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Abstract

The strongest background for astronomical observations in the infrared spec-
trum is hydroxyl airglow orginating from rotation-vibration transissions in
the excited hydroxyl molecule. Ground based measurements of the bright-
ness of the OH Meinel (4,2) and (3,1) band have been carried out at Rothera
(68 ◦S, 68 ◦W) from 2002 to 2009. From these measurements, the tempera-
ture at the emitting heights has also been derived. This thesis explores the
variations of the radiance and temperature on diurnal, seasonal and solar
cycle time scales. The data displayed unevenly spaced gaps due to natural
conditions like cloudy weather and the sunlight Antarctic summer.

In order to determine the trends, super-posed epoch analysis and the
Lomb-Scargle periodogram were used. Both the radiance and temperature
displayed decreasing values with decreasing solar activity. The seasonal be-
haviour of the radiance and temperature was characterized by strong summer
minima and two peaks at the equinoxes, with the fall peak as the largest.
On a nightly basis, the highest values were found approximately during the
first five hours after sunset for the radiance. Astronomical observations in
the infrared region should be carried out when the hydroxyl radiance has the
lowest values. Thus such observations at the South Pole should be done in
the winter time between the two equinox peaks in the radiance and more
than five hours after sunset. In addition, observations done in solar cycle
minima will have smaller background radiance.
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1 INTRODUCTION

1 Introduction

At night the hydroxyl radical (OH) is produced natrually in the atmosphere.
The main reaction responsible for the production of excited hydroxyl is:

H +O3 → OH∗ +O2 (1.1)

Only the highest vibrational levels of OH* are produced by this reaction.
Collisional quenching or cascading produces the hydroxyl in lower vibrational
levels. When the molecule cascades to lower vibrational levels, light in the in-
frared and near-infrared region is produced. This light is the strongest source
of light in the night sky. A summary of 55 vertical profiles, obtained by 34
rocket flights, of the emission rate of the OH infrared airglow has been done
by [Baker and Stair 1988]. The result of this summary is that the hydroxyl
radical is found in a relatively thin layer, about 8 kilometers thick, situated
at a nearly constant altitude of 87 kilometers. The infrared radiation pro-
duced in this layer can be observed from the ground. Given its brightness and
thermal equilibrium with the surrounding atmosphere, ground-based spectro-
scopic studies of the hydroxyl nightglow have been used extensively to infer
the atmospheric temperature near 87 km as well as the temperature per-
turbations produced by large- and small-scale dynamic processes occurring
there.

1.1 Astronomical observations in the infrared

While this makes hydroxyl ideal for remote sensing of the temperature and
dynamics of this atmospheric region, it also represents the strongest back-
ground through which astronomers must try to observe faint infrared sources
[Iwamuro et al. 1994], [Maihara et al. 1993]. In the 1-2.2 µm range, the
space infrared sky is a thousand times fainter than the OH airglow [Wright 2005].
Beyond 2.4 µm, thermal emission is the dominant background for astronom-
ical observations [Content 2005]. The infrared region of the spectrum, with
its ability to sense cool objects and to see through interstellar dust, is partic-
ularly well suited to planetary detection and galactic astronomy. The cold,
dry and stable conditions of Antarctica makes it well suited for such observa-
tions. Therefore there are new international efforts to construct observatories
there. However the variability of the main backround to any astronomical
observations in the infrared, the hydroxyl emission, is not well characterized
there.

Different methods can be used to remove the background caused by hy-
droxyl radiation. With high spectral resolution, the OH spectra is com-
posed of numereous narrow lines, often with gaps considerably larger than
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1 INTRODUCTION

the line width. Therefore it is possible to remove the hydroxyl emissions from
measurements in the infrared. Different methods to achieve this have been
proposed by [Iwamuro et al. 1994], [Content 2005], [Corbett et al. 2007] and
[Davies 2006]. None of these methods are perfect. Removal of the OH lines
will typically decrease the signal to noise ratio. Further some of the methods
are not able to remove all OH lines. Therefore it is still of importance to make
measurements when the hydroxyl display the smallest values. To find the pe-
riods with lowest hydroxyl airglow, this thesis will explore the variation in
the hydroxyl airglow within the H-band atmospheric window (1475-1825nm)
at wavelengths 1582 and 1505 nm respectively, at Rothera, Antarctica (68
◦S, 68 ◦W).

1.2 Hydroxyl airglow variation

Measurements of the OH Meinel (4,2) and (3,1) bands have been made in the
time period from 2002 to 2009. These bands and their lines represents the
frequencies produced by rotational-vibrational transitions from vibrational
level v = 4 to v = 2 and v = 3 to v = 1. All vibrational levels of ex-
cited hydroxyl and in turn their radiation are proportional to the concentra-
tion of atomic oxygen. Thus the radiation from the two bands investigated
will be representative of the total radiative emission of excited hydroxyl.
Emissions from hydroxyl are found to vary on diurnal, [Mulligan et al. 1994,
Marsh et al. 2006], on seasonal, [Le Texier et al. 1987] and on solar cycle,
[Espy and Stegman 2002] time scales. In this thesis super-posed epoch anal-
ysis will be used to construct the nightly variation as a function of season.
Furthermore the seasonal and solar cycle variation will be investigated. Thus
astronomical observations can be made when the hydroxyl airglow displays
its lowest values.

Along with the measurements of the radiation of the two OH bands,
measurements of the temperature have been made. The processes leading to
changes in the radiation also influence the temperature at the hight of the hy-
droxyl layer. Thus similar variations is found in the temperature as in the ra-
diance [Azeem et al. 2007, Espy and Stegman 2002, Pan and Gardner 2003].
In addition to this, the techniques used to determine the variation in the radi-
ation can be used to determine the variation in the temperature. Therefore
the variation on a nightly, seasonal and solar cycle timescale is examined.
Finally the connection between temperature and radiance for the two bands
is investigated.

2



1 INTRODUCTION

1.3 Progress of this text

The thesis is buildt up in the following way. First the quantum mechanical
srtucture of the OH molecule is presented. Next the atmospheric structure
and the processes causing the formation and destruction of hydroxyl in the
different vibrational levels is shown. Finally the methods used to obtain
the raw data is explained. These methodes and processes are presented in
chapter 2. In chapter 3 the techniques used to determine the long term vari-
ation in the temperature and radiance, both on seasonal and solar cycle time
scales, are described along with the results obtained using them. Further the
diurnal variations in the radiation and temperature are presented. Finally
the connection between temperature and radiance is investigated. In chap-
ter 4 the underlying processes for the trends in the variation are examined.
Finally the optimal observation periods for astronomical observations in the
near-infrared and infrared region with regard to the OH-airglow background
are presented.
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2 THEORY

2 Theory

In order to understand the origin of the hydroxyl airglow in the night sky, a
basic understanding of the quantum mechanical structure of the OH molecule
and the quantum mechanical transitions taking place in the molecule is
needed. To give the reader such an understanding, the basic structure of
the OH molecule is presented in this chapter. In addition, the chemistry
responsible for the production and destruction of excited hydroxyl is out-
lined along with the atmospheric structure. Finally a brief overwiev of the
instrumentation is given.

2.1 The OH-layer

The Earth’s atmosphere is divided into separate vertical layers classified by
the temperature gradient. [Andrews 2000] gives the following structure of the
Atmosphere. The layer from the ground to about 15 km alltitude is called the
troposphere and is bounded above by the tropospause. Here the temperature
gradient is negative, i.e. the temperature decreases with increasing altitude.
The decrease is due to solar heating of the ground which will cause highest
values near the ground. Above the troposphere, from about 20 km alltitude
to 50 km alltitude, lies the stratosphere. In this region of the atmosphere
the temperature gradient is positive, which is caused by direct heating of the
ozone. In the same way as the troposphere is bounded by the tropospause,
the stratosphere is bounded by the stratospause. Following the stratosphere
comes the mesosphere, bounded above by the mesopause covering the altitude
from 50 km to about 90 km. Here the temperature gradient is again negative.
The negative gradient is caused by decreased solar heating and increased
radiative cooling to space. Finally comes the thermosphere, in which the
temperature gradient changes one more time from negative to positive. This
is because high energetic solar radiation is absorbed by the small amount of
molecular oxygen still present. This structure is shown in figure 2.1. Centered
around 87 km in a relatively thin emitting layer of 6-8 km exited hydroxyl
(OH*) is produced naturally, mainly by the reaction. [Baker and Stair 1988,
Marsh et al. 2006, Lowe et al. 1996]:

H +O3 → OH∗ +O2 (2.1)

Thus the production rate of OH* is:

P (OH∗) = kH+O3 [H][O3] (2.2)

At night, this reaction constitutes the major loss of ozone, and in steady
state may be equated to the production rate of ozone. The production of
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2 THEORY

Figure 2.1: Vertical structure of the atmospheric temperature. The figure is
from [CRISP].

ozone is a result of recombination with atomic oxygen through the reaction:

M +O +O2 → O3 +M (2.3)

At night this reaction represents the major production of ozone. The O3

concentration at night is determined by setting the production due to recom-
bination of atomic oxygen equal to losses by reactions with atomic hydrogen
[Marsh et al. 2006] such that:

[O3] =
kO+O2+M [O][O2][M ]

kH+O3 [H]
(2.4)

By substituting equation (2.4) into equation (2.2), one obtains for the pro-
duction of exited hydroxyl:

P (OH∗) = kO+O2+M [O][O2][M ] (2.5)

Thus it is clear that the concentration of exited hydroxyl is ultimately pro-
portional to the atomic oxygen concentration. It is also evident that both
the ozone concentration and the concentration of exited hydroxyl are propor-
tional to the atomic oxygen concentration. Atomic oxygen in the mesosphere
is created by photolysis of ozone through the reaction [Ditky et al. 2010].

O3 + light→ O2 +O (2.6)
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As sunlight needs to be present to produce atomic oxygen, no such production
occurs during the night. Then process (2.6) in sunlit regions, followed by
horizontal and vertical transport, are the mechanisms able to change the
concentration of atomic oxygen at night.

2.2 The OH-molecule

In the following chapter the origin for the OH Meinel bands will be explained.
The material regarding the quantum states of diatomic molecules is covered
in [Herzberg 1971] and [Herzberg 1950]. This chapter is intended to give
the reader an idea of which quantum mechanical transitions that give rise
to the OH Meinel (3,1) and (4,2) band. These are the two bands discussed
in this thesis. An atom or a molecule cannot exist in states with arbitrary
energy. The energy states can only take certain discrete values. These pos-
sible energystates are determined by the quantum conditions of the atom.
As an example one can look at the hydrogen atom. A hydrogen atom is a
single electron bound to a single proton by the Coloumb field. Classically the
electron can move in eliptical orbits around the proton. Depending on how
strongly the electron is bound to the proton, the orbits can have any axes
and give a continious energy-spectrum. This is shown not to be the case.
As mentioned, the energy levels are discrete. This can only be explained by
quantum mechanics, which give the following values [Hemmer 2005] for the
energy levels of the hydrogen atom:

En = − m

2h̄2

(
Ze2

4πε0

)
1

n2
, n = 1, 2, ... (2.7)

Where m = m1m2/(m1 +m2) is the reduced mass of the system, and n is the
quantum number characterizing the electronic energy. The zero level energy
is set to be when the electron is completely separated from the proton and
has zero kinetic energy. When the the atom makes a jump from one discrete
energy value to another, the energy-difference can be carried away by an
emitted photon if the atom jumps to a lower level. If the atom jumps to a
higher level, the energy can come from an absorbed photon. The photons
energy and frequency will be decided by the energy difference between the
subsequent levels. Thus the photon will have the energy:

hν = En − Ek =

(
e2

4πε0

)
m

2h̄2

(
1

k2
− 1

n2

)
(2.8)

Since the electrons angular momentum is also quantized in units of
√
l(l + 1)h̄,

l can take the discrete values 0, 1, 2, ..., n − 1 with n being the main quan-
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tum number. Relatvistic corrections give a splitting in the energy levels that
results in a splitting in the allowed photon energy.

For diatomic molecules the situation is more complex. In addition to
the electronic energy, both the rotational and the vibrational energy of the
molecule will be quantized. Then the energy of the molecule can be repre-
sented by the sum of the three parts:

E = Ee + Ev + Er (2.9)

As a simple model of the rotation of the molecule, the dumbbell model can be
used. In this model the molecule consists of two mass points with masses m1

and m2 connected by a massless rod with length r. Classically the rotational
energy of this kind of model is given by:

Er =
1

2
Iω2 (2.10)

As with the electronic states of the hydrogen, quantum mechanics only allow
certain discrete values of the rotational energy. With the dumbbell model
these are given by:

Er =
h2

8π2µr2
J(J + 1) (2.11)

J is the rotational quantum number and can take the values 0, 1, 2, ... The
reduced mass of the system is given by µ. As for the electronic spectra of the
hydrogen atom, the molecule can go from one rotational state to another by
emitting or absorbing a photon. A photons energy is given by:

En − Ek = ∆E = hν =
hc

λ
⇒ 1

λ
=

∆E

hc
(2.12)

With λ beeing the photons wavelength. To get the inverse wavelength of
the emitted/absorbed photon, the rotational energy is given by the so called
term values determined by:

F (J) =
Er
hc

= BJ(J + 1), B =
h

8π2cµr2
(2.13)

B is called the rotational constant. If the molecule is not completely rigid,
the centrifugal force will give rise to a small correction term, but this term is
always much smaller than the rotational constant. The rotational constant of
OH is greater than for example NO2 and N2, but still a factor of 104 smaller
than B.

As mentioned above, the molecule will also have vibrational energy. In a
first approximation, the vibrations of the molecule can be represented by a
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harmonic oscillator. A harmonic oscillator is a system consisting of a mass
point under the action of a restoring force proportional to the displacment
from an equlibrium point. With µ as the reduced mass, the motion of the two
nuclei can be represented by the motion of a single particle. The displace-
ment is given by r − re where r is the distance between the nuclei and re is
the equlibrium distance. For a harmonic oscillator the quantum mechanical
energy is given by:

Eν = νosc(v + 1/2), v = 0, 1, 2, ... (2.14)

where v is the vibrational quantum number. The energy are given by the
term values:

G(v) =
Ev
hc

= ω(v + 1/2) (2.15)

The molecule is, in fact, not a strictly harmonic oscillator, but an anharmonic
oscillator. Taking this into consideration the term values of the vibrational
levels (v = 0, 1, · · · ) are given by:

G0(v) = ω0v − ω0x0v
2 + ω0y0v

3 + ... (2.16)

where ω0x0, ω0y0, ... are in general smal compared to ω0. Thus the displace-
ment between the energy levels decreases with increasing v. In contrast the
displacement berween the energy levels of a strictly harmonic oscillator are
constant. Since the rotational constant from equation (2.13) depends on the
distance r between the nuclei, it is not strictly a constant. Different vibration
levels will have different r-values. Therefore B must be replaced by Bv with
v refering to the different vibrational levels of the molecule.

A pure vibration spectrum is where the molecule makes a transition from
one vibration level to another. If one also takes into consideration the fact
that the molecule can change its rotational level at the same time, one obtains
the rotation-vibration spectrum. The various rotational transitions that can
take place in a given vibrational transition give rise to so called rotation-
vibration bands. The OH Meinel (4,2) and (3,1) bands are examples of such
bands. To get the inverse wavelength of these kind of bands, the term values
from both the rotational and the vibrational part have to be added. The
vibrational part is given by equation (2.16):

vv = G(v′)−G(v′′) (2.17)

The rotational part is given by:

vr = Fv′(J
′)− Fv′′(J ′′) (2.18)
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Figure 2.2: Possible rotational transitions for a v = 0 to v = 1 vibrational
transition, the figure is from [Barrett 2010]. for clarity only even levels are
shown for for the lower state.

Substituting into equation (2.13) and combining the rotational and vibra-
tional part one obtains.

v = vv +B′J ′(J ′ + 1)−B′′J ′′(J ′′ + 1) (2.19)

Where the subscript v has been omitted from B′ and B′′. Quantum me-
chanical selection rules puts certain constraints on ∆J = J ′ − J ′′, namely
that.

∆J = 0,∆J = ±1 (2.20)

Substituting this into (2.19), writing J instead of J ′′ and ∆J = 0, one obtains
an inverse wavelength given by.

vQ = vv + (B′ −B′′)J + (B′ −B′′)J2 (2.21)

The branch of lines with ∆J = 0 are refered to as the Q-branch. The branch
with ∆J = 1 and J ′ = J + 1 is called the R branch while the branch with
∆J = −1 and J ′ = J − 1 is called the P -branch. Again substituting into
equation (2.19), v for these two branches is given by.

vR = vv + 2B′ + (3B′ −B′′)J + (B′ −B′′)J2 (2.22)

vP = vv − (B′ +B′′)J + (B′ −B′′)J2 (2.23)

10
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A schematic picture of the the allowed rotational transitions for the vibra-
tional transition v = 0 to v = 4 is given in figure 2.2. When one also takes
into account the motion of the electrons of the molecule, corrections to the
simple dumbbell model arise. These corrections give rise to a splitting in
the rotational levels. This splitting is determined by which electronic state
the molecule is in. The molecule can have angular momentum Λ = 1/2 or
Λ = 3/2. Transitions between the the two states with different Λ give rise
to a splitting of the bands. Photons created by a transition with the same
∆J can have different frequency due to the difference in Λ. This is the origin
of the different lines in a given band. In 1950 [Meinel 1950] observed the
rotation-vibration spectrum from OH in the night sky. Although he first
believed this was a representation of a new electronic band system, it soon
became clear that the bands were in fact rotation-vibration bands, with the
P, Q and R branches being observed.

2.3 Concentration of the different vibrational levels

Reaction (2.1) can produce OH* with v as high as 9 [Sivjee 1991]. Fur-
ther, only levels v = 6 to v = 9 are produced with the levels 8 and 9 as
the most probable. [Sivjee 1991, Le Texier et al. 1987]. Lower vibrational
levels are produced when the exited molecule cascades down by radiating
to lower vibrational states by vibrational and rotational transitions. If the
excited hydroxyl molecule collides with another atom or molecule, it may
transfer some or all of its vibrational energy to kinetic energy in this atom
or molecule. This process will also lower the vibratioal level and contribute
to the production of hydroxyl in the lower vibrational levels. Such a process
is called collisional quenching. In this way hydroxyl in the vibrational levels
4 and 3 are produced. These levels can radiate further down with ∆v = 2 to
the vibrational levels 2 and 1. This is the orgin of the OH Meinel (3,1) and
(4,2) bands.

Collisional quenching and transitions will contribute to the concentration
of excited hydroxyl with vibrational level smaller than 8. Inserting equation
(2.4) for the concentration of ozone into equation (2.2) gives the following
expression for the production rate of vibrational level 8 and 9 of OH*:

P (OH∗)v = kO+O2+M [O][O2][M ] (2.24)

The lower levels will be produced by cascade through collisional quenching
and direct radiation from the levels produced by (2.24) Since the highest
levels are proportional to the atomic oxygen concentration the concentration
of all the levels of OH* will be proportional to the concentration of atomic
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oxygen. At nighttime when there is no dissociation of ozone by light, losses
of a given vibrational level of excited hydroxyl are the sum of cascade terms
and direct losses through the reactions:

OH∗v +O → H +O2 (2.25)

OH∗v +O2 → OH∗v−1 +O2 (2.26)

OH∗v + CO2 → OH∗v−1 + CO2 (2.27)

(2.25) represents the direct loss while (2.26) an (2.27) represent losses through
cascade. When direct radiation is included, the total loss of a given vibra-
tional level, v, is given by:

L(OH∗v ) =

(∑
v′<v

Avv′ + k1v [O] + k2v [O2] + k3v [CO2]

)
[OH∗v ] (2.28)

The term
∑

v′<v Avv′ represents transitions from vibrational level v to a lower
vibrational level v′. Avv′ are the Einstein coefficients describing the proba-
bility for a given transition to occur through dipole radiation. There is not
a clear agreement of tha values of the Einstein coefficients: some values used
for them can be found in [Mies 1970] or [Turnbull and Lowe 1988]. k1v , k

2
v

and k3v represent the rate coeficients for reactions (2.25), (2.26) and (2.27).
Values for k1v can be found in [Lopez-Moreno et al. 1987]. The values for k2v
and k4v are found in [Dodd et al. 1991].

For vibrational levels lower than v = 6, the production of excited hydroxyl
is given by:

P (OH∗v ) =
∑
v′′>v

Av′′v[OH
∗
v′′ ] + (k1v+1[O] + k2v+1[O2] + k3v+1[CO2])[OH

∗
v+1]

(2.29)
where

∑
v′′>v Av′′v represent production due to transitions from vibrational

level v′′ to a lower level v. By setting the losses from (2.28) equal to the
production given by (2.29), one gets the following expression for the concen-
tration of a given vibrational level with v < 6 of excited hydrogen:

[OH∗v ] =

∑
v′′>v

Av′′v[OH
∗
v′′ ] + (k1v+1[O] + k2v+1[O2] + k3v+1[CO2])[OH

∗
v+1]∑

v′<v

Avv′ + k1v [O] + k2v [O2] + k3v [CO2]

(2.30)
Expression (2.30) is a complex expression. Not only do the concentration

of O, O2 and CO2 vary on both long and short timesclaes, the rate coefficients
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are also strongly temperature dependent and will require a solid model with
good input parameters to give accurate estimates of the different vibrational
levels of excited hydrogen. Such a model is not used in this thesis. Therefore
the most important aspect of the expression is the fact that the concentration
of hydroxyl with v < 6 is proportional to excited hydroxyl with v > 6. These
levels are proportional to the concentration of atomic oxygen, which in turn
make all vibrational levels of atomic oxygen, including v = 4 and v = 3
proportional to the concentration of atomic oxygen.

2.4 Temperature estimates from the intensity measure-
ments

The kinetic temperature of the mesosphere can be derived from the rota-
tional distribution of OH*. The initial reaction (2.1) produces highly excited
rotational states which do not have a Boltzman-distribution. However OH*
has a relatively long radiative lifetime. Therefore the molecule will, on av-
erage, undergo at least 10 collisions [Sivjee 1991] before emitting a photon.
Thus OH* will be in thermal equlibrium with the surronding mesosphere.
The dirstribution of the rotational lines will be given by a Boltzmann distri-
bution, giving rise to a intensity of each rotational line that can be expressed
as follows:

I(v′, v′′, J ′, J) = A(v′, v, J ′, J)C(v′, J ′)(2J ′ + 1)e−E(v′,J ′)kT (2.31)

A(v′, v′′, J ′, J) are the Einstein coefficients used for a spontaneous emission
from a given rotational and vibrational state to another. The coefficients
found in [Mies 1970]are used to find the temperature values used in this
thesis. C(v′, J ′) is the total population of the v′ state. From equation (2.31)
it is clear that the intensity of each rotational line is determined by two
unknown quanteties, namly the temperature, T and the population of the v′

state, C(v′, J ′). There excists many rotational lines, which can be observed
separately. Thus the system is overdetermined and a least-square technique
can be used to fit the two unknowns. In this way, measurements of the
intensity of the OH Meinel (4,1) and (3,1) bands can be used to give an
estimate of the temperature of the atmospere at the OH-layer.

The data used in this thesis were obtained by using a scanning Michelson
interferometer manufactered by Bomen corporation placed in Antartica at
the British Antarctic Survey station at Rothera (68◦S, 68◦W). The instru-
ment has been used to scan the spectral region between 1000 nm and 1700
nm at about 0,5 nm resolution in the upper mesosphere. Each scan gives
rise to a pattern called an interferogram. Such interferograms were scanned
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rapidly and then summed to give an individual spectrum, each with an in-
tegration time of about 5 minutes. These interferograms were then Fourier
transformed into spectra. A synthetic spectrum was created for each spectral
position, i, by weighting the spectral contribution of each rotational line at
point J, by the unit area line function of the instrument. Thus, the model at
each point i is given by:

Ii = C(v′, J ′)
∑
J ′

wi,J ′A(v′, v, J ′, J)(2J ′ + 1)e−E(v′,J ′)kT (2.32)

where wi′,J ′ is the line shape weighting function. Because The Einstein co-
efficients and energy are known, a model syntetic spectra can be created at
each data point with initial estimates of T and C(v′, J ′). Differnces between
the measured spectra Di and model spectra, Ii are equated to changes in the
temperature and population via the Jacobians:

Di − Ii =
∂Ii
∂T

dT +
∂Ii

∂C(v′, J ′)
dC(v′, J ′) (2.33)

Then equation (2.33) results in a set of individual equations for each data-
point and dT and dC(v′, J ′) are calculated by least-square fitting and give
corrections to the a prori estimates of the temperature and intensity. This
process is repeated until the best fit is observed and this represents the inte-
gral band radiance and temperature of the band. The process is preformed
on the spectral region of the OH Meinel (4,2) and (3,1) bands separately, and
results in two independent estimates of the atmospheric temperature aswell
as the integrated band radiance of each of the bands.
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3 Analysis and results

The purpose of the analysis done in this thesis is to determine how the OH
radiance and temperature varies on timescales of solar cycle, seasonal periods
of the year and throughout the night. In this chapter the format of the data
and the methods used to find the variantion in the data will be presented
along with the results obtained.

3.1 Data

The data used are as described in section 2.4 obtained by a scanning Michel-
son interferometer placed at the British Antarctic Survey station at Rothera
(68◦S, 68◦W). Data extending from 2002 to 2009 for both the OH Meinel (3,1)
and OH Meinel (4,2) bands are used. Values for the radiance, measured in
kR, along with its estimated uncertainty are collected by the method de-
scribed in chapter 2.4. Values of the temperature, measured in Kelvin, are
then obtained as described in the same chapter, also with an estimated un-
certainty. For those unfamiliar with the unit Rayleigh(R), the unit Rayleigh
is dependent on the wavelength of the photons measured and the number of
photons striking a unit area. For the OH Meinel (4,2) band, 1 R will have
the following connection to watts:

1R = 0.999 · 10−12
W

m2 · sr
(3.1)

The (3,1) band has a slightly different connection:

1R = 1.05 · 10−12
W

m2 · sr
(3.2)

For each night a number of individual measurements of the temperature and
radiance of the OH Meinel (4,2) and (3,1) bands are made. Each such mea-
surement is marked by the day of year and time of day it is from. Clouds may
block the radiation and make the measurements unsuitable. Furthermore,
when the Sun is up, sunlight with the same frequency as the OH Meinel
(4,2) and (3,1) bands will be present, making measurements of the OH* ra-
diance impossible. The Sun will also cause much smaller concentration of
ozone due to photolysis [Marsh et al. 2006] through reaction (2.6). Then
(2.2) indicates that the OH* concentration is also much smaller. Therefore
measurements are only taken when the Sun is down. At the instruments
location in Antarctica, the Sun will stay up all day during the summer. Con-
sequently there is a large gap in the data for each Antarctic summer. In
addition there are also days without measurements due to cloudy weather
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and general downtime of the instrument. Some of the nights with measure-
ments only have a very small number of individual measurements for each
night. If one looks at all of the data, the variability is very large making it dif-
ficult to characterize systematic variation. This behaviour is shown in figure
3.1. In order to observe the systematic variation of the longer timescales, the
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Figure 3.1: All the individual measurements for the OH Meinel (3,1) band
radiance in 2002.

variation on shorter timescales must be removed. The temperature and ra-
diance have a random variance consisting of random, statistical uncorrelated
fluctuations and variations such as gravity waves and tidal oscillations with
periods shorter than one day. In addition there are photochemical effects
[Lowe et al. 1996, Mulligan et al. 1994]. These variations can be considered
to be ”‘geophysical noise” since they create additional variations that can
disguise longer trends. However since these variations are less than one day,
averaging over the course of the night will remove these making it easier to
characterize the variability on time scales longer than one day. The process
used to determine the long time trends will be described in chapter 3.2. Dif-
ferent techniques will be used to characterize the variability during the course
of a night, and how these variations change during the year. The techniques
and processes used to characterize the nightly variation will be discussed
in chapter 3.3. Finally chapter 3.4 will investigate the if the variations in
temperature and radiance are connected.
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3.2 Long trend variations

This chapter will describe the methods used to find the long time variations
in the data set. Further the results obtained for the long time variation will
be presented.

3.2.1 Average night

During a single night the radiance can vary by as much as a factor of three due
to both photochemical and tidal effects [Lowe et al. 1996, Mulligan et al. 1994].
Also the temperature varies during the course of a night, but not by the same
amount. Typical variation in the temperature during a night is around 3-
5%. An illustration of variations in the radiance during a random night is
given in figure 3.2. In order to filter this nightly variation from the data, all
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Figure 3.2: Typical variation in the radiance during a night. The plot is of
the radiance of the OH Meinel (3,1) band in night 155 in 2002.

measurements for a given night were combined to an average nightly value.
To prevent data gaps due to cloudy weather from skewing the average, only
nights with more than 10 individual measurements are used. The average
obtained is a weigthed one, calculated by use of the formula:

〈A〉 =

N∑
i=1

ai
(δai)2

N∑
i=1

1

(δai)2

(3.3)
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Equation (3.3) is used for both the individual values for the radiation and
the temperature during one night with each ai representing one of the N
measured values for the temperature or radiance for that night. δai represents
the uncertainty of each measurement, which is estimated from the least-
squares fitting procedure. The uncertainty of the average value found by
equation (3.3) is calculated by the following formula:

∆A =

(
N∑
i=1

1

(δai)2

)1/2

(3.4)

Again δai represents the uncertainty of each of the N measurement from the
night. ∆A represents the standard error of the mean. That is the value the
averaged night is expected to vary from night to night.

3.2.2 Seasonal trends

After the averaging into nightly values were done, the average values for each
day were put togehter to form one long data set for both the temperature and
radiance of the OH Meinel (3,1) and (4,2) bands. One night is used as one
unit time. Some nights are without values because they were discarded due
to too few measurements. In addition, no measurements are made during the
Antarctic summer. In turn this leads to sets of data with unevenly spaced
gaps of different lengths. The data sets are then investigated for long time
trends. Any trends in the data are assumed to be periodic. The exception
is the solar cycle. Although the solar cycle does have an eleven year cycle,
the data only cover the eight years from 2002 to 2009. Thus an eventual
periodicity caused by the solar cycle will not go through a full cycle.

When the data are unevenly spaced and contain gaps, traditional Fast
Fourier Transform analysis is not a suitable method for finding the periodic
trends [Lomb 1976]. The method used for finding the significant periods
in the different data sets is estimation of the power spectrum by means of
the periodogram, described by [Lomb 1976] and [Scargle 1982]. Each mea-
surement is assumed to be a combination of the actual value and random
observational errors (noise):

Xi = X(ti) = Xs(ti) +R(ti) (3.5)

R(ti) is assumed to be statistically independent from all other R(tj) and
be normally distributed with zero mean and constant variance. The peri-
odogram, for evenly spaced data of this form, is described by:

PX(ω) =
1

N0

∣∣∣∣∣
N0∑
j=1

X(tj) exp(−iωtj)

∣∣∣∣∣
2

(3.6)
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N0 is the number of measurements. The idea behind the periodogram is
that if the data set contains a periodic(sinusoidal) component, of frequency
ω0, the factors X(t) and exp(−iωt) will be in phase near this frequency and
make a large contribution to the sum. For the other parts of the frequency
the terms in the sum will be randomly positive and negative, thus yielding
a small sum. Then a sinusoidal component in the data set will give a large
peak in the periodogram centered around that frequency.

However [Scargle 1982] suggests a modified periodogram, better suited
for unevenly spaced data. With the use of Scargle’s method, PX takes the
form:

PX(ω) =
1

2



[∑
j

Xj cos(ω(tj − τ))

]2
∑
j

cos2(ω(tj − τ))
+

[∑
j

Xj sin(ω(tj − τ))

]2
∑
j

sin2(ω(tj − τ))


(3.7)

τ is defined by.

tan(2ωτ) =

∑
j

sin(2ωtj)∑
j

cos(2ωtj)
(3.8)

If the spacing of the data is even and has time-translation invariance, (3.7)
reduces to (3.6). An example of a periodogram is shown in figure 3.3. The
spectrum is obtained from data with a 0.9 Hz sinusoidal frequency. The data
used to produce the periodogram is shown in figure 3.4. The data appears to
be random. Nevertheless the frquency of 0.9 Hz is still clearly shown in the
periodogram, illustrating the method’s usefulness. A periodogram like 3.3 is
often refered to as a power spectrum, and this will be done in the rest of this
text. Noise in the input data of equation (3.6) can give rise to large spectral
peaks which are not a result of a periodic signal. Thus it is of interest to
determine the probability that a certain peak is caused by random noise. The
procedure is described in [Scargle 1982]. Let PX = z. For each frequency,
the probabilty of finding z between z and z + dz if there is no signal present
at that specified frequenccy is given by:

pzdz = exp(−z) (3.9)

The probability of finding z ,i.e. PX , below a given value is:

fz(z) =

∫ z

0

pz(z
′)dz′ = 1− exp(−z) (3.10)
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Figure 3.3: Power spectrum for data with a 0.9 Hz sinusoidal frequency

Each PX(ωn) is assumed to be independent. Therefore the probability of
finding all N individual Px(ωn)’s below a certain value z is:

Fz(x) = fz(z)n = (1− exp(z))n (3.11)

Thus the probability, p, of any PX(ωn) exceeding z, given that there are no
periodic signals in the data, is:

p = 1− (1− exp(z))N (3.12)

Inverting this expression to yield z as a function of p gives the following
expression:

z = − ln
[
1− (1− p)1/N

]
(3.13)

Thus if one only wants to include frequencies with less than a probability of
α to be caused by random noise, one would only include frequencies with PX
equaling or exceeding a value, z0 given by:

z0 = − ln
[
1− (1− α)1/N

]
(3.14)

If there are significant frequencies, equation (3.14) is somewhat modified, but
this effect is small when N is large. The power levels shown in figure 3.3 are
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Figure 3.4: Data with a 0.9 Hz sinusoidal frequency.

obtained by the expression given in (3.14). The corresponding α-values are
the probability of a frequency originating from noise exceeding the power
levels, z0. As the figure shows the power at 0.9 Hz far exceeds the α = 0.001
level. Therefore the probability of it originating from noise is less than 0.001.

The actual analysis of the data sets were done by the procedure described
in [Press and Rybicki 1988]. The long data sets were checked for statistically
significant periodic signals. The resulting frequencies found in the data sets
or the temperature and the radiance of the OH Meinel (3,1) and (4,2) band
are summarized in table 3.1.

Radiance, (4,2) Temperature (4,2) Radiance (3,1) Temperature (3,1)
(1/365) (1/365) (1/365) (1/365)
(2/365) (2/365) (2/365) (2/365)
(3/365) (3/365) (3/365) (3/365)
- (4/365) - (4/365)
- (6/365) - (6/365)
(7/365)* (7/365) (7/365)* (7/365)
- (8/365)* - (8/365)*

Table 3.1: Significant frequencies found in the powerspectrum of the temper-
ature and radiance data. The frequencies marked by a * are only found in
the average year described in chapter 3.2.4.
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Figure 3.5: The nightly average radiance for the OH Meinel (4,2) band for
all the years of measurements.

3.2.3 Solar cycle

The collected data clearly showed a reduction in the radiance and tempera-
ture towards the later years of observations. The results are easiest to spot
for the radiance and is shown for the nightly average radiance of the OH
Meinel (4,2) band in figure 3.5. If that reduction is a periodic one, its time
period is longer than the data set. Thus Lomb-Scargle analysis is not suit-
able for detecting such a signal. Therefore a linear trend term is added in
addition to the periodic signals in table 3.1. A very likely explanation for
this reduction is the changes in solar irradiance during the solar cycle. The
total solar irradiance striking the Earth’s atmosphere is approximately 1367
W/m2. However the Sun has an eleven year cycle in which the irradiance
varies. These cyclic variations are to a large extent caused by magnetic
activity. Reductions in the solar irradiance are caused by passage of dark
sunspots across the solar disc. Increases in the radiance are due to brigth
faculae. However, changes in solar irradiance during a solar cycle is no more
than 0.4-0.7 W/m2 [Solanki and Fligge 1998]. Thus the changes in total so-
lar irradiance is not an adequate explanation for the reduction observed in
the data.

However enhanced emissions in active regions above active faculae is con-
nected to the solar cycle variation. Enhanced emission in these regions in
turn leads to increasing emission of solar UV-light. Thus the intensity of high
energetic UV-light will increase more than the intensity of light with longer
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wavelength in periods with many brigth faculae. Thus periods with many
dark spots will lead to a greater increase of high energetic light than of light
with longer wavelengths, and the intensity of UV-light will vary more than
the total irradiance [Lean 2005]. High energetic UV-light is responsible for
the production of atomic oxygen by reaction (2.6) and the concentration of
OH* is proportional to the atomic oxygen concentration. This is the reason
that enhanced UV-ligh irradiance from the Sun can influence the concentra-
tion of OH*. To account for the changing UV-light from the Sun, a linear
trend term is added to the periodic signals when these are fitted to the data
sets. The linear trend term may be an inadequate model to represent the
solar cycle variation, but is still used because the data do not extend over a
full solar cycle.

3.2.4 Fits to the data

With all the parameters to be fitted to the data characterized, the fitting
could be done. The frequencies found in table 3.1 were fitted to the data
along with an average value and the linear trend term modeling the solar
cycle. Thus the fit for the temperature/radiance took the form.

T (t)/R(t) = K+B · t+A1 cos(2πf1t+Φ1)+A2 cos(2πf2t+Φ2)+ · · · (3.15)

With f1, f2,... and A1, A2,... as the significant frequencies and corresponding
amplitudes. Φ1,Φ2,... represents the phase of each frequency.

To find the best fit to the data, the Levenberg-Marquardt method was
used. An educated guess of each parameter to be estimated is used as input
along with the actual data. Let the initial guess be on the form.

f(t, β) = Y = K+B ·t+A1 cos(2πf1t+Φ1)+A2 cos(2πf2t+Φ2)+ · · · (3.16)

β represents the parameters to be fitted, K, B, A1, A2,... and Φ1,Φ2,.... Now
the problem is to get model parameters β which give the best possible agree-
ment between the model and the actual data. This is done by a least-square
method, namely to minimalize the so called sum of squares.

Ψ =
n∑
i

= |Yi(t)− Y (t)|2 (3.17)

Yi(t) represents the individual data points, Y (t) the model value. New values
for β are obtained in each step of the method until Ψ converges to a smallest
possible value. Different methods for minimizing the sum of squares may have
different disadvantages. Some models are fast, but need a good initial guess
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to lead to convergence of Ψ. Others may converge even with bad guesses,
but can be slow and use many iterations. The advantage of the Levenberg-
Marquardt method is that it utilizes the best of two different methods. When
the initial guess is far off it behaves like the method of steepest descent and
can give convergence for initial guesses which would otherwise not give a
solution. When β is close to the converging values, the Levenberg-Marquardt
method behaves like a Taylor-series method which closes in on the converging
method much faster than the method of steepest descent [Marquardt 1963].

The results obtained by this method for the OH Meinel (3,1) and (4,2)
band are summraized in table 3.2 for the radiance and table 3.3 for the
temperature. The frequencies found are not exactly represented by an sub-
annual harmonic. But they are all so close to a sub-annual harmonic that
this approximaton is used throughout the thesis. Next equation (3.3) was

(4,2) band (3,1) band
Average 19,58 kR 17,13 kR
Trend 1,13 kR/year 0,87 kR/year
Frequency Amplitude Amplitude
(1/365) 5,86 kR 3,94 kR
(2/365) 3,04 kR 2,10 kR
(3/365) 0,93 kR 0,80 kR
(7/365)* 0,78 kR 0,65 kR

Table 3.2: Fitted averages, trends and amplitudes found for the radiance.
The values marked by * is for the frequencies only found in the average year.

used once more to form an average year of the temperature and radiation for
the two bands. Each ai now represents the nightly average over all years, and
δai the standard error of the mean. N is the number of years with a value for
a given day. The fit is also plotted along with the measured value. Figure 3.6
is the average year for the temperature while figure 3.7 is for the radiance.
The uncertainties in the temperature values are typically more than a factor
of 100 smaller than the presented value. For the radiance, the same holds
for the radiance. Therefore errorbars are not included. Finally the fits were
subtracted from the average year to check the average year for any remaining
sub-annual frequencies. With this procedure, one additional frequency was
found in each of the four data sets. A frequency of (7/365) for the radiance
of the two bands. The temperature showed an additional frequency with a
value of (8/365). Again the frequencies found are approximately represented
by the sub-harmonics. The frequencies found only in the average year is
marked by a * in table 3.1, 3.2 and 3.3.
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(4,2) band (3,1) band
Average 183,32 K 194,76 K
Trend 0,61 K/year 0,76 K/year
Frequency Ampiltude Amplitude
(1/365) 32,17 K 35,75 K
(2/365) 14,13 K 15,65 K
(3/365) 2,48 K 1,79 K
(4/365) 1,93 K 1,62 K
(6/365) 0,45 K 1,44 K
(7/365) 1,77 K 2,11 K
(8/365)* 1,01 K 1,18 K

Table 3.3: Fitted averages, trends and amplitudes found for the temperature.
The values marked by * is for the frequencies only found in the average year.
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Figure 3.6: Average nightly temperature for the OH Meinel (3,1) band (red)
and the OH Meinel (4,2) band (blue) for the years 2002 to 2009. The fits to
the data are shown as dashed lines.

With all the frequencies, phases and amplitudes are included together
with the linear trend and average value, the fit show reasonable agreement
with the data. Plots of the fit together with the full data set for the OH
Meinel (4,2) band are shown in figure 3.9 for the radiance and figure 3.8 for
the temperature. Again the uncertainty is small compared to the presented
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Figure 3.7: Average nightly radiance for the OH Meinel (3,1) band (red) and
the OH Meinel (4,2) band (blue) for the years 2002 to 2009. The fits to the
data are shown as dashed lines.

values and are therefore not included in the figure. Plots of the OH Meinel
(3,1) band are found in appendix A.
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Figure 3.8: Temperature of the OH Meinel (4,2) band for 2002 to 2009. The
fit to the data is shown in red.
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Figure 3.9: Radiance of the OH Meinel (4,2) band for 2002 to 2009. The fit
to the data is shown in red.
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3.2.5 Solar cycle connection

To compare the radiance and temperature with the changing solar cycle, all
the model parameters obtained in the fitting given by equation (3.15) except
the linear trend term, which was used to simulate a soar trend, were sub-
tracted from the data. As an indicator of the solar cycle, the Lyman-α line of
hydrogen is used. The wavelength of this line is 121.5 nm. [Pap et al. 1991]
explore the possibility that the variation of the Lyman-α flux is not in com-
plete correnspondance with the variation of total solar irradiance and the
sunspot cycle. But the Lyman-α line is a good indicator for the UV-light,
which is the interesting frequency domain for the production of OH*. There-
fore the radiance and temperature of OH* are compared with the Lyman-α
flux. The Lyman-α flux is found to vary by nearly a factor of two during a
solar cycle by [Pap et al. 1991] and [Barth et al. 1990].

The Lyman-α flux used in the comparison is collected from [LISIRD 2009]
(Laboratory for Atmospheric and Space Physics Interative Solar Irradiance
Data Center) and is measured in units of 1011 photons per second per cm2.
In the rest of the thesis, this unit will be referred to as one unit La. As
described in [LISIRD 2009], only model values are used in the years 2001-
2003. Consequently the two first years of data are compared with model
values. For the remaining years the data is compared with TIMED/SEE
and SORCE/SOLSTICE observations. A scatter plot where this was plotted
against the Lyman-α flux, which was used as the independent variable. To
find the possible correlation between the temperature/radiance and the solar
cycle variations, a linear fit of the form shown below was used.

T = a+ b ∗ La (3.18)

T stands for the temperature or radiance, La for the Lyman-α flux, a and b
are constants to be fitted. Plots of the temperature and radiance of the OH
Meinel (4,2) band are given in figure 3.10 and figure 3.11 For both bands,
the radiance and temperature showed a connection to the solar cycle. For the
radiance, the (4,2) band show a stronger connection, represented y a steeper
slope of the fit, than the (3,1) band. For the temperature, the situation is
opposite, the (3,1) band has a steeper slope than the (4,2) band. Values for
the slope obtained for the different parameters are summarized in table 3.4.
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Figure 3.10: Correlation between the Lyman-α flux and temperature for the
OH Meinel (4,2) band.

Temperature (4,2) 3,02 K/La
Temperature (3,1) 4,55 K/La
Radiance (4,2) 2,96 kR/La
Radiance (3,1) 2,11 kR/La

Table 3.4: Values for the slope found for the temperature and radiance.
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Figure 3.11: Correlation between the Lyman-α flux and radiance for the OH
Meinel (4,2) band.

30



3 ANALYSIS AND RESULTS

50 100 150 200 250 300
4

6

8

10

12

14

16

18

20

22

24

Day of year.

R
ad

ia
nc

e 
(k

R
).

Figure 3.12: Average radiance for the OH Meinel (4,2) band (red) and (3,1)
band (blue). The solar cycle variation is removed,

3.2.6 Average year

Once the connection between the solar cycle irradiance and the radiance and
temperature of the two OH Meinal bands are determined, the solar variation
can be removed from the data sets. With this done, an average year of
all eight years can be calculated. With the solar connection removed, only
the seasonal variations will be displayed in the average year. Plots of the
average year is shown in figure 3.12 for the radiance and figure 3.13 for the
temperature. The two largest harmonic trends for both the radiance and
temperature are possible to see in the plots. The large annual variation is
represented by the decreasing values found in the Antarctic summer. Also
the semi-annual behaviour represented by the two peaks around equinox is
is visible in the data. Further it is worth noting that the temperature of the
OH Meinel (3,1) band, on average, is 11 K higher than ffor the (4,2) band.
For the radiance, the situation is opposite with the (4,2) band, on average,
displaying 1 kR higher values.
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Figure 3.13: Average temperature for the OH Meinel (4,2) band (red) and
(83,1) band (blue). The solar cycle variation is removed,
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3.3 Diurnal variations

Once the seasonal trends are charcterized and the connection between the
solar cycle and the radiance and temperature are determined. The solar cycle
term can be removed from the individual data points in order to determine
the diurnal variation during the year. The subtraction of these parameters
will prevent the diurnal variation to be skewed by the long time variations. To
find the diurnal variation, all eight years were combined to form an average
year. Unlike the former plot of the average year in chapter 3.2.4, this average
year will account for the diurnal variation by binning the data as a function
of time for each day. The data were treated as described in chapter 3.2.6 to
find the nightly average. Two different kind of plots were made. One type
showed how the temperature or radiance changes with the time of the night
as the time parameter. This is described in chapter 3.3.1. The other type
had time after sunset as the time parameter and is presented in chapter 3.3.2.

3.3.1 Average nightly variation

Equation (3.3) is used once more to get weighted averages of the radiance
and temperature. As a time resolution for one night, the night is split into
48 half hour intervals. Individual measurements are binned in their corre-
sponding time-interval. Then bins from the same night, but different years
are combined. As an example, each measurement from 02.00 to 02.30 for
day 200 of the year is binned together. Finally the weighted averages is cal-
culated. N is, as before, the number of measured values in each bin and i
represents the individual measurements. Any solar cycle trends have been
removed from the data before the weighted average were calculated. This
was done in the following way: The difference between the Lyman-α flux for
a given day and the minimum value found between 2002 and 2009 in the
data from [LISIRD 2009] were multiplied with the values found in table 3.4.
Next these values were subtracted from each measurement of that night. To
remove the seasonal variations, the nightly averages from the average year
found in chapter 3.2.6 were subtracted from each halh-hour value of the cor-
responding night. With this procedure the average nightly variation of both
the temperature and the radiance is obtained for each night during the year.

To see how the nightly variation changes during a year, the results were
plotted in the following way. The y-axis represents the time, i.e. what time
of the night the value represents. The x-axis corresponds to which night of
the year the value represents. What the actual value is, is represented by
a colour. In other words, the plot is a coloured contour plot. This method
gives the variation with the time of night as a the time parameter for each
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night in the year.
To get smoother plots, each individual value was replaced with a 5 point

running mean which replaced the old values, ai, with new ones, a∗i. a∗i were
calculated in the following way.

a∗i =
ai−2 + ai−1 + ai + ai+1 + ai+2

5
(3.19)

Different values of i corresponds to different nights. A 5 point running mean
was used on all the data sets. The average diurnal variation for the temper-
ature and radiance of the OH Meinel (4,2) band is shown in figure 3.14 and
figure 3.15. Plots for the (3,1) band is found in appendix A.
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Figure 3.14: Development of the average radiance in time after sunset during
a night through a year for the OH Meinel (4,2) band.

3.3.2 Average nightly variation in time after sunset

The Sun is the cause of the atomic oxygen in the mesosphere through reaction
(2.6). Therefore it is perhaps of greater interest to see how the temperature
and radiance varies with time after sunset. Since sunlight is the mechanism
producing atomic oxygen, the time of interest is not when the Sun sets at the
ground, but when the Sun sets at the OH-layer at approximately 87 km. The
night is again divided into half hour intervals, but instead of using the time of
the night as a parameter for binning the measurements, the time after sunset
at approximately 87 km is used as a timescale. Hence all measurements made
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Figure 3.15: Development of the average temperature in time after sunset
during a night through a year for the OH Meinel (4,2) band.

in the first half hour after sunset is binned together and so on. Next, the
values for same the night of different years sre binned together to form an
average night by using (3.3). As before the solar cycle trend was removed,
and the values for the average year found in chapter 3.2.6 were subtracted.
Plotting the reults is done in the same manner as before, with the only
difference beeing that the y-axis now represents the time after sunset instead
of the time of the day. Plots of the variation with time after sunset as a time
parameter

Plots of the variation in the radiance of the OH Meinel (4,2) band are
presented in figure 3.16, the temperature plot is displayed in figure 3.17.
Corresponding plots for the OH Meinel (3,1) band are found in appendix
A. At first glance, the most striking feature for both the temperature and
radiance is the higher values found just after sunset. higher temperatures
mean that high-lying rotational levels, far from the band center, will be
brighter. Thus, these results indicate that not only will the band be brighter
just after sunset, but it will also extend over a wider wave length range.
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Figure 3.16: Development of the average radiance in time after sunset during
a night through a year for the OH Meinel (4,2) band.
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Figure 3.17: Development of the average temperature in time after sunset
during a night through a year for the OH Meinel (4,2) band.
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3.4 Correlations between the temperature and radi-
ance

[Cho and Sheperd 2006] and [Espy et al. 2007] describe a correlation between
the volume emmission rate(radiance) and temperature of the OH (6,2) Meinel
band. Similiar correlations are found by [Cho and Sheperd 2006] during four
winters ranging from 2001 to 2005. The correlation found here holds for both
15 minutes average values and averages during a full night. It is suggested
in this paper that such correlations are a result of vertical motions in the
mesosphere. Even though the relationship between the radiance and tem-
perature has no influence on the long time trends, it woud be interesting to
examine if such a connection appear in the data from Rothera. As shown in
figure 2.1, the atmospheric temperature is approximately at a minimum at
the same height as the OH* layer, 87 km. Thus downward motion will bring
in warmer air. As described in subsection 2.4, the temperature estimates
obtained from the intensity measurements are a good indicator of the kinetic
temperature. Thus an increase in kinetic temperature will lead to an increase
in the temperature obtained from the OH* emissions. Downward motions
will also bring in air rich in atomic oxygen. From equation (2.5), the produc-
tion rate and thus the radiance of OH* is proportional to the atomic oxygen
production. For these reasons, the temperature and radiance are believed
to be correlated. Reduction is believed to occur with upward motion which
gives the opposite reactions. [Cho and Sheperd 2006] suggest that during
the winter, all scales of variation of the temperature and radiance are caused
by vertical motion. This would in turn imply that the source concentrations
of atomic oxygen are constant.

[Espy et al. 2007] look at the correlation between radiance and temper-
ature of the OH Meinel (3,1) band. Here data are presented for the whole
year. The correlations between temperature and radiance are present dur-
ing both summer and winter and are, as found by [Cho and Sheperd 2006],
constant from year to year. However the correlation is found to be smaller
in the summer time than in the the winter. A suggested explanation is that
although the short-scale variations are caused by vertical motion, seasonal
variations may also be influenced by changes in the atomic oxygen source
function. In any case, vertical motion is believed to be the main cause of the
correlation between the radiance and temperature of the OH* emissions. To
see if the same correlations are found in the OH Meinel (4,2) and (3,1) bands
obtained at Rothera, a scatter plot of the nightly averages obtained with
equation (3.3) of temperature was plotted against the nightly averaged radi-
ance. Next a linear trend of the form of equation (3.18) was fitted to the data
to give the slope of an possible correlation. Both the temperature and ra-
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diance measurements have an uncertainty. As mentioned in [Bohonak 2004]
reduced major axis regression(RMA) is needed when the independent vari-
able, say x of a fit is measured with an error. However, as a rule of thumb,
RMA is not needed unless the error rate in x exceeds one third of the error
rate in y. In both the OH Meinel (4,2) and (3,1) bands, the error in the
radiance were considerably smaller than the error rate of the temperature.
Therefore the radiance were plotted as the independent variable along the
x-axis and ordinarly least square regression was used to obtain the fit. A plot
for the OH Meinel (4,2) band is presented in figure 3.18. Both bands display
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Figure 3.18: Temperature of the (4,2) band is plotted at against the radiance
of the same band.

a relationship between the radiance and temperature. The connection for
the two bands are given in table 3.5.

(4,2) band (3,1) band
0.91 K/kR 1.13 K/kR

Table 3.5: correlation between the radiance and temperature for the OH
(4,2) and OH (3,1) Meinel bands.
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4 Discussion

The results obtained in the thesis show some distinct trends. Some of the
results are in good agreement with what is found in other sudies of the OH
airglow emission and temperature. An examples of this is the strong summer
minima in both the temperature and radiance. Other features, like the the
relatively large temperature difference between the temperature of the two
bands, were not expected. In this chapter the underlying processes respon-
sible for the most important results will be discussed. Further the different
behaviour of the OH Meinel (4,2) and (3,1) bands in their connection to the
solar cycle and between the temperature and radiance will be investigated.
Also the connection between the radiance and temperature variation will be
looked at. Finally the ideal periods for astrophysical observations determined
by minimal values for the radiance will be presented.

4.1 Seasonal variations in the radiance and tempera-
ture

Here the two main seasonal trends in the radiance and the temperature, the
annual and semi-annual cycles, will be presented.

4.1.1 Annual cycle

It is seen from figure 3.12 that the radiance for the two OH Meinel bands have
an annual variation with a minimum in the summer. This annual behaviour
with a summer minima is even clearer in the temperature and is apparent for
both bands. The behviour can be seen in figure 3.13. An explanation of this
annual cycle is the difference between the summer and winter hemispheres.
The summer polar stratosphere will heat up more when exposed to 24 hour
daylight than the winter pole which has no sunlight. Thus the summer
pole will have high pressure and high temperature while the winter pole will
have low temperatures and low pressure in the stratosphere. The pressure
difference will give rise to a thermal wind from the summer pole to the winter
pole.

When exposed to the corriolis force, this thermal wind will be bent into
zonal winds by the corriolis force. In the summer hemisphere the zonal
winds will be westward, in the winter hemisphere they will be eastward.
[Espy and Stegman 2002], [Garcia and Solomon 1985] and [Le Texier et al. 1987]
describe gravity waves originating in the troposphere with maximum ampli-
tude at midlatitude and decreasing amplitude towards the poles. Westward
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gravity waves will be stopped by the westward zonal winds when the wind-
speed equals the phase speed of the waves. Eastward gravity waves will be
stopped by the eastward zonal winds. Thus only eastward waves will be able
to penetrate the zonal winds in the summer hemisphere and only westward
winds will penetrate the zonal winds in the winter mesosphere. Thus only
eastward gravity waves reach altitudes where they can break and deposit
their eastward momentum in the summer mesosphere. In the winter hemi-
sphere the situation is again opposite with only westward momentum being
deposited.

This will act as a drag force on the winds, causing mesopheric winds to-
wards the equator in the summer hemisphere and away from the equator in
the winter hemisphere. These meriodional winds in the mesosphere lead to
downward motion at the winter pole and upward motion at the summer pole.
Such an meridional circulation is described by [Garcia and Solomon 1985].
Thus air rich in atomic oxygen will propagate down to the height of the OH-
layer. Since the concentration of excited hydroxyl, and in turn the radiance
of the OH Meinel bands, is proportional to the atomic oxygen concentration
this explain the increasing radiance in the wintertime. The minima in the
radiance in the summer is caused by upward motion of air poor in atomic
oxygen. Even though this process competes with higher production of atomic
oxygen by reaction (2.6), it is quite clear that upward motion is the dom-
inant process. The pressure on an air parcel will drop as it rises to higher
altitudes and decrease if it falls to lower altitudes. Thus adiabatic heating
and cooling are responsible for the summer minima and winter maxima in
the temperature. seen in figure 3.13.

4.1.2 Semi-annual cycle

The semi-annual variation is represented by the two peaks in the radiance.
One peak is centered around the spring equinox. The other is centered at a
time shortly after the fall equinox. Since the radiance is proportional to the
atomic oxygen concentration, the peaks should be the result of increasing
atomic oxygen concentration. A likely cause for the increase is again vertical
motion. Around equinox the pressure and temperature differences between
the poles are very small allowing both eastward and westward gravity waves
to reach the mesosphere. There the waves become unstable and break. When
the waves break it leads to turbulent diffusion, in turn causing vertical mo-
tion and subsequently vertical transport of warm air rich in atomic oxygen.
As described by [Le Texier et al. 1987], zonal and meriodinal winds in the
stratosphere can lead to breaking of the waves before they reach the meso-
sphere. Thus periods of the year with weak horizontal winds will have greater
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diffusion and vertical motion of atomic oxygen in the mesosphere, which in
turn leads to increased radiance. Worth noting is that the large value for
the radiance right before day 50 is found from just one nights measurements.
Therefore this large peak is may be the result of some random statistical
process.

Also the temperature of the two bands displays two peaks at the equinoxes.
As for the radiance these peaks are probably the result of diffusion caused
by the breaking of gravity waves. When comparing the peaks in the ra-
diance and temperature with horizontal wind profiles at Rothera made by
[Hibbins et al. 2005], it is quite clear that the horizontal winds are almost
non existing at the time of the two peaks. Therefore the two peaks are ex-
pected to appear. Peaks in the radiance at the equinoxes are also found in
studies of hydroxyl airglow at other locations. One example of this is at
Stockholm (59 ◦N, 18 ◦E) by [Espy and Stegman 2002].

Other sub-harmonic ferquencies than the semi-annual are also found in
the data for both the temperature and the radiance. One explanation of these
frequencies is that the variations in the zonal winds are not strictly periodic.
And even if they were, the connection between the radiance and temperature
and the zonal winds is not necessarily linear. Therefore more than the annual
and semi-annual periods might appear in the seasonal variations of the radi-
ance and temperature. In addition to this effect, tidal motions with a 24, a 12
and an 8 hour period have been observed at Rothera by [Hibbins et al. 2006].
Such tidal motions along with planetary waves might also cause additional
sub-harmonic frequencies in the temparature and radiance.

4.2 Solar cycle

Earlier studies have found a connection between both the mesospheric tem-
perature, [Mohanakumar 1987] and the solar cycle and the hydroxyl airglow
and the solar cycle, [Espy and Stegman 2002]. This connection is also found
in the data from Rothera and will be looked at in chapter 4.2.1 for the radi-
ance and in chapter 4.2.2 for the temperature.

4.2.1 Radiance dependency on the solar cycle

In chapter 3.2.3 the connection between the radiance and the solar cycle is
investigated. The results are found in table 3.4. The OH Meinel (3,1) band
display a connection of 2.11 kR/La and the (4,2) band has a connection of
2,96 kR/La. As described in chapter 3.2.3 the UV-flux will change consider-
ably more during a solar cycle than the total irradiance. In turn these changes
in the UV-flux, here represented by the Lyman-α line, will lead to changes in
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the concentration of atomic oxygen. The behaviour found in chapter 3.2.6,
with the (4,1) band having a stronger radiance than the (3,1) band, can give
an indication as to why the connection is strongest for the (4,2) band.

Equation (2.30) gives the concentration of the different levels of vibra-
tionally excited OH with v < 6. The expression shows that the concentration
of OH(v = 3) and OH(v = 4) and in turn the radiance of the OH Meinel (4,2)
and (3,1) bands is proportional to the atomic oxygen concentration. This has
been discussed earllier in the thesis. Expression (2.30) is complicated and
dependent on many parameters, most of them temperature dependent. Thus
a good model with solid input parameters is needed to induce how the two
bands radiance should change with changing atomic oxygen concentration.
This is not done here, but the fact that the (4,2) band has a stronger depen-
dence on solar cycle than the (3,1) band indicates that a certain change in
the atomic oxygen concentration will lead to greatest changes for the (4,2)
band.

If the connection between the radiance and solar cycle is due to changes in
the atomic oxygen concentration, it is therefore not unexpected that the OH
Meinel (4,2) band show the greatest connection. Both bands have increasing
values for the radiance with increasing Lyman-α flux. This result is a strong
indicator that the concentration of atomic oxygen is dependent on the UV-
light from the Sun.

4.2.2 Temperature dependency on the solar cycle

When changes in the atomic oxygen concentration are caused by vertical
motion, the temperature and radiance of the two bands will follow the same
pattern. Here vertical motion is not the cause and cannot account for the con-
nection between the temperature and Lyman-α flux. Still a strong connection
between the mesospheric temperature and the solar cycle has been detected
by, among others, [Mohanakumar 1987]. Here the number of sunspots is used
as an indicator of the solar activity. An explanation of the connection is the
increasing Lyman-α flux and its influence on the physio-chemical processes
in the mesosphere which in turn influence the vertical temperature struc-
ture. [Pertsev and Perminov 2007] have also found a connection between
increasing solar activity and mesospheric temperature and describe changes
in horizontal winds, that affect the vertical transport in the mesosphere as
the most likely cause for the connection.

Measurements of the temperature have been carried out at the same lati-
tude as Rothera, namely at 68 ◦S, at Molodezhnaya. The solar-cycle connec-
tion is found to be largest at around 65 kilometers height. The connection
decreases sharply with increasing height and disappears below the hydroxyl
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layer, situated at around 87 kilometers. Such a result is in contrast to what
is found in chapter 3.2.3 where both OH Meinel bands show a connection
between the solar cycle and temperature. The (4,2) band has a connection
of of 3,02 K/La and the (3,1) band have a connection of 4,55 K/La. As
mentioned the connection between the temperature and solar cycle is found
to decrease sharply with height. [Mohanakumar 1987] finds the connection
to disappear at around 75 kilometers.

Hydroxyl in different vibrational states are not necessarily situated at the
same altitude. [Lopez-Moreno et al. 1987] describe a difference in the peak of
OH(v = 3) and OH(v = 4) at (37 ◦N, 6 ◦W) with OH(v = 4) having its peak
at 90 kilometers, 5 kilometer above the peak of OH(v = 3) at 85 kilometers.
The MSIS model also predicts and altitude difference, although a smaller one
of around 1 kilometer. If the connection exhibits roughly the same vertical
profile at Rothera as it does at Molodezhnaya, it may explain the difference
between the two bands. This is because the of the sharp decrease in the
connection with height. Therefore the height difference would be expected
to lead to a stronger connection between the Lyman-α flux and temperature
for the (3,1) band, which also is found. Thus the connection between the
solar cycle and temperature probably follow the same pattern at Rothera as
at Molodezhnaya, but extend further up in the atmosphere. Other studies,
like [Pertsev and Perminov 2007], also find the connection to extend up to
the mesosphere.

4.3 Diurnal variation

After sunset there will be no sunlight present to produce atomic oxygen.
Thus the concentration of atomic oxygen will decrease due to chemical reac-
tions like reaction (2.3). The production of excited hydroxyl is as shown in
equation (2.5) proportional to the concentration of atomic oxygen. Excited
hydroxyl will radiate and cascade down to lower vibrational states until the
lowest level is reached. The concentration of the lower levels and in turn
the radiance of the OH Meinel (4,2) and (3,1) bands is given by equation
(2.30) and is proportional to the atomic oxygen concentration. Since no
more atomic oxygen is produced after sunset, this concentration, and in
turn the radiance, should show a contionious decrease throughout the night.
[Lowe et al. 1996] describes an exponentional reduction in the atomic oxygen
concentration, with a time constant, τ , given by:

τ =
1

kO+O2+M [O2][M ]
(4.1)
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The time parameter is time after sunset. From equation (4.1), it is seen that
larger concentrations of atomic oxygen will lead to a longer survival time of
the atomic oxygen. Since the concentration of atomic oxygen increases with
height [Melo et al. 2001] at altitudes below the hydroxyl layer, the lifetime
of atomic oxygen will increase with height beyond a certain height, usually
taken to be around 86 km [Lowe et al. 1996], where the lifetime exceeds 24
hours.

If only chemical reactions described by (2.3) and (2.2) were responsible
for the changing concentration of atomic oxygen and ultimately the radiation
from the OH Meinel (4,2) and (3,1) bands, this radiation should show a
continious decrease throughout the night. [Lowe et al. 1996] finds that the
values for τ for different heights from measurements disagrees with the ones
calculated assuming only chemical decay of atomic oxygen in the latitude
range of 35◦to 45◦. Indications that there are more than chemical processes
responsible for the changes in radiance during the night is also found in this
thesis. Figure 3.14 and to an even greater degree figure 3.16 show that the
radiation of the OH Meinel (4,2) band do not show a contionious decrease
in time after sunset. Even though the radiance decreases from the values
displayed a short time after sunset, some of the nights show approximately
constant radiance. Others even display increasing radiance at the end of the
night. With an exponential decay through the night, a logaritmic plot of the
radiance should have a linear decrease throug the night. All the days of the
year have been averaged into one average night, then the natural logarithm
of the radiance were taken and plotted against the time after sunset to get
a more concrete way to examine if chemical decay is the only contributing
process or not. The plot is shown in figure 4.1. From the plot it is quite clear
that more than chemical processes contribute to the decay of atomic oxygen
at the height of the hydroxyl layer.

[Lowe et al. 1996] list two probable causes for the difference between the
measured and calculated time constants. Either that a process faster than
(2.3) controls the atomic oxygen or that vertical motion lead to changes
in the concentration. Since figure 4.1 does not show a continious decrease
through the night, the second explanation involving vertical motion is the
most likely. If this vertical motion displays seasonal variations, these vari-
ations can explain the changing pattern of the nightly radiance during the
year.

[Espy and Stegman 2002] use the CIRA-86 wind model to generate values
for the diffusion at 60 ◦N and find the values for diffusion at heigths above
90 kilometers to be largest around the equinoxes with minima in the summer
and the winter. Behaviour of the same kind can be seen in the data from
Rothera (68 ◦S). A continious decrease throughout the night is not clearly
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Figure 4.1: Average nightly variation of the radiance of the OH Meinel 84,2)
band through the night on a logaritmic scale.

present at any time during the year. Around day 150, figure 3.16 show that
the radiance increases towards the end of the night, indicating stronger ver-
tical transport of atomic oxygen. In chapter 4.1.2 the large values found for
the radiance around day 150 is explained by the weak zonal winds at that
time of year allowing gravity waves to break and cause vertical diffusion at
the hydroxyl layer. That the greatest diurnal variance and greatest absolute
value of the radiance occur at the same time of year strengthens the sugges-
tion that vertical motion caused by breaking gravity waves is the origin of
these features. However, the decrease in radiance is not continious at any
time during the year. Thus tidal motions and planetary waves like the ones
descrbed in [Hibbins et al. 2006] are probably responsible for further vertical
motion than the diffusion caused by breaking gravity waves at the equinoxes.
A plot of the radiance of the OH Meinel (3,1) band is presented in appendix
A. The (3,1) band follows the same pattern as the (4,2) band.

By the reasoning used in chapter 3.4 vertical motion due to breaking
gravity waves should lead to similiar changes in the temperature and the
atomic oxygen concentration. Such variations are not present in figure 3.15
and figure 3.17, which show the diurnal temperature variation for the OH
Meinel (4,2) band. The only clear trend is the high values found at the start
of the night right after sunset. The lower values found after that time is
probably due to the fact that the Sun has set. Similar behaviour is found
for the temperature of the (3,1) band and plots of this band can be found
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in appendix A. This indicates that the temperature at the height of the
hydroxyl layer varies on a nightly basis by other mechanismes in addition to
vertical motion.

4.4 Temperature differences between the OH Meinel
(4,2) and (3,1) bands

Figure 3.13 shows that the temperature of the OH Meinel (3,1) band is
higher than the temperature of the (4,2) band. On average the difference
is 11 K. As described in chapter 2.4, the temperature of the OH Meinel
bands should be close to the kinetic temperature at the emitting height.
Therefore the temperature for the two bands should have roughly the same
values. The temperature difference could indicate that hydroxyl in different
vibrational states are located at different heights. As described in chapter
4.2.2, the MSIS model predicts an altitude difference of 1 kilometer. Further
the MSIS model predicts a temperature dependence of 1,5 K/km at the height
of the hydroxyl layer at Rothera in the winter. Using the results from the
MSIS model can therefore not account for the temperature difference of 11
K between the bands. Thus the MSIS model indicates that the temperature
difference of the two bands is not caused by height differences between the
emitting layers. One likely explanation may then be calibration errors of the
measuring instrument. The detector respomse falls rapidly through the (4,2)
band region as compared to the relatively flat response over the (3,1) band.
This makes the (4,2) band intensity, and hence the extracted temperature,
sensitive to calibration errors.

In situ rocket measurements have been made by [Lübken et al. 1999] at
Rothera. Here the vertical structure of the temperature was observed. In
this study, the mesospause is found to be centered at around 88 kilometers.
Thus OH(v = 3) and OH(v = 4) have peaks in the concentration around the
mesospause. Consequently, the temperature for the two OH Meinel bands
should have approximately the same values despite of the height difference.
[Lübken et al. 1999] have only made measurements in January and February.
The data used in this thesis have no values before mid February due to con-
tinious sunlight in the Antarctic summer. Further it is seen from figure 3.13
that the difference in temperature between the two bands is smallest in the
summer. Therefore it is more relevant to examine the vertical temperature
profile in the summertime.

No measurements have been done at Rothera for the wintertime vertical
temperature profile. However, Lidar meaurements of the mesospheric tem-
perature have been made at the South Pole covering the whole year. These
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measurements are summarized by [Pan and Gardner 2003]. Here it is found
that the mesospause changes in height from 88 kilometers in the summer to
around 100 kilometers in the winter. Then the temperature will decrease
with increasing altitude in the summer at the altitudes of the hydroxyl layer.
Compared with the MSIS model, the data from the South Pole show a higher
altitude of the mesospause in the winter. Further the temperature gradient
is considerably steeper at the height of the hydroxyl layer. Therefore the
results of [Pan and Gardner 2003] can indicate that the MSIS model do not
show a steep enough temperature gradient in the wintertime at Rothera.

As shown in equation (2.30), the concentration of the different vibrational
states of excited hydroxyl are temperature dependent. Thus a change in
the temperature could also increase the height difference of the two states.
Should calibration errors be the only cause for the differences in the measured
temperatures, the difference is expected to be fairly constant throughout
the whole year. There is found an increase in the difference in wintertime
compared to summertime, which may also indicate that more than calibration
errors could cause the difference. The peak of the OH(v = 3) layer lies below
the OH(v = 4) peak. Thus the temperature is expected to be lower for the
OH Meinel (4,2) band than for the (3,1) band in the summertime. Should the
gradient at Rothera be steeper than predicted by the MSIS model combined
with a greater height difference, this could account for at least some of the
measured temperature difference, especially in the summertime.

4.5 Connections in the temperature and radiance vari-
ation

From the results in chapter 3.4, the OH Meinel (3,1) band show a stronger
variation in the temperature for a given change in the radiance than the (4,2)
band. Both bands show a connection with a value of 1,13 K/kR for the (3,1)
band and 0,91 K/kR for the (4,2) band. Since air from above the layer will
be rich in atomic oxygen, downward motion will increase the radiance and
upward motion will bring in air with a smaller atomic oxygen concentration.
As described in chapter 4.1.1, adiabatic heating of downward air parcels
and adiabatic cooling of upward moving air parvels is the cause for annual
changes in the temperature. Therefore the annual cycle of the temperature
and radiance follow the same pattern, giving rise to a connection. The semi-
annual behaviour which probably is caused by diffusion, will cause warm
air rich in atomic oxygen to reach the hydroxyl layer. Therefore the semi-
annual behaviour of the temperature and radiance follow the same pattern.
Since the temperature and radiance follow approximately the same seasonal
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pattern, the connection is not unexpected. The two bands do however show
a different degree of connection between the temperature and radiance.

In chapter 4.2.1 it is explained why the OH Meinel (4,2) band is expected
to vary more than the (3,1) band when exposed to the same changes in
the atomic oxygen concentration. The temperature will change by approx-
imately the same amount for both bands due to vertical motion, while the
radiance will change more for the (4,2) band than for the (3,1) band. Thus
the gradient, given by ∆T/∆R, should be steeper for the (3,1) band than for
the (4,2) band. The values from chapter 3.4 do agree with this reasoning,
further strengthening the indications that vertical motion is the main source
for changing values for the temperature and radiance in the two OH meinel
bands.

4.6 Ideal observation periods

Trends in the radiance on all scales found at Rothera can give an indication
of the trends at other places in Antarctica. The varying radiance can be
used to define the optimal observation periods of astrophysical observations
in the near infrared region of 1-2.2 µm, in particuar the H band transmission
between 1,47 and 1,82 µm. The most important trends is as mentioned
in chapter 4.1, 4.2.1 and 4.3 the annual and semi-annual cycle, the diurnal
variation and the solar cycle variations.

Firstly the diurnal variations throughout the year displayed in figure 3.14
give one clear indication as to at what time of the night the radiance displays
the largest values. The five hours after sunset are approximately 2 to 10 kR
brighter compared to the time of night after this five hour period. This kind
of behaviour is found throughout the whole year. Therefore it is obvious that
any astronomical studies in the infrared region should be taken more than
five hours after sunset if possible. The exceptions are the short days in the
Antarctic spring and fall where the night is shorter than 5 hours.

The two main features of the seasonal variation in the infrared radiance
of hydroxyl is the semi-annual and annual variation which can be seen in
figure 3.12. The peak at fall equinox is considerably higher than the one at
spring equinox. The difference between the winter minima in the radiance
and the smaller spring equinox maxima makes this winter minima around
day 200 the time of year best suited for astronomical observations. Another
aspect making this a suitable period for observations is the long nights in the
Antarctic winter. The low values observed for the radiance in the beginning
and end of the Antarctic summer might at first glance indicate this to be a
good time to do observations. However the night is relatively short at this
time of year making these periods less suitable for observations.
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Finally there is a strong connection between the solar cycle and hydroxyl
radiance. Even though the correlation is stronger for the OH Meinel (4,2)
band than for the OH Meinel (3,1) band, both bands show a strong cor-
relation. The corelation arises because changes in UV-light during a solar
cycle influence the concentration of atomic oxygen. Therefore all vibrational
levels of OH* will vary with the solar cycle. The values for the radiance are
smallest when there is little UV-light and larger when the UV flux is high.
Thus the ideal periods for astronomical observations are in the solar cycle
minima.

In summary, these results indcate that the following observational pe-
riods are optimal for reducing the infrared background radiance from the
rotation-vibration transitions in excited hydroxyl at Antarctica. If possible
astronomical observations should be done in years in which the Lyman-α
flux from the Sun have small values, i.e. when the solar cycle is in a minima.
Further the observations should be done at at the winter minima in the ra-
diance. This minima is found around day 160 to day 230 of the year. Finally
the observations should be done more than 5 hours after sunset to avoid the
the time of night with most radiance from excited hydroxyl.
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4.7 Conclusions

Ground based measurements of the hydroxyl airglow and temperature of the
OH Meinel (4,2) and (3,1) bands have been made at Rothera (68 ◦S,68 ◦W)
during an eight year period from 2002 to 2009. The hydroxyl airglow is the
main background source for astronomical observations in the infrared and
near infrared. Therefore the variations in the hydroxyl radiance were inves-
tigated. Also the temperature variations were examined as higher temperate
hydroxyl will radiate over a more extensive spectral region..

Both the temperature and the radiance of the two bands were found to
vary on nightly, seasonal and solar-cycle timescales. The temperature and
radiance have many similarities in their variance on seasonal time scales. The
main features shared by the temperature and radiance is the summer time
minima and the peaks at the equinoxes. Seasonal variations are probably
caused by vertical motion in the mesosphere, which give rise to roughly the
same variations in the temperature and radiance. Further both the temper-
ature and radiance showed increasing values in periods with increasing solar
activity during a solar cycle. This increase is the result of increasing UV flux
from the Sun. The nightly variation of the temperature and the radiance
changes from day to day. However, the trend is that the highest values are
found in the time right after sunset for both.

Astronomical observations in the infrared and near infrared region should
be done when the background is at its lowest. From the analysis made in
this study, these periods are when the solar cycle is in a minima. The time of
year best suited for measurements is between the two equinox maxima, from
around day 160 to day 230 of the year. Such obsevartions must be carried
out during the night. The hydroxyl airglow have distinctly higher values in
the first 5 hours after sunset, therefore astronomical observations should be
carried out more than 5 hours sunset in order to minimize the background
radiation.
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Figure A.1: Development of the average nightly radiance of the OH Meinel
(3,1) band after sunset during the year.
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Figure A.2: Development of the average radiance during a night through a
year for the OH Meinel (3,1) band.
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Figure A.3: Development of the average nightly temperature of the OH
Meinel (3,1) band after sunset during the year.
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Figure A.4: Development of the average temperature during a night through
a year for the OH Meinel (3,1) band.
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Figure A.5: Temperature of the OH (3,1) band for 2002 to 2009. The fit to
the data is shown in red.
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Figure A.6: Radiance of the OH (3,1) band for 2002 to 2009. The fit to the
data is shown in red.
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Figure A.7: Correlation between the Lyman-α flux and temperature for the
OH Meinel (3,1) band.
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Figure A.8: Correlation between the Lyman-α flux and radiance for the OH
Meinel (3,1) band.
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Figure A.9: Temperature of the (3,1) band is plotted against the radiance of
the same band.
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