowest upper-state rotational level, the Qi(1)
line Einstein coefficient cannot be calculated this way. Since the R-branch lines are less
intense than the P-branch lines, the (6,4) transition coefficients typically have larger

uncertainties.

To obtain the intensities of all lines, Gaussian functions that characterise the instrumental
line-shape (Franzen et al., 2017) are centred at the HITRAN positions of the rotational
lines and are fitted to the spectrum using a least-squares method. In the case of overlaps
between several lines, all lines were fitted at the same time. Figure 2 shows an example
of such an overlap in the Q-branch of the (3,1) transition. The lines of the Qi-subbranch
(red) and the Q»-subbranch (blue) overlap in parts. Tests with synthetic data showed that
the overlapping lines are separated enough to reliably fit both lines independently and to

retrieve the correct intensities from both.
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Figure 2: Example of the decomposition of the Q-branch. All lines are synthetic data.
Black shows the total spectrum of the Q-branch of the (3,1) transition with a typical
temperature of 200 K and line widths for the instrument. The dashed red line shows the
contribution from the Q1(N) lines. The dashed blue line shows the contribution from the

Q2(N) sub-branch.

Whole spectral fit method

In addition, we utilised a second method to measure the Einstein coefficients, where no
corresponding line in the R- or P-branch is available, for example in cases where they lie
outside the optical filter range. The technique is to obtain a relative population of the
upper v’ vibrational quantum level and the rotational temperature from the P-branch of
each transition according to equation (2). Since the P-branch transition probabilities have
been shown to be reliable (French et al., 2000), we can use HITRAN Einstein coefficients

to fit the P-branch relative population and temperature for each upper vibrational level.

The Einstein transition probabilities are then used as free parameters to fit the Q-branch

lines to the same population and rotational temperature. The result will then be Q-branch



transition probabilities relative to the P-branch coefficients tabulated in HITRAN. For
cases where several lines overlapped, as seen in Figure 2, the Einstein coefficients for all
these overlapping lines were used as free fitting parameters and so this method also yields
Einstein coefficients for the Q:-subbranch lines. These coefficients were found to
correspond with the Einstein coefficients tabulated in HITRAN within one or two
standard deviations but with a relatively large standard deviation compared to their
absolute value (>10%) These values for the Q»-subbranch are therefore not discussed

further in this paper.

4 RESULTS AND DISCUSSION

The two methods described above have been used to measure the Einstein coefficients.
The direct line ratio method yielded transition probabilities for most of the Qi-branch
lines, which are shown in Table 1 as the upper value in each cell. The cases, where no
Einstein coefficient could be calculated, are marked as (-). The whole spectral fit resulted
in transition probabilities of the first four Qi- branch lines for all seven Meinel transitions.
This method can therefore be used to calculate Einstein coefficients for the missing
values. The results for this method are shown in Table 1 (lower value in each cell). All
numbers are Einstein spontaneous emission transition probabilities and have the units of

s’l. The respective values from the HITRAN (HIT) database are shown for comparison.

Figure 3 compares the measured Einstein coefficients derived from both methods, where
available. The ratios of the Einstein coefficients measured here to the values listed in
HITRAN are presented. The dashed line at the value one is included for clarity. The seven
transitions measured in this paper are separated in the vertical direction. The blue crosses
are the results from the whole-spectral fit, while the red circles are the results from the
direct line ratios. All error bars shown represent twice the standard error of the
measurements. The horizontal shift between the blue crosses and red circles for the same

upper vibrational level J” are merely for visibility.



Line: Qi(D) Qi(2) Qi(3) Qi(4)

Transition Measured HIT Measured HIT Measured HIT Measured HIT

3.1 13.80+£0.06 | 15.70 | 5.68+0.07 | 6.39 | 2.30+0.05 | 3.35 1.3240.18 | 2.01
13.57+0.06 5.83+0.05 2.45+0.06 1.27+0.07

4,2) 25.20+0.13 | 27.71 | 10.65+0.09 | 11.30 | 5.59+0.13 | 5.94 3.71£0.15 | 3.57
24.83+0.09 10.71+0.05 5.54+0.07 3.80+0.13

(5.3) 34.66+0.15 | 40.29 | 14.89+0.18 | 16.46 | 8.30+0.24 | 8.67 | 4.36+0.10 | 5.22
34.44+0.20 15.20+0.10 8.51+0.06 4.41£0.06

6.4) ) 51.88 | 19.58+0.59 | 21.25 | 7.45+0.51 | 11.21 | 4.03£0.79 | 6.75
46.35+1.32 19.63+0.59 7.58+0.49 4.01£0.75

(7,4) 14.10+0.05 | 15.72 | 6.16+0.13 | 6.46 | 2.97+0.14 | 3.42 1.1940.16 | 2.07
13.71+0.07 6.34+0.15 2.98+0.12 1.25+0.19

(8.5) 20.00+0.36 | 22.78 | 7.89+£0.20 | 9.38 ) 4.98 ) 3.02
19.11+0.27 8.28+0.16 4.160.16 1.09+0.07

9,7 56.93+0.47 | 63.16 | 27.12+£0.26 | 26.01 | 11.72+£0.18 | 13.75 | 4.55+£0.24 | 8.30
56.03+0.36 27.35+0.30 11.55+0.13 4.83+0.25

Table 1: Einstein transition probabilities for the spontaneous emission of the first four Q-
branch lines of the vibrational transitions. Each value is given for the direct line ratio
method (upper value) and the whole spectral fit method (lower value). Values which
could not be calculated are marked as (-). The measured values are given with their
respective error of one standard deviation and the HITRAN (HIT) value for comparison.

All numbers are in units of s'L.

Figure 3 shows that whenever both methods for Einstein coefficient retrieval were
possible, the resulting values agree within their errors. We are therefore confident in the
whole spectral fit method as much as in the direct line ratio method (as employed by
French et al. (2000)). The direct line ratio method could not retrieve Einstein coefficients
for the Q(1) line of the (6,4) transition, because the whole P-branch is outside the filter
range. The R-branch was used here instead. In addition the (8,5) transition lacks the Q(3)
and Q(4) line due to the filter cut off. The values presented above are the ones retrieved

using the direct line ratio with the lowest two P-branch lines.
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Figure 3: Einstein coefficients measured, relative to those reported in the HITRAN
database. The first four Q-branch lines of the seven Meinel transitions are shown. The red
circles are those determined using the direct line ratio method while the blue crosses
represent those determined from the whole-spectral fit method. The errorbars represent

twice the standard error of the fit.

Most of the values shown in Figure 3 show smaller transition probabilities than listed in

HITRAN. This is especially the case for the (3,1), (6,4), (7,4), (8,5), and (9,7) transitions
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which show smaller values than HITRAN with tendencies to even smaller values with
higher J’. Most of these values are significantly different from the HITRAN values by at
least twice the standard error. The two other transitions, the (4,2) and the (5,3) seem to

lie closer to the HITRAN values than the others.

To test the validity of the method employed here, we created synthetic data using
tabulated Einstein coefficients and subjected them to the same retrieval process. The
coefficients were varied between 50% and 150% of the HITRAN values, and artificial
Gaussian noise up to double the noise observed in the data was added. We found that the
Einstein coefficients determined from this synthetic data were in good agreement with
the chosen values in the synthetic dataset. Also, addition of a simple linear or quadratic

background did not skew the calculated values significantly in any direction.

We also investigated whether the change in Einstein coefficients could be caused by some
external mechanisms, rather than an internal quantum mechanical coupling as discussed
by Pendleton et al. (2002). We therefore undertook an extensive correlation study with
the available data. We calculated correlation coefficients between the measured Einstein
coefficients and: the temperature of the MLT region; the air mass through which the OH
was observed; the integration time of the observation; the day of the year of the
observation and the time in the night of the observation. None of these parameters showed
any significant correlation with the Einstein coefficients. This absence of correlation
supports the assertion that the Einstein coefficients presented here differ from the

theoretical values.

French et al. (2000) studied the ratio of the line intensities from the Q- and the P-branches
of the (6,2) transition. This transition is beyond the spectroscopic range of the NOTCam
instrument, but data on the (6,4) transition are available. These two transitions are
especially comparable since they originate from the same vibrational upper level. The
ratio of the Einstein coefficients derived from the P and Q branch lines in each of the two
transition are shown in Figure 4 for comparison with their corresponding HITRAN
values. The measurements from French et al. (2000) and the HITRAN values for the (6,2)
transition are shown in black. Similarly, the measurements from this study and their

comparative values from HITRAN from the (6,4) transition are shown in red. For all lines,

12



the ratios between the P-branch Einstein coefficients and the Q-branch Einstein
coefficients are shown, as in Pendleton et al. (2002). While the absolute values of the two
transitions are different, the relative difference between the measurements and the
HITRAN values of the two transitions is similar. We therefore conclude that the L-
uncoupling invoked to explain the difference in Einstein coefficients for the (6,2)

transition may also be the cause of the differences in the (6,4) transition reported here.

10|
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Figure 4: In black: ratio of the Einstein coefficients derived from the P-and Q-branch lines
French et al. (2000) of the (6,2) transition (crosses) and the HITRAN values for the (6,2)
transition (circles, dashed). In red: the same measurements from this study of the (6,4)
transition (crosses) and from HITRAN for the same transition (circles, dashed). While the
absolute values change between the two different transitions, the difference between

HITRAN and the measurements is similar for both studies.

S CONCLUSION

By evaluating a total of 17.8 hours of astronomical background NIR spectroscopic
observations of the OH airglow obtained by the Nordic Optical Telescope NOTCam
instrument, we have calculated Einstein coefficients of the Q;-branches of seven Meinel
transitions (3,1), (4,2), (5,3), (6,4), (7,4), (8,5) and (9,7). The routines used to extract the
coefficients were extensively tested and verified with synthetic data. Most of the

measured Einstein coefficients are significantly lower than the theoretical values used for
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example in the HITRAN database. The J* = 1.5 lines are on average by 13+2 % lower
than the HITRAN values, whereas the measured values for J = 2.5 lines were generally
closer to the HITRAN values than for other measured J°. The J* = 4.5 deviations were the
most variable with the (8,5) transition 64 % lower than the HITRAN value, while the
measured value from the (4,2) transition was found to agree with the HITRAN value to

within observational errors.

Many of the Einstein coefficients differ from the theoretical values by at least twice the
standard error of the measurements. The measured Einstein coefficients are found to be
inherently different from the theoretical values, and are not influenced by observation
conditions since they were found to show no correlation with any observation parameters.

Hence, we present this updated set of measured Q-branch Einstein coefficients.
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