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Abstract (German)

Ein gutes Verstandnis planetarer Atmosphéren ist eine Grundvorausset-
zung zur Entwicklung von Prognosemodellen. Vorhersagen aus diesen
Modellen wiederum tragen wesentlich zum globalen Verstindnis dieser
Atmosphdren bei. Ausgehend von Modellen fiir die Erdatmosphére hat
die Anpassung und Entwicklung dieser Modelle fiir Mars und Venus in
den letzten Jahren grofle Fortschritte gemacht.

Wesentlichen Einfluss hatten dabei verbesserte Beobachtungsmoglich-
keiten und Raumfahrtmissionen. Zum einen werden Orientierungs-
daten fiir die Parametrisierung benotigt und zum anderen bediirfen
Modelle der Bestdtigung durch Messwerte. Erdgebundene Beobachtun-
gen insbesondere in hoheren Bereichen der Atmosphdre sowie Langzeit-
beobachtungen sind daher eine wichtige und kostengtinstige Erganzung
zu Weltraummissionen, um Modellvorhersagen zu iiberpriifen und
zukiinftige Missionen vorzubereiten.

Eine elegante Methode zur sonst nur schwer moglichen direk-
ten Messung von Windgeschwindigkeiten ist die Beobachtung von
nicht-thermischen CO, Emissionslinien im Infrarotbereich mit Fre-
quenz hochauflosender Heterodynspektroskopie. Aus beobachteten
Dopplerverschiebungen der Frequenzen dieser Linien kann direkt auf
die Geschwindigkeiten der CO, Molekiile riickgeschlossen werden. Im
Unterschied zu Beobachtungen im Radio-Wellenldngenbereich kann im
Infraroten auch die notwendige hohe raumliche Auflésung erreicht wer-
den. Zudem ist die ermittelte Windgeschindigkeit der einzelnen Po-
sitionen am Planeten unabhidngig von zusitzlichen Informationen wie
Temperatur- und Druckprofilen.

Ein derartiges Infrarot Heterodyn Empfingersystem mit dem Na-
men THIS (Tuneable Heterodyne Infrared Spectrometer) wurde am I.
Physikalischen Institut der Universitdt Koln aufgebaut und im Rahmen
dieser Arbeite weiterentwickelt, sodass nunmehr regelméssige Beobach-
tungen der Mars- und Venusatmosphére mit diesem Instrument moglich
sind.

Die Ergebnisse von Windmessungen in den Atmosphédren von Mars
und Venus aus insgesamt vier Beobachtungskampagnen im Zeitraum
von 2005 bis 2008 werden in dieser Arbeit prasentiert. Die Messungen
wurden so weit wie moglich in Koordination mit anderen Beobachtung-
stechnicken durchgefiihrt und sowohl mit deren Resultaten als auch mit
Modellergebnissen verglichen.

Bei Resultaten der Venusbeobachtung stand dabei der Vergleich mit an-
deren Beobachtungsmethoden, vor allem innerhalb der "Coordinated
ground-based campaign to support Venus Express" im Vordergrund, da
fiir Venus noch keine verlasslichen Modellergebnisse in der hoheren At-

8



Abstract 9

mosphdre zur Verfiigung stehen. Die gemessenen Werte sind im Ver-
gleich zu anderen Beobachtungen grundsitzlich etwas niedriger und im
Gegensatz zu diesen konnte nur eine moderate zeitliche Variabilitat fest-
gestellt werde.

Im allgemeinen hat die koordinierte Beobachtungskampage gezeigt,
dafl die Dynamik der Venusatmosphire viel komplexer ist, als bisher
angenommen. Daher sind zusétzliche Daten besonders bzgl. zeitlicher
Variabilitat von Windgeschwindigkeiten notwendig. Weitere Messkam-
pagnen mit THIS sind bereits geplant.

Im Gegensatz zu Venus liefern Marsmodelle hingegen mittlerweile sehr
detaillierte Informationen beziiglich verschiedenster atmosphérischer
Parameter. Die Resultate unserer Beobachtungen konnten die Vorher-
sagen eines Models vom Laboratoire de Météorologie Dynamique du
CNRS(Paris) in weiten Bereichen bestétigen. Bei Auswertung und Inter-
pretation der Daten wurde dabei hohen Wert auf die Zusammenarbeit
mit Modellierern gelegt. Es hat sich gezeigt, dass Messungen mit THIS
fiir eine noch detailliertere Uberpriifung der Modelle in Zukunft einset-
zbar sind.



Abstract (English)

Understanding of the physical and chemical processes in planetary at-
mospheres is essential for the development of general circulation mod-
els (GCM) and meteorological forecast models. Adopting Earth models
to the atmospheres of Mars and Venus has been improved substantially
over the last few years due to constraints imposed by improved technol-
ogy of ground-based observations and data that became available from
several space missions.

Observational constraints of the models especially at high altitudes are
needed for parametrization and validation. These data can only par-
tially be provided by spacecrafts. Earth-based observations in other at-
mospheric regions or long term observations are a necessary and cost-
efficient complementary observational method to constrain the models
and to prepare for future space missions and landers.

An elegant method to measure high atmospheric winds is by observing
infrared CO, absorption and emission lines with high spectral resolu-
tion heterodyne spectroscopy. From line frequency (Doppler)shifts ve-
locities of the emitting and absorbing gas can be directly deduced. In
contrast to microwave observations an adequate spatial resolution can
be achieved in addition to the high spectral resolution with the infrared
heterodyne observing technique. Therefore the retrieved wind velocities
at each observed position on the planet are independent from additional
assumptions like temperature or pressure profiles.

Such an infrared heterodyne instrument named THIS (Tuneable Hetero-
dyne Infrared Spectrometer) has been developed at the I. Physikalisches
Institut at the University of Cologne and has been improved within this
work to a level where regular observations of the Martian and Venusian
atmosphere are now possible.

Wind velocities measured in the atmospheres of Mars and Venus during
four observation runs within a time period from 2005 to 2008 are pre-
sented in this work. Observations were accomplished in coordination
with other observing techniques and results are compared with them as
well as with output parameters of model calculations.

For Venus observations mainly comparison with results from other
ground-based observations, in particular within the coordinated
ground-based campaign 2007 to support Venus Express, are made due to
a lack of reliable model results at higher altitudes. Measured wind val-
ues in general are lower than those from other observing techniques and
compared to them only a moderate variability with time was observed.

The coordinated ground-based campaign generally showed that the dy-
namic in the Venusian atmosphere is much more complex than believed

10
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before. Hence additional data especially concerning temporal variability
of wind velocities are needed. Further observing campaigns with THIS
are already in preparation.

On the contrary global circulation models of the Martian atmosphere
have already reached a high level and provide detailed information
about various atmospheric parameters. The results of our wind observa-
tion validate the predictions of one models developed at the Laboratoire
de Météorologie Dynamique du CNRS (Paris) over wide range. Data
analysis and data interpretation emphasized exchange with modelers
and it has been shown that measurements with THIS are a valuable tool
for the future to validate and proof these models even in more detail.



Chapter 1

"If you thought that science was certain - well, that is just an error
on your part.” (Richard Feynman (1918-1988), American Physi-
cist)

Introduction

Knowledge about properties and processes that shape conditions on
Earth gives us the ability to arrange our lives to them. To know about
natural[h] potentials (e.g. energy generation, natural resources), to pre-
dict conditions (e.g. weather forecast, natural disasters, climate changes)
and to understand correlations is the base to use our planet without
abusing it.

The arising question now is: “What could be the reason to study other
planets?”.

- Knowledge about other planets will increase the understanding of
our own planet. The physics behind processes on different plan-
ets are the same as on Earth. They are determined by parameters
like characteristic location in the solar system, specific spin/orbital
dynamics, chemical composition and distribution, geological prop-
erties and activity, energy budget, etc. Studying other planets will
lead to cross fertilization of ideas between different planetary en-
vironments.

- The description of a global system like the climate is established
by complex models. The precision of such models is especially im-
portant if predictions are needed (e.g. forecast). Application of the
same modeling methodology to more than one planet with enough
“common ground” between them opens a new field for validation

12
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and verification and leads to a better understanding of the entire
system.

- Eventually, we will need to extend our living space beyond the
planet Earth. Therefore the exploration of our solar system neigh-
borhood is mandatory.

- And not to forget there is the natural human “thirst for knowledge”
which has always and will always motivate mankind to explore
and to find answers to open questions.

Therefore, studying other planets is important for a comprehensive un-
derstanding of nature and future environmental developments.

The closest planets which can be addressed are Venus and Mars. Having
solid bodies surrounded by a thin layer of atmosphere, Venus, Mars and
Earth are called the terrestrial planets. Though different in many ways
they show several likenesses. Some relevant parameters are listed in
Tab.1.1.

3396.2 km

6051.8 km 6371.0 km

Figure 1.1: Shown are the terrestrial planets Venus, Earth and Mars (from left to
right). The mean radius of the planets are given. Realistic relative sizes are pictured for
comparison (NASA [1]).

Venus and Earth have almost the same size whereas the Martian radius
is half of the others. The axial tilt of Mars and Earth is substantial and
similar causing e.g. seasonal changes while Venus is more or less upside
down with only a small inclination to the ecliptic. Also, Venus is the
only planet in the solar system to rotate retrograde, i.e. versus its orbital
rotation. The orbital rotation period of Venus is very long (243 Earth
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Chapter 1. Introduction

Table 1.1: Overview of important orbital, physical and atmospheric properties of the
terrestrial planets Venus, Earth and Mars.

Orbital Properties \

Venus Earth Mars
semi-major axis 108 208 930 km | 152 097 701 km | 227 939 100 km
orbital period (year) 224.70 days 365.256 days 686.971 days
synodic period 583.92 days - 779.96 days
inclination 3.39471 deg Odeg 1.850 deg
Physical Properties \

Venus Earth Mars
mean radius 6051.8 km 6371.0 km 3396.2 km

0.9499 Earths 0.533 Earths
heliocentric distance 0.72AU 1AU 1.52 AU
surface temperature 737K 297K 210K
solar day 117 days 24h 24h40min
axial tilt 177.36deg 23.439281deg | 25.19deg
apparent magnitude up to -4.6 - +1.8--291
angular diameter 9.77-66.0" - 3.5” -25.1"
Atmospheric Properties \

Venus Earth Mars
surface pressure 93 000 mbar 1000 mbar 6.9 mbar
major components ~96.5 % CO9y ~78.08 % Nsy ~95.3% COqy

~3.5% Na ~20.95 % Oy ~2.7 % Na

~.015 % SO, ~.93 % Ar ~1.6 % Ar

etc. ~.083 % C02 ~.2% 02

etc. etc.

days) and in combination with its synodic period resulting in a Venusian
solar day of 117 Earth days compared to Earth and Mars days of ~ 24 h.

The environments of the three planets differ drastically. Venus is a hot
planet with high surface pressure and a dense atmosphere containing
sulfur dioxide. On Mars we find very cold temperatures and a thin at-
mosphere with low surface pressure. In spite of their different atmo-
spheric parameters the major constituents and their mixing ratios are
almost identical on Venus and Mars (mostly CO,) differing completely
from the atmospheric composition on Earth.

General Circulation Models (GCMs) have been developed for the Earth’s
atmosphere and were later adopted to Mars and Venus. These models
improved the general understanding of atmospheric processes but es-
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pecially one of the key parameters, the dynamic is still not very well
understood. Validation of the output values generated by this models
is necessary and measurements of atmospheric parameters are therefore
needed. Besides occultation observations (at radio and UV wavelength),
spectroscopy (in the infrared, microwave and UV region) is widely used
as a remote sensing method to gain information about atmospheres of
distant objects.

In recent years IR heterodyne spectroscopy has emerged as a powerful
tool for atmospheric studies. Many useful information was gathered
in the Earth’s atmosphere as well as in the atmospheres of other solar
system objects[2, 3, 4,5, 6,7, 8,9, 10, 11, 12]. Whenever highest spectral
resolution is required heterodyne systems are advantageous because of
their high optical throughput compared to direct detection methods like
grating spectrometers or Fourier-Transform-Spectroscopy [2, 13, 14].

So far mostly gas lasers (CO, lasers) have been used as local oscillators
(LO) in infrared heterodyne systems [15, 10]. The main restriction to
such instruments is imposed by the fixed gas laser frequencies. Given
a typical detector bandwidth of 2 GHz observations are only possible
within this small interval around the few laser lines available so that
only about 15 % of the spectral range between 9 and 12 ym can be ob-
served this way [15].

This major limitation was overcome by tuneable lead salt diode lasers
(TDL) which are commercially available at emission wavelengths rang-
ing from 1 to 34 ym [16]. These lasers were implemented to the Cologne
heterodyne receiver THIS (Tuneable Heterodyne Infrared Spectrometer)
several years ago. Unfortunately, the system noise temperature of ad-
vanced TDL pumped systems proved to be worse by a factor of 3-5
compared to gas laser instruments which is due to the lack of power,
incoherent background emission, and the critical response of TDLs to
optical feedback [15, 10, 17, 18, 11, 19]. Only recently, quantum cas-
cade lasers (QCL) became available as local oscillators for heterodyne
systems. They provide sufficient optical power to reach the shot-noise
detection limit and convenient handling compared to TDLs. The use
of QCLs improved the performance of the heterodyne receiver THIS to
the level of CO, laser based systems and made it competitive and with
respect to wavelength coverage even advantageous. A detailed descrip-
tion of the parameters and properties of the QCL-LOs used in our system
can be found in Sonnabend et al. [20] and Wirtz [21].

The instrument THIS is easily transportable and therefore widely usable
at Cassegrain, Nasmyth or Coudé foci of IR or optical telescopes (see
chapter 4) and is intended to be a 2nd generation instrument for the air-
borne observatory SOFIA. In addition interferometric applications are
feasible which would then require at least two identical receivers and
phase-locked LOs.



Chapter 2

“It often is more spirit and brilliance in a mistake than in a discov-
ery.” (Joseph Joubert (1754-1824), French Author)

Dynamics in Planetary
Atmospheres

General Circulation Models (GCMs) are commonly used to predict
weather and climate of planets and they are a widely used tool for mete-
orological research. A set of partial differential equations (PDEs) of fluid
mechanics can describe the motion of an atmosphere. Theoretically an
exact solution exists though solving the equations is limited by comput-
ing power. In addition, initialization and boundary conditions at any
particular location and time are not known exactly. Therefore, many ap-
proximations and assumptions have to be made in order to produce a
closed dynamical system.

Attempts to apply terrestrial GCMs to Mars and Venus were made from
the beginning. Validation of these models through measurements are
obviously much harder to perform than on Earth. Only in recent years
with increasing data from ground-based and space-based observations
these models and with them our knowledge about atmospheric condi-
tions improved significantly. In the following chapter some historical
aspects and the current knowledge about the atmospheric conditions on
Venus and Mars with emphasis on their dynamical properties are pre-
sented. In addition a brief overview of the general circulation in the
Earth’s atmosphere is given.

16



2 Dynamics in the Venusian Atmosphere 17

2.1 Dynamics in the Venusian Atmosphere

During the transit of Venus across the Sun on June 6" 1761 the blurriness
of the disc was assigned to the existence of an atmosphere by Mikhail
Lomonosov. This theory was confirmed later on with the increase in
quality of observations. For many years information about the atmo-
sphere and the dynamics was gathered exclusively by ground-based ob-
servations. The presence of CO, for example was established in 1932
using infrared-sensitive photographic plates [22]. Little more was dis-
covered until 1958 when radio astronomers found much higher surface
temperatures than expected. These observations at microwave wave-
length of 3.15cm indicated an extreme version of the greenhouse effect
[23], a theory confirmed by observations of following space missions
(see2.2).

A large number of missions have been devoted to study the atmosphere
of Venus. NASA started missions to Venus in 1962 with Mariner 2, 5
and 10, flybys followed by the Pioneer Venus Orbiter and Multiprobe
in 1978. A windless environment with almost no temperature variation
due to high thermal capacity of the massive atmosphere at the surface of
Venus was found by the Pioneer Landers.

First dynamical observations at higher altitudes in the atmosphere of
Venus were accomplished from the Earth and yielded astonishing results
[24, 25]. Near UV imaging measurements detected a 4 day superrotation
(see Fig.2.1 [26]) resulting in high wind velocities of ~110m/s near the
equator compared to a sidereal rotation period of 243 days of the planet
causing a equatorial rotation velocity of only ~2m/s.

Figure 2.1: Excerpt of UV observations of the rotation of Y shaped cloud formation
observed in 1966 by Boyer and Guérin [26] yielding the 4 day superrotation.

These patterns where supported by more recent Pioneer Venus Orbiter
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observations. Profiles of zonal and meridional winds at selected loca-
tions on Venus [27, 28, 29, 30, 31] and temporal snapshots of horizon-
tal and vertical wind velocities [32, 33, 34, 35, 36, 37, 38] were yielded
by entry probes and ground-based measurements. Later on also the
Jupiter-bound spacecraft Galileo took pictures of cloud circulation dur-
ing flyby. In 1991 the spacecraft Magellan retrieved first temperature
profiles (shown in Fig.2.2) and pressure profiles.

Figure 2.2: Venus temperature profile measured by the spacecraft Magellan in 1991.

Also the Soviet Union launched orbiters, flybys, descent and entry
probes with Venera 4 — 14 and the radar mapper Venera 15 and 16 fol-
lowed by VeGa 1 and 2.

Currently, ESA’s orbiter Venus Express (launched Nov.2005) supplies
scientists with astonishing new data providing new insights into atmo-
spheric conditions and leading to new theories. Fig.2.3 shows recently
published [39] temperature profiles from radio-sounding observations
with Venus Express Radio Science Experiment (VeRa) from 2006.

In addition, the Japan Aerospace Exploration Agency (JAXA) is building
the Venus Climate Orbiter VCO (to be launched in 2010) to study the at-
mospheric properties of Venus with emphasis on dynamical properties.

The most striking feature in the Venusian atmosphere is a cloud layer
consisting of small sulfuric acid (H,SO,) particles with a bimodal dis-
tribution of 0.5 to 2-3 um. Enclosed by a optically thin haze this cloud
layer around 45-75km altitude conceals the surface of Venus for visi-
ble wavelengths affecting ground-based observations as well as satellite
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Figure 2.3: Venus temperature height profiles measured by VeRa (Venus Express Radio
Science Experiment) in 2006. The temperature profiles are from southern mid-latitudes
(a) and northern high polar latitudes (b) published by Pitzold et al. [39].

observations from orbit.

The main constituent in the atmosphere is COs, along with a small rel-
ative amount of nitrogen and other trace gases. The mixing ratio of ni-
trogen is small compared to CO,, but the total nitrogen mass is approx.
four times higher than on Earth. Geological formations indicate the for-
mer presence of water but Venus has lost most of its atmospheric and
surface water to space. Today the atmosphere contains water in resid-
ual quantities of about 30 ppm. The lack of significant amount of liquid
water in the planets atmosphere over geological times has prevented the
CO; to be transformed into carbonates as it was the case on Earth.

The thermal structure of the troposphere is constrained by the green-
house effect. About 10% of the solar radiation penetrates the clouds but
warms the lower atmosphere and the surface to a temperature of 730K
forming a deep convective region (up to 60 km altitude). This layer is
much lager than on Earth due to higher density and optical thickness.
The temperature decreases with a constant adiabatic lapse rate beyond
the troposphere. The lower mesosphere (60-70 km) is almost isothermal
and the adiabatic lapse rate becomes constant again in the higher meso-
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sphere due to the fact that the atmosphere becomes optically thinner
[40, 39]. The thermal balance is now determined by upwelling infrared
radiation and by emission to upper layers and cooling into space. Only
at higher altitudes (~110 km) absorption of solar radiation by water va-
por and CO, becomes relevant forming a local temperature maximum.
The same process occurs caused by ozone on Earth but is much stronger
on Venus.

Above 120 km altitude short wavelength solar radiation produces high
temperatures during day while low temperatures are found during
night caused by efficient radiative cooling by CO,. Differential solar
heating induces pressure gradients triggering the dynamics in this re-
gion of the atmosphere.

Ground-based, space-based observations as well as GCM modeling has
revealed the dynamics in the middle and lower atmosphere possibly to
be constrained by the following patterns (pictured in Fig. 2.4):

Polar collars
Hadley cell

\ nygen
\\& / /) <
Day to night flr{:ulaw:un

in the thermosphere ’ Polar vortexes

Figure 2.4: Model of Venusian circulation. In the middle and lower atmosphere convec-
tively driven Hadley cells driven by the concentration of solar heating near the equator
are dominant. The return branch lies below the cloud level. In the northern and south-
ern polar regions a "dipole” featured vortex is present. Surrounded by a cold collar
circulation at around 70 °latitude. Above ~100km altitude the SS-AS pattern domi-
nates the circulation [41].

- Venus has a convective and wave-dominated meteorology in the
lower latitudes driven by the concentration of solar heating near
the equator. Hot air rises and flows toward the North and South
Pole due to lower pressure. The air cools down descends and re-
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turns back to the equator. This overturning circulation system is
called Hadley Cell Circulation and can be found in various ver-
sions on all three terrestrial planets (see also chapter 2.2 and 2.3). A
slow rotation planet like Venus would have only one main Hadley
cell per hemisphere.

- A smoother, banded flow can be found at middle to high latitudes
[42]. Around 30 ° from the poles there is a broad cold collar, a region
in which the temperature of the clouds is lower than that of the
surrounding area [43] mainly observed in the northern hemisphere.

- In the northern and southern polar regions Venus has a dipole
shaped vortex with a double-eyed structure rotating within ~2.6
Earth days (swirling S). It has been first noted in 1974 by observa-
tions of Mariner 10 and recently VIRTIS (Visible and Infrared Ther-
mal Imaging Spectrometer) on board VEX has taken pictures of this
feature suggesting a long-term stability (see Fig. 2.4 and Fig.2.5).

Figure 2.5: Image of the southern hemisphere of Venus taken by VIRTIS (Visible and
Infrared Thermal Imaging Spectrometer) on board VEX. Nightside observations in red
show the polar vortex. Dayside observations are in blue. Image: ESA/VIRTIS-VenusX
IASF-INAF, Observatoire de Paris (R.Hueso, Univ. Bilbao).

Venus’” upper atmosphere (>70km) can be divided into three different
vertical dynamical zones [44, 45, 46, 47].

- The lower layer exhibits stable dominant retrograde zonal superro-
tation (parallel to Venus’ solid body rotation) seen from the cloud
deck up to about 90 km altitude. The atmosphere at that altitude
rotates up to 60 times faster than the solid planet.
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- At higher altitudes, as the zonal flow velocity decreases, a strong
subsolar to antisolar flow (SS-AS flow) develops. This region at an
altitude of 100 — 120 km marks the transition zone from the super-
rotation region to SS-AS flow dominated region.

- The SS-AS flow is generated by heat input from the Sun and be-
comes solely dominant in the third layer at about 120 km. Assum-
ing a simple model the SS-AS flow velocity increases linearly with
angular separation from the subsolar point [45], as

- \90—SZA\}

50 2.1)

UVszA = Umax * {

In this description the outflow velocity reaches its maximum value
Vimae at the terminator, where the solar zenith angle (5ZA) equals
90°. Thus assuming this model, the SS-AS flow velocity at termina-
tor can be determined from velocity measurements elsewhere on
the disc.

Though Venus is more Earth-like than formerly believed some key
mechanisms of the circulation on Venus are still not fully understood
and remain part of an ongoing discussion. The superrotation, especially
at the equator is one of the main problems of numerical models. In ad-
dition to the slow rotation rate of the planet the vertical stability of the
atmosphere seems to play a significant role when simulating an atmo-
spheric rotation faster than the solid body. Contrary to Mars and Earth,
where convection and turbulent mixing transfers momentum down-
ward to the surface where it is transferred to the solid body by surface
drag, on Venus momentum results in a superrotation of the atmosphere.
To compute this superrotation the vertical adiabatic lapse rate profile in
Venus’ atmosphere has to be taken into account.

Models are currently not reliable above ~90 km altitude. Especially for
high altitude regions of the atmosphere, observational constraints to the
models are needed to diagnose their ability to reproduce Venus’ global
circulation.

Spectroscopy is a well-established method to collect information about
distant objects. Ground-based observations of fully-resolved molecu-
lar transition lines allow the retrieval of physical parameters such as
pressure, temperature, molecular abundance, and dynamical proper-
ties of the atmosphere [48]. Earth-based measurements of winds above
the cloud layer on Venus have been performed by high-resolution mid-
infrared spectroscopy of Doppler shifted spectral features [45, 49], as
well as by observations of carbon monoxide (CO) at millimeter wave-
lengths by Shah et al. [50], Buhl et al. [51] and Lellouch et al. [52] and
also by visible observations of reflected solar Frauenhofer lines [53]. Vis-
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ible observations primarily probe near the cloud tops around 70 km alti-
tude, while mm-wave measurements probe the mesosphere/lower ther-
mosphere at ~95-120 km altitude depending on the observed isotope of
CO. Mid-IR spectral features probe similar and possibly higher altitudes
and can provide higher spatial resolution compared to mm observations,
which is important to study dynamical variations over the entire planet.
In addition, an unmatched precision of wind determination, down to
2-3m/s, can be achieved using Lamb-Dip stabilized IR heterodyne sys-
tems [45, 49]. Previously published results of the different observing
methods are summarized in Tab. 2.1.

Using heterodyne spectroscopy at ~ 10 yum wavelength wind velocities
on Venus can be measured using transition lines of CO,, the dominant
atmospheric constituent. These lines are detected in emission resulting
from non-local thermodynamic equilibrium (non-LTE) excitation in the
mesosphere (90-120 km altitude). Solar pumped non-LTE emission from
Venus was first detected by Betz et al. [3] and later studied by Deming
and Mumma [54] using IR heterodyne spectroscopy and modeled
by Johnson et al. [55], Deming and Mumma [54] and Roldan et al. [56].
It can be seen in the Martian atmosphere as well [55, 57, 58, 12, 59].
Wind measurements on Mars are also presented within this work (see
chapter2.2).
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The altitude of the wind measurements is determined by the location
of the CO; non-LTE emission. In LTE collision is the dominant process
that determines the population of the molecules energy levels. Different
processes can force a breakdown of the LTE situation into non-LTE. A
strong solar radiation field is the prime process for the population of the
excited level causing emission at the 10.4 ym band [67, 54, 68]. Near
infrared absorption of solar insolation is followed by collisional transfer
populating the (00°1) level of CO, causing inversion to the (10°0) and
(02°0) level. From there radiative decay at 10 um is possible (see Fig. 2.6).

3
T

Iy x 107°

Energy (cm

ST S S S

Figure 2.6: Overview of the vibrational levels and transitions of COq relevant for the
10pm non-LTE emission in planetary atmospheres [67, 54].

A radiation dominated environment will be generally in non-LTE due
to the non-local nature of radiation. As a consequence a given state
in a planetary atmosphere is expected to be more likely in non-LTE at
lower pressure (means higher up in the atmosphere) and is therefore
directly connected to the pressure levels in the planetary atmosphere.
Unfortunately it is not yet possible to retrieve altitude information di-
rectly from the measured line profiles presented in this work. Therefore
it is necessary to refer to other measurements and model predictions.
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Deming and Mumma [54] determined the peak of the emission to
occur around 109km. More recently Roldan et al. [56] estimated a
maximum of non-LTE emission at ~ 120 km. The VIRTIS instrument
on Venus Express observed a peak altitude of 115 km for the 4.3 ym
band of CO, varying with solar zenith angle (5ZA) over a range of
~ 10 km [69]. The altitude for the 4.3 ym band is not necessarily
the same as for the 10.4 ym because different non-LTE processes are
involved. Deviations from model predictions to a lower altitude peak
were found at least in some cases and could be due to variations in the
temperature / pressure profile. For the time being an altitude range for
wind velocities of 100-120 km is assumed. A more precise information
about altitude of the CO; non-LTE emission at 10 yum would enhance the
quality of the measured data strongly. In coordination with modelers
this will be the subject of a following thesis within our group in Cologne.

The line-of-sight component of the wind velocity near the limb leads
to a frequency shift of the measured non-LTE emission line that is
measurable at spectroscopic resolving power of % > 10° Given the
observational geometry, the frequency measurement can be inverted to
retrieve independent wind velocities at each observed position. One
essential advantage of heterodyne spectroscopy is that no additional
assumptions about the state of the atmosphere or deconvolution of
a line profiles are necessary to retrieve wind velocities, hence this
method is independent to models and additional temperature/pressure
information.

Within this work we tried to coordinate our observing schedule with
that of other groups using complementary techniques mainly through
participating in a coordinated ground-based campaign to support Venus
Express in May/June 2007. We also took into account specific ques-
tions relevant to model developers. All results of atmospheric wind
measurements presented in this work (see 4.1) were obtained by hetero-
dyne infrared spectroscopy using the Cologne Tuneable Infrared Het-
erodyne Spectrometer THIS. A detailed description of the instrument
can be found in chapter 3.

2.2 Dynamics in the Martian Atmosphere

In the year 1784 William Herschel correctly concluded the low density of
the Martian atmosphere from the fact that two faint stars passing close
by Mars showed no effect on their brightness. At the beginning of the
19" century Honore Flaugergues reported about another atmospherical
feature on Mars. His observations of “yellow clouds” were the first re-
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port of dust storms on the “Red Planet”.

Besides observations from Earth, spacecrafts were launched to observe
Mars. The first successful fly-by of Mariner 4 in 1965 (USA) provided
high spatial resolution images of the Martian surface and the first in situ
retrieval of atmospheric surface pressure of 4.1-6 hPa [70] was a mile-
stone in space exploration. Together with ground-based observations
and airborne missions, at various time scales information about the sur-
face and atmosphere increased essentially and led to first attempts to
describe the general circulation and climate on Mars.

Mariner 4 was followed by Mariner 6 and 7 in 1969 and the first
successful orbiter Mariner 9 in 1971. During these missions the first
observation of atmospheric ozone was made [71, 72] and the Mariner 9
instrument IRIS provided extensive temperature measurements in the
lower atmosphere between 0-50km [73]. The Russians launched their
first successful orbiter Mars 2 in 1971.

Within the next years several attempts of landing an object on Mars’ sur-
face failed. Only data during decent was returned until 1976 when the
US Viking program was started. The Viking landers gave new insights
to the atmosphere by first direct surface wind measurements [74] in the
lower atmosphere.

In 1996 the Mars Global Surveyor was successfully inserted into Mars
orbit followed by the Mars Pathfinder rovers in 1997. More recently
(2001) the Mars Odyssey orbiter was launched. The Mars Express or-
biter was the first European Mars mission. It is still operational whereas
contact to the lander Beagle 2 was lost during decent. The American
rovers Spirit and Opportunity (landing in 2004) are still operational as
well as the Mars Reconnaissance Orbiter (arrival at Mars in 2005). The
Phoenix Spacecraft Lander has been launched in 2007 and arrived on
Mars in May 2008 currently providing astonishing data to scientists and
the general public.

Mars is still the planet of our solar system receiving most attention.
Showing several similarities to our home planet Earth, Mars might have
provided or even still provides habitable conditions conducive to the
development of life. Though being an interesting question, search for
life on Mars should not be the sole motivation for exploration. To un-
derstand the global behavior of the Martian atmosphere full account of
the complexity and interdependency of many different kinds of param-
eters and processes are necessary. In order to adopt GCMs from Earth to
Mars and to draw conclusions back to Earth it is important to distinguish
which features of the climate system are unique to Mars and which are
universal. The transformation of terrestrial models to Mars was eased
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due to the strong similarities:

- The obliquity of both planets is almost the same (23.44° for Earth
and 25.19° for Mars) causing similar annual seasonal cycles. Espe-
cially the middle atmosphere is believed to be similar to Earth. The
inclination seeks the transport of heat from the warm tropics to the
cold poles causing a meridional flow and annual variations in mid-
and high latitudes.

- The sidereal period of both planets is nearly identical. A Martian
day is called ”sol” and is 88775.245 seconds (24 h 39.59 min) long.
This fast and similar rotation results in a comparable Coriolis force.

- On both planets most of the sunlight is penetrating through the
atmosphere and infrared radiation from the planets surface heats
the atmosphere.

But there are also differences strongly impacting the behavior of the at-
mospheres:

- The distance from Mars to the Sun is approximately twice than
the Earth Sun distance. Therefore solar radiation is less intense on
Mars.

- In addition, the orbit of Mars is significantly more elliptical than
the Earth orbit causing ~ 45% greater solar flux at perihelion than
at aphelion. This elliptical orbit leads to significant asymmetries
between northern and southern hemisphere seasons accentuated
by the occurrence of perihelion and aphelion close to the solstices.
Presently, the northern summer / southern winter is shorter but
more intense than the southern summer / northern winter. Due
to varying temperature atmospheric pressure changes by ~20%
within a year forcing sublimation and refreezing of CO, and wa-
ter at the polar caps. Due to the eccentricity of the orbit, the length
of the Martian months vary from 46 to 67 sols over a Martian year.
The Martian year with 668.6 sols is approximately twice as long as
a year on Earth. To avoid confusions an overview of nomenclature
and definitions of Martian days, months and seasons is given in
Tab.2.3 and Fig.2.7.

- The surface pressure on Mars is around 0.5-1% of that on the Earth,
a pressure level below the triple point of water. Therefore even
if temperatures would rise higher than the melting point (~273 K)
water would not melt into liquid water but sublime.

- The Martian surface is a dry desert and the low thermal capacity of
the surface causes strong reactions to changes of insolation. Due to
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Table 2.3: Overview of the Martian annual cycle. Given are the Martian solar longi-
tude Lg and duration of the months and the Martian seasons. See also Fig.2.7 [75].

month | Lsrange | sol range | duration | season

[°] [sol]

0-30 0.0-61.2 61.2 Northern Hemisphere
Spring Equinox Ls=0
30-60 61.2-126.6 65.4
60-90 126.6-193.3 66.7 largest Sun-Mars distance
Ls=71 (Aphelion)

90-120 193.3-257.8 64.5 Northern Hemisphere Summer
Solstice Ls=90

120-150 | 257.8-317.5 59.7
150-180 | 317.5-371.9 54.4
180-210 | 371.9-421.6 49.7 Northern Hemisphere
Autumn Equinox Ls=180
Dust Storm Season begins
210-240 | 421.6-468.5 46.9 Dust Storm Season

240-270 | 468.5-514.6 46.1 smallest Sun-Mars distance
Ls=251 (Perihelion)

Dust Storm Season

270-300 | 514.6-562.0 47 .4 Northern Hemisphere
Winter Solstice Ls=270
Dust Storm Season

300-330 | 562.0-612.9 50.9 Dust Storm Season

330-360 | 612.9-668.6 55.7 Dust Strom Season ends

the lack of lakes and oceans the day-to-night temperature variation
(AT=60K) is much higher than on Earth (AT=30K) causing strong
thermal tides whereas this effect on Earth is diluted by the influ-
ence of the surface water. Also seasonal temperature differences
are much larger than on Earth.

The planets atmospherical composition is completely different. The
Martian atmosphere (being similar to Venus) consists mainly of
CO; and small amounts of nitrogen and argon and only a very
small amount of water vapor can be found.

Water clouds are less abundant on Mars than on Earth existing
10 km above the surface or higher.

There is only a modest greenhouse effect on Mars with 5K warmer
environment compared to a planet without an atmosphere. For
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Figure 2.7: Ouverview of the Martian annual cycle [75]. The Martian year is 668.6
sols long. One sol, the duration of the rotation of Mars, is 24 h 39.59 min. Because of
the eccentricity of Mars” orbit months are not equally long. They vary from 46 to 67
sols. Aphelion, the largest Sun-Mars distance occurs at Ls=71 close to the northern
hemisphere solstice. Perihelion, the smallest Sun-Mars distance occurs at Ls=251 close
to northern hemisphere winter solstice. See also Tab.2.3.

Earth the greenhouse warming changes the temperature from
255K (-18 C) to an average temperature of 287 K (14 C).

Like on the other terrestrial planets the air around the equator on
Mars receives more solar energy than at other latitudes and overturning
Hadley cells develop. Since Mars is a fast rotating planet the Hadley cell
breaks up into several smaller units. Due to the obliquity the Hadley cell
circulation varies strongly with season. During equinox primarily a dual
Hadley cell system emerges originating from rising air at the equator in-
duced by solar heating, symmetric in the North and South. This causes
westerly zonal circulation due to Coriolis force on the meridional flow of
the Hadley cell similar to the equatorial region on Earth (see chapter 2.3).
At solstice basically only one large Hadley cell from high latitudes in the
summer hemisphere to high latitudes in the winter hemisphere evolves.
Coriolis torques exerted on the meridional flow generate zonal easter-
lies (retrograde) circulation in the summer hemisphere and westerlies
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(prograde) circulation in the winter hemisphere [76].

A detailed description of the Martian atmosphere needs to be highly
sophisticated and complex. GCMs are dependent on observational
constraints for parameterization and also for validation of models. To
date the ability to describe circulation at high altitudes is limited and
the lack of observational constraints in these atmospheric regions is a
drawback for a global understanding of the Martian circulation. This
was the motivation to apply the Cologne heterodyne spectrometer
THIS to planetary wind measurements. Like in the case of Venus
ground-based measurements can provide complementary data not
available from space missions probing other atmospheric regions. In
addition, only ground-based observations can provide the opportunity
of long-term studies.

Ground-based direct wind measurements on Mars have mainly been
carried out by millimeter observations of CO at much lower spatial
resolution. Even interferometric observations allow only 4x4 indepen-
dent points on Mars [77]. Strong retrograde winds between 100 and
200m/s were found at the western equator [77] and in the southern
hemisphere [78, 79] at different Martian seasons (see Tab.4.14). These
observations probe an altitude region between 35-80 km.

For our IR observations of CO, the altitude of measured winds is de-
termined by the location of the CO, non-LTE emission and therefore di-
rectly connected to a certain pressure level (see chapter2.1). With the
exceptional high spectral resolution of the instrument THIS this molecu-
lar lines with a width of ~25MHz can be resolved and an observed fre-
quency shift can be directly converted into a line-of-sight wind velocity
(see also Eq.2.1). Like on Venus altitude of the emission-forming region
cannot be determined from the observed lines directly so far. In the case
of Mars, observations of non-LTE emission line at 10 yum with the Ther-
mal Emission Spectrometer on Mars Global Surveyor by Maguire et al.
[58] are available. Non-LTE emission from limb observations was found
to peek at ~70 km altitude, with the emission-forming region ranging
from 50 and 90 km altitude. This is consistent with model predictions
by Lopez-Puertas and Taylor [67]. An overview of ground-based mea-
surements, important parameters like spatial resolution etc. and results
is given in Tab. 2.4.
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2.3 Dynamics in the Earth Atmosphere

Several similarities and differences to Mars and Venus were already
mentioned in the chapter above. To complete the comparison of the
general circulation in the terrestrial planets” atmospheres the main char-
acteristics of the Earth Global Circulation will be briefly presented in
this section. No measurements in the Earth” atmosphere have been ac-
complished using THIS within this work, however future observations
might be feasible and are currently under consideration. On Earth there

Figure 2.8: Scheme of the global Circulation on Earth dominated by three Hadley cells
on each hemisphere, the easterly trade winds at low latitudes and westerly winds at
high latitude [81].

are three Hadley cells on each hemisphere forming six belts surrounding
our planet:

1. The Equatorial Hadley Cell:
The air at the equator is heated by solar radiation. It rises, cools
down and precipitates. The now dryer and cooler air moves to-
wards the poles. At the so called “horse latitudes” (around 30°
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North and South) the air meets downwelling air from the poles.
It compresses, warms and absorbs moisture from the surface thus
forming the large deserts around the “horse latitudes”. Part of the
air returns to the equator and forms the first Hadley cell.

2. The Mid-Latitude Hadley Cell:
The other part moves towards the pole where it meets very cold air
from the pole and is therefor forced to ascent. It cools and looses
moisture. The mid-latitude cell of the circulation behaves in a ther-
modynamically indirect way - the air rises at the cold side of the
cell and descents at the warm end.

3. The Polar Hadley Cell:
Lastly, the polar cell is formed by very cold air coming from the
North / South ascending at around 60° North and South were it
meets the air from the middle cell. After ascending and precipi-
tating the very dry air returns toward the poles and sinks immedi-
ately.

The Earth is like Mars a fast rotating planet and the cells get shifted by
the Coriolis force. This results in easterly dominated zonal trade winds
in the equatorial and polar Hadley cells and westerly dominated zonal
trade winds in the mid-latitude Hadley cells.



Chapter 3

”A theory is something nobody believes, except the person who made
it. An experiment is something everybody believes, except the per-
son who made it.” (Albert Einstein (1879 — 1955), German-born
physicist)

The Tuneable Heterodyne
Infrared Spectrometer: THIS

High resolution spectroscopy is a versatile tool to study planetary at-
mospheres. In the thermal (or mid) infrared wavelength regime the
highest possible spectral resolution is provided by applying heterodyne
techniques. At a spectral resolution of more than 107 observations of
fully resolved molecular features are possible allowing retrieval of many
physical parameters from single lines. In addition, due to the fact that
many of the observed species are abundant also in the Earth atmosphere,
high resolution measurements allow to peak through the telluric fea-
tures to see their Doppler-shifted counterparts with less ambiguity than
presented by low resolution data (see 3.1).

The following chapter gives a short introduction to the heterodyne prin-
ciple and a detailed description of the setup of the Cologne heterodyne
receiver THIS.

3.1 Characteristics of a Heterodyne Receiver

Heterodyning, in principle, is the generation of new frequencies by mix-
ing signals in a nonlinear device. For an astronomical receiver this

36
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Figure 3.1: The transmittance of Earth’s atmosphere is poor between 7 and 13 jum.
The upper panel shows the limited transmittance due to O3, COz and HO molecules.
Infrared heterodyne spectroscopy fully resolves individual absorption features (lower
panel) allowing to peek through atmospheric windows providing the only ground-based
access to features in planetary atmospheres when they are Doppler shifted away from
their telluric counterparts towards regions of higher atmospheric transmittance (ar-
row).

means mixing of a monochromatic source, the local oscillator (LO), and
the signal to be detected from the telescope. The superposition and the
interaction of the two signals can be described by summation of their
electric fields. Using a mixing device with a square-law characteristic
detects the incident power which is proportional to the square of the
electric fields. The incident power P, at the mixer causes a total photo
current /., of

n - €0 Paet

Ljer =
det W1

where v is the observed frequency, e, the elementary charge, i the Planck
constant and 7 is the quantum efficiency of the detector describing the
ratio between the number of incident photons and the number of de-
tected photons. This yields contributions at the original frequencies, the
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difference of the LO and the sky signal and their sum. The sum and the
original frequency components of the signal are too high in frequency
and are averaged by the detector thus resulting in a DC photo current.
Only the difference frequency, the so called intermediate frequency (IF),
induces an oscillation of the charge carriers in the detector. This process
finally results in a total photo current I, of:

Lier(t) = Iio + Liig + 2 \/Tiy - Lig cos(Aw; - t)

where [}, and I;;, are the photo currents induced by the LO and by the
signal producing the DC component whereas the third term is responsi-
ble for the mixed signal with Aw; representing the frequency difference
between LO and signal radiation. The IF signal contains all the spectral
information from the original IR signal. The bandwidth of a typical het-
erodyne detector is in the range of a few GHz. Due to the symmetry
of the cosine the negative and positive frequency difference can not be
distinguished. Therefore signal from above (upper sideband) and below
(lower sideband) the local oscillator frequency will be detected simulta-
neously at the same IF frequency. Thus a heterodyne spectrum is always
a so called double sideband (DSB) spectrum unless one of the two side-
bands gets suppressed by filters. Electronical filters are commonly used
in radio frequency heterodyne receivers but optical filters, necessary in
the mid infrared, are not feasible. Contributions from the superposition
of the different frequencies in a broadband source (self beating) can be
neglected due to the fact that the power of the LO is several orders of
magnitude higher than the broadband signal power.

A detailed description of the instrument including important specifica-
tions is given in the following sections. Further information about the
characteristics of a heterodyne receiver can be found in publications by
Sonnabend et al. [82] and Schieder [14].

3.2 Setup of the Spectrometer THIS

The transportable IR heterodyne receiver THIS was designed by
Sonnabend [83] based on a laboratory experiment setup by Schmiilling
[84] and Harter [85]. The most important difference to other existing IR
heterodyne systems is the use of tunable lasers as local oscillators instead
of CO, lasers extending the accessibly wavelength range considerably.
The mobility of the system was the precondition for initial measure-
ments of telluric molecular features using the Sun, Moon and Mercury
as background sources. The results of these measurements were used
to verify and improve the instrument performance before first scientific
relevant data were gathered observing molecular absorption features in
sunspots [86, 21].
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The next step in evaluating the performance of the instrument was the
detection of fainter sources than the Sun. Molecular transition lines in
the atmospheres of other planets were chosen to be the target and test
measurements of Martian CO, absorption and emission lines were ac-
complished in 2003 and published by Sonnabend et al. [80]. Based on
these results and experiences the spectrometer was improved to be rou-
tinely available for scientific observations. The current instrument setup
and performance will be presented in detail in the following sections.

The spectrometer basically consists of two parts:

a.) The Optical Receiver,
with all optical components necessary for matching the instrument
to different telescopes with different F-ratios (F#) as well as the
beam combining optics. Housed in an aluminum frame having di-
mensions of ~80x60x45cm?® and a weight of ~ 80kg (see Fig. 3.2)
it contains also the detector and the LO.

b.) The Electronical Equipment

The main components are the acousto-optical spectrometer (AOS)
used as back—end spectrometer and a personal computer used for
remote control and data acquisition. Together with additional nec-
essary electronic equipment (e.g. power supplies for LO, alignment
lasers and the detector; IF-box; temperature control and heater for
the LO; supply and control unit for the scanner) they are mounted
in two 19” racks (see Fig.3.3).
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Figure 3.2: The optical receiver displayed here is one of two parts of the transportable
instrument THIS
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Figure 3.3: The electronical equipment shown in this figure is the second part of the
heterodyne spectrometer THIS.

The optical receiver and the electronical equipment will be described in
detail in the following sections.

3.2.1 Optical Receiver
The most important components of the opical receiver are:

- the Quantum Cascade Laser (QCL), used as LO.

- the Confocal Diplexer for efficient superimposing of signal and
LO.

- the Galvano Scanner providing high speed switching between dif-
ferent loads.

- the Mercury-Cadmium-Telluride (MCT) Detector providing IF
signal up to 3 GHz.

- the Beam Matching and Optical Guide System to match the spec-
trometer to various telescopes and provide accurate pointing dur-
ing observations.

A schematic of the setup can be found in Fig. 3.4.
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The Local Oscillator

The operating wavelength range of the spectrometer is determined by
the tuning range of the local oscillator (LO) and the detector and its
bandwidth. For THIS Quantum Cascade Lasers (QCLs) are used as LOs.
QCLs are solid state lasers providing high output power due to multiple
usage of the electrons in a GalnAs/AlInAs or GaAs/AlGaAs multilayer
quantum cascade structure (see Fig.3.5). The output wavelength is de-
termined by the design of the potential barrier of the multilayer struc-
ture and can be engineered to match the desired wavelength. Further-
more the wavelength of a fabricated device can be tuned by the current
and temperature changing the refractive index in the device and thus
the frequency. This tuneability provides continuous access to different
wavelengths, not accessible using gas lasers. In contrast to other solid-
state lasers, i.e. lead salt TDLs (tuneable diode lasers) which have been
used previously, QCLs provide two orders of magnitude higher optical
power thus allowing efficient pumping of the heterodyne mixers [20].

QCLs at mid-IR wavelengths are usually multi-mode lasers. By intro-
ducing an additional grating structure onto the device (internally) or in
an external cavity lasers can be forced to single mode operation. This
is a necessary precondition for their use as a LO in a heterodyne setup.
Lasers with an internal grating structure are called ”distributed feed-
back” (DFB) lasers and can be tuned within a range of a few wavenum-
bers. A detailed description of QCLs and their application as LOs is
given in Wirtz [21].

Using a QCL without DFB structure, a so called Fabry-Pérot (FP) QCL, in
combination with an external cavity (EC) increases the tuneability by a
factor of up to 100. A laboratory setup for a EC-QCL-LO has been accom-
plished by Maulini et al. [87] and also by Stupar [88] within our group
at the University of Cologne. The next step will be the implementation
of the EC-QCL-LO to the spectrometer THIS thus greatly expanding the
accessible wavelength range [11, 89].

The LO QCL for THIS is mounted in a LN, cooled dewar and colli-
mated by an off axis parabola (OAP) mirror. THIS can be operated at
wavelengths between 7 ym and 13 ym using different QCLs manufac-
tured by Alpeslasers (CH), Thales (F), Maxion (USA) and the University
of Neuchatel (CH). Tab. 3.1 shows the currently available LOs and thus
the wavelengths THIS can be operated at.
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Figure 3.5: Photograph of a QCL used as LO for the IR heterodyne receiver THIS. The
golden bar in the center of the copper mounting is the QCL connected to the bond pads
(gold) at the left and right.

Table 3.1: Currently available LO QCLs for the spectrometer THIS.

| Laser Wavelength [um | | Manufacturer | Design |

7.75-7.85 Alpeslasers DFB

8.5-8.8 Thales FP

8.4-9.6 Uni Neuchatel | Broadband FP
9.55-9.65 Alpeslasers DFB
10.35-10.45 Alpeslasers DFB

10.4-10.8 Maxion FP
10.55-10.65 Maxion DFB

11.5-11.9 Maxion FP

12.8-13.2 Maxion FP
13.15-13.25 Maxion DFB
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The Diplexer

To optimize the superposition of the signal and the laser and to provide
a relative frequency standard a confocal Fabry-Pérot ring resonator is
used, the so called diplexer. The diplexer consists of two focusing el-
liptical mirrors and two reflective beam splitters [11]. A picture of the
designed diplexer is shown in Fig. 3.6.

Figure 3.6: Photo of the diplexer with a free spectral range (FSR) of 5 GHz consisting
of two focusing elliptical mirrors with a focal length of 15 mm and two highly reflective
ZnSe beam splitters having a reflectivity of ~ 90 %.

The diplexer serves multiple functions:

a.) Superposition of signal from sky and LO
The diplexer allows combination of the signal power with the LO
power at an efficiency not possible with a simple beam splitter. The
reflection and transmission are determined by the reflection coeffi-
cients of the beam splitters and by losses in the device. It follows
the Airy function (see Fig. 3.7). The transmission maxima of a con-
focal resonator in general are separated by Av = ;5 where [ is the
length of the resonator. For a well aligned coupling of the LO signal
to the confocal resonator however the distance between the trans-
mission maxima increases to Av = 5.

Using QCLs with high output power shifted the priority from high
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Figure 3.7: The Airy function describing the transmission (solid) of the LO and reflec-
tion (dashed) of the broadband signal through the diplexer. Depending on the reflectiv-
ity of the used beam splitters a transmission of > 45 % (at the frequency of the LO) and
a reflection of more than 95 % (within the signal bandwidth) can be achieved over the
free spectral range of the Fabry—Pérot.

transmission of the LO to maximum reflected broadband signal.

The wider bandwidth of recently fabricated detectors implemented
in the system and a newly developed broadband AOS [90] required
the construction of a new diplexer with an extended free spectral
range (FSR) of 5 GHz. Mirrors with a focal length of 15 mm were ar-
ranged at a distance between the mirrors of 21.2mm. A schema of
the designed diplexer is given in Fig.3.8. The used beam splitters,
manufactured by the II-IV Ltd are ZnSe windows with a standard
coating for 10.6 um, reflecting ~ 90 % within 9-11 ym at one surface,
and an anti-reflex coating on the other surface.

Using these beam splitters the diplexer provides a reflected broad-
band signal of >95% (fed into the diplexer at port 3 shown in
Fig. 3.8) superimposed to the transmitted LO signal of >45% (fed
into the diplexer at port1). At other wavelength the coating of the
beam splitters has to be adapted. Hence the mechanical design of
the diplexer had to allow the change of beam splitters coated for
different wavelengths during an observation run with minimum
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effort and time consumption.

port 2 port 3
HelMe mirror 1 :

af2

v silpsc

port 1 mirror 2 port 4
QCL HeNe QCL A

Figure 3.8: Schematic of the Diplexer responsible for superimposing the broadband
signal (green) with the QCL (blue). The HeNe laser (red) is used for stabilization of
the QCL. The diplexer consists of two elliptic mirrors and two highly reflective beam
splitters. Note that the arrangement is confocal meaning the focal point F' of the first
elliptic mirror is on the same position as the focal point of the second mirror F'. The
focal length f of the mirrors is half the distance [ to the focal points (F1ypse and
F2c11ipse) of the ellipse.

The superposition of broadband signal and LO signal is the main
function of the diplexer but there are further advantages providing
a stable performance of the entire system:

b.) Suppression of side modes and unwanted signal feedback from
optical elements
Possible side modes of the LO are suppressed by the resonator. The
inherent side mode suppression of the DFB lasers is essentially en-
hanced to avoid unwanted emission. In addition, accidental feed-
back from optical elements in the beam path (e.g. windows), which
could lead to standing wave patterns in the IF signal, is suppressed
too.
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c.) Frequency Stabilization of the Receiver System

A stable LO frequency is essential for high spectral resolution ob-
servations in general but especially important for the determina-
tion of wind velocities through Doppler shifts in the range of a few
MHz. The diplexer provides a relative frequency reference and is
used for frequency locking of the QCL. The locking process is per-
formed in two steps:

- At first, a stabilized Helium-Neon (HeNe) laser operating at

632nm (frequency stability %= ~ 10°® within 8 hours) is fed
into the diplexer via port 1 as shown in Fig. 3.8 and detected
at port2 by a photo resistor. The optical components of the
diplexer are not optimized for the HeNe laser wavelength but
fringes are still detectable. The position of one mirror of the
diplexer is slightly modulated by a piezo actuator at a fre-
quency of a few hundred Hz. The variation of the signal from
the HeNe at the photo resistor is fed into a lock-in ampli-
fier. This lock-in amplifier provides an error signal which can
then be used to actively control the diplexer resonances via the
piezo actuator.

In a second step the transmission of the QCL through the
diplexer via the DC component of the heterodyne detector is
fed into a second lock-in/feedback circuit to control the QCL
current keeping the signal at the maximum of the diplexer
transmission curve. Following this procedure the LO can be
stabilized in frequency to ~1MHz RMS (see3.4). The stabi-
lization feedback loop consists of two Lase Lock units manu-
factured by TEM Messtechnik.

The Galvano Scanner

The IR signal to be detected is selected by means of a fast moving gal-
vano scanner (manufacturer General Scanning, model M3). The mea-
surement of five different sources are finally combined for one complete
observation necessary for absolute and relative calibration:

on-source on the sky
off-source on the sky as reference
blackbody emitter as hot load for calibration purposes

absorber at ambient temperature as cold load for calibration pur-
poses

- reference gas cell with globar for absolute frequency calibration
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The processing of collected data to calibrated spectra is described in de-
tailed in chapter 3.3.

The Detector

As mixer detector we use a four pixel Mercury Cadmium Telluride
(MCT) p-i-n photo diode manufactured by Raytheon Vision Systems.
Each pixel has an integrated resonator structure to optimize the sensi-
tivity at a specific wavelength. The four different pixels cover the wave-
length range from 7.5 ym to 12 ym at a quantum efficiency of up to 80 %.
The mixer as well as an in-house built HEMT (high electron mobility
transistor) amplifier with integrated bias-tee are cooled to LN, temper-
ature. The co-axial cable connection between mixer and HEMT is min-
imized in length. This makes cable standing waves due to impedance
mismatch negligible. Through combined detection of LO and broad-
band signal the mixer generates an IF signal with a bandwidth of up to
3 GHz in both, upper and lower sideband, simultaneously.

Beam matching and Optical Guide System

To adjust the beam waist from the telescope (wiejescope) to the beam waist
at the diplexer (wajpieser), the position where the two signals get super-
imposed, a combination of various collimating OAP mirrors are used.
For a confocal diplexer the beam waist is depended on the wavelength
of observation (\) and the distance between the two mirrors d. It is given

by
fd -\
Wdiplexzer = ﬂa (31)

whereas a maximum aperture efficiency of the telescope is achieved by
a telescope waist of

F
Wtelescope = 0.22- V Te : E “A (32)

T, is the so called Edge Taper. A maximum aperture efficiency of 7=0.81
for circular antennas with unblocked aperture and Gaussian illumina-
tion can be achieved at a value of 7.,=109dB. F and D are the focal
length and the aperture of the telescope [91]. The setup is designed to
provide high flexibility in the implementation of different collimating
OAP mirrors combinations to match the system to various telescopes as
good as possible. Table 3.2 gives an overview of the values for the used
instrument setup and telescopes.
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Table 3.2: Overview of the beam waist at the diplexer (Wqjpicaer) for the given instru-
ment setup and the beam waists from the telescope (Wiciescope) at the McMath-Pierce
(MMP) Solar Telescope and the IRTF at a wavelength of 10.4um.

mirror focus | mirror distance | waipiezer
diplexer 60mm 21lmm 223pm

tel. focus | tel. aperture | wWieescope
MMP 82.6m 1.51m 414pm
IRTF 105m 3m 265um

telescope

To ensure accurate pointing on the target source the instrument is
equipped with an optical guide system. The light from the telescope
is split by a dichroic mirror into an IR and a visible component. The
dichroic mirror is located in the collimated beam behind the focal plane
of the telescope. Therefore it is ensured that the visible signal follows
the same path as the IR and thus the visible beam is pointing to the
same position on the sky as the IR detector. The IR signal is reflected at
more than 90 % efficiency while the visible signal is transmitted at more
than 50 %. The guide signal is then focused using a standard 140 mm
photo lens and detected using a CCD camera (Santa Barbara Instrument
Group, SBIG-STV).

These are the most important components in the optical part of the re-
ceiver assembled in the 80x60x45cm?® aluminum frame. It is directly
mounted to the various telescopes during observation. To control the
different components and to run the entire system a set of electronical
equipment, described in the following chapter is necessary.

3.2.2 Electronical Equipment

The electronical equipment needed for operation of the instrument con-
sists mainly of the following components:

- The QCL Laser Control Module fabricated by Spectra-Physics
(Model: SP5820 & SP5720) is used to operate the QCL. Beside the
low-noise power supply it provides temperature control of the
QCL.

- The Lase Locks are utilized for frequency stabilization (TEM
Messtechnik; Lase Lock 3.0).
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- The IF electronics match the received signal from the detector to
the back end spectrometer.

- The Acousto Optical Spectrometer (AOS) serves as back-end spec-
trometer and allows analysis of the IF signal with a spectral resolu-
tion of 1 MHz.

- The PC controls the measurement procedure and stores the re-
ceived data.

IF electronics

The detector unit contains a first amplifier directly after the detector and
provides a 0-3 GHz radio signal at a power level of approximately -
50dBm. This signal has to be processed to match the back-end spec-
trometer requiring a power level of approx. 10-20dBm in a frequency
range of 3.5-6.5GHz. Therefore amplification and equalization of the
incidenting signal is necessary as well as an additional frequency shift.

Due to the implementation of a new detector with a broader bandwidth
and a new broadband AOS the IF electronics had to be completely de-
signed within this work. The principle setup is shown in Fig.3.9. Via a
SMA connector the signal, coming form the optical receiver is fed into
the IF box and gets amplified and equalized followed by a system of
several switches to provide a selection between the signal, a zero signal
and a comb signal. The comb signal with a spacing of §v=100MHz is
provided by a comb generator manufactured by EMF (Series 95).

After the switches a digital variable attenuator provides remotely se-
lectable variation of signal levels because intensity levels of the targeted
astronomical sources can be essentially differ (e.g. Sun, faint stars). A
splitter couples a fraction of the broadband signal to the RF crystal de-
tector especially useful for the detection of faint sources.

The signal incidents on a mixer also fed by an amplified signal from
a tunable VCO (Voltage Controlled Oszillator) at 6.5GHz (Hittite;
HMC358MS8G) causing the frequency shift to the required frequency
range of the AOS. The shifted signal is equalized and amplified in a last
step before it is fed into the AOS at an level of ~10-20dBm. A schematic
of the IF assembly is shown in Fig. 3.9.

The Acousto Optical Spectrometer

The real-time analysis of the IF signal is provided by an (in house built)
AQOS with a bandwidth of 3 GHz [90].
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Figure 3.9: Schematic of the electrical components included in the IF-box. The IF
signal from the mixer detector is fed into the IF-box at a level of -50dBm. After first
amplification the comb generator and the zero signal can be selcted. A digital variable
attenuator provides variation of signal levels before a splitter couples out broadband
signal to the RF crystal detector. The signal incidents on a mixer which is also fed by
an amplified signal from a VCO. The shifted signal from the mixer is equalized and
amplified in a last step before it is fed into the AOS at a level of ~10-20 dBm.
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The basic idea of an AOS is to obtain spectroscopic information by the
diffraction of light in a crystal, the so called Bragg-cell, modulated by
ultrasonic waves (Fig.3.10). A piezoelectric transducer, driven by the IF
signal from the mixer detector, generates an acoustic wave in the Bragg-
cell. This acoustic wave modulates the refractive index and induces a
phase grating. A collimated laser beam is send through the Bragg-cell
and then focused on a linear CCD (6000 pixel), leading to a simultaneous
detection of the full 3 GHz bandwidth. The angular dispersion of the
diffracted light represents a true image of the radio frequency spectrum
according to the amplitude and wavelengths of the acoustic waves in the
crystal providing a resolution bandwidth of the AOS of ~1MHz. The
tinal spectra is displayed and stored via a PC.
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Figure 3.10: Principle of the acousto optical spectrometer AOS used as back-end spec-
trometer in the heterodyne infrared receiver THIS

3.3 Data Acquisition and Reduction Scheme

To get spectra with minimum noise contribution the following proce-
dure has to be proven feasible. A typical integration cycle measures five
positions in appropriate fractions of the total integration time in order
to achieve the highest possible SNR (signal-to-noise ratio): on-source on
the sky, off-source on the sky as reference, blackbody emitter as hot load
for calibration purposes, absorber at ambient temperature as cold load
for calibration purposes, and the reference gas cell with globar for abso-
lute frequency calibration. This single cycles are added together result-
ing in one single spectrum, referred to as “scan”. For planetary observa-
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tions it has been proven to be feasible to add ~32 cycles to one scan. If
necessary, (e.g. due to weather problems) single cycles can be excluded
from the resulting spectrum later on. In addition a zero measurement
and a comb signal measurement are attached to every scan. The comb
measurement with a spacing of 100 MHz is necessary to assure a precise
frequency calibration of the AOS.

The calibrated spectrum is calculated using

Si — R;

in which S, R, H and C denote the counts provided by the AOS while
looking at on source / off source, on the hot load, and on ambient tem-
perature, respectively, in a given time interval. The index i denotes the
frequency pixel of the spectrometer and will be omitted in the follow-
ing. Taking differences of counts in the numerator removes the back-
ground counts generated in the spectrometer and dividing by the black-
body differences corrects for the non-uniform gain of the receiver across
the IF band. The differences in the count rates are directly proportional
to the differences in (brightness) temperatures of the different radiation
sources.

The factor (Jg — Jc) (both values given in K) provides the brightness
temperature calibration using the known temperatures of the calibration
loads. Since we operate outside the range of the Rayleigh-Jeans approx-
imation the brightness temperatures of the two loads Jy and J¢ are to
be calculated by using the Planck equation (see Eq. A.2). Thus Eq.3.3
directly provides the brightness temperature difference J” between the
signal and reference position as seen by the detector including all losses,
e.g. in the receiver and telescope optics. A more detailed description can
be found in Sonnabend et al. [19, 86] and Schmiilling et al. [11].

As described above spectra were taken both on and off the planet (i.e.
source versus sky background) using two instrumental beam paths. In
addition the source was also alternated (beam switched) between the
two beams to minimize systematical errors like standing waves, etc. This
technique of “double beamswitch” is a commonly used technique in ra-
dio astronomy.

Before single spectra are added to achieve an adequate SNR each indi-
vidual spectra is first resampled to 1 MHz spectral resolution to account
for the non-linearity of the acousto optical spectrometer.

In the case of planetary observations the individual beamswitched spec-
tra have to be shifted in frequency to correspond to a single representa-
tive velocity, correcting for the known variation in the topocentric veloc-
ity between Earth and the observed planet. Then the single spectra are
co-added to achieve spectra with similar SNR.
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For planetary wind observations by Doppler shift measurements pre-
cise absolute frequency calibration is essential. This absolute frequency
calibration is obtained from measurements of a reference gas absorp-
tion spectrum during the measurement procedure and yields frequency
precision uncertainties of < 1 MHz (see chapter 3.4). The difference be-
tween the measured frequency and the predicted frequency of the lines
for the reference radial velocity yields the line-of-sight velocity v;,, using
the Doppler equation.

The weighted beam centroid position on the planet is known, yielding
the position at which the line-of-sight velocity is measured. Depending
on the given geometry the line-of-sight velocity can be converted into
horizontal and vertical velocity components.

3.4 Receiver Performance

In the following section relevant parameters and measurements demon-
strating the performance of the instrument are presented.

The sensitivity towards the source on the sky is probably the most im-
portant parameter for any astronomical instrument. It specifies the de-
tection capability and limitations.

The spectral stability is important to make use of the nominal resolution
of the back-end spectrometer. It is essential to verify that the line width
of the LO is narrow enough and the frequency of the system is stable
enough to meet the requirements of Doppler shift measurements.

And finally a very brief comparison between heterodyne and direct de-
tections systems is given.

Sensitivity

For many years, gas lasers have been the only available LOs for mid-IR
heterodyne observations. After the failed efforts using lead salt TDLs
it was most important to prove that using a QCL (together with the
diplexer for beam combining) instead of a CO, laser yielded equivalent
performance. In Sonnabend et al. [20] it was shown that the system
sensitivity is indeed equivalent during operation with both types of
lasers.

To specify the sensitivity of a heterodyne receiver we use the system
noise temperature 7;,, commonly used in radio astronomy. It is depen-
dent on the detector and its intrinsic specification corresponds to the
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noise power p of a non—ideal system per bandwidth.

P
57‘68

kg is the Boltzmann constant and §,., is the resolution bandwidth. The
main advantage of T, is that it allows intercomparison between differ-
ent (heterodyne) instruments as it is not dependent on spectral resolu-
tion. It determines the minimum detectable temperature difference AT
of the system via the well established radiometer function.

Tsys
vV Bfl : tint

By, is the fluctuation bandwidth of the spectrometer and ¢;,,, the integra-
tion time. Observing time is usually limited and as shown in Eq. 3.4 the
detection limit decreases linearly with increasing sensitivity but only
with the square root of the observing time. The transformation from
T,ys into NEP (Noise Equivalent Power) commonly used for receivers in
other wavelength regions is given in App. A.

kB : Tsys =

AT = (3.4)

Neglecting all additional noise sources a heterodyne system has a nat-
ural sensitivity limit, the “quantum limit” 7; which is set by the noise
contribution caused by spontaneous emission in an ideal system. This
quantum limit is determined by the frequency v, the Planck constant &
and kp as

h-v
ks
It represents the fact that the power of one photon per second and per

Hertz is emitted by the mixer into the IF independent of the presence of
a signal.

T, = (3.5)

Using the heterodyne receiver THIS at 10 um, as was the case for the
observations presented in this work, results in a T}; of 1440 K for double
sideband operation. This value converts to a NEP of ~8-10"1"W /v Hz
(see Eq. A.5).

The sensitivity of the system can be measured by observing loads
at known temperatures as discussed in App.A and Eq.A.2 and A.3.
Meanwhile, the best performance achieved at 10.4 um wavelength
yielded a system noise temperatures of below 2500K or a NEP of
~1.4-10"W/+/Hz. This value is only 70 % above the quantum limit
which is an exceptionally good value for any heterodyne receiver!
Fig.3.11 shows a typical sensitivity over the full 3 GHz bandwidth of the
AOS with a mean system noise temperature of 3100K at a wavelength
of 10.4 m routinely reached during astronomical observations.
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Figure 3.11: Instrument performance at 10.4 um wavelength. Shown is the system
noise temperature Ty vs. the IF. The value for Ty is approximately two times above
the quantum limit. The fluctuations with IF frequency are due to impedance mismatch
and standing waves in the IF processing electronics.

Especially for detection of faint sources (e.g. stars) it is important to
provide prognoses of the detection limits of THIS. Using Eq. 3.4 the sys-
tem noise temperature of 2500K leads to a minimal detectable bright-
ness temperature difference of 50 mK within 10 minutes at the fluctua-
tion bandwidth of 1 MHz. This corresponds (see also Eq.B.1) to a min-
imum flux difference of AF =0.4ergs/(s-cm”.cm™"-Sr) detectable with

THIS with the current setup within the given 10 min.

Spectral Stability

Given the performance described above, the frequency stability of the
system remains to be determined in order to qualify the instrument for
high resolution observations. This is not only important for wind mea-
surements by Doppler shifts but also for observations of weak signals
requiring long integration times (in the order of a few hours).

To prove the quality of the spectral stability of the entire system molec-
ular absorption lines (ethylene; pressure ~ 5mbar) were recorded. Data
was taken every 30s over a time periode of 4500s simulating observ-
ing conditions. The absorption feature was fitted with a Gaussian line
profile and the frequency position of the peak was determined. A typi-
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cal result is shown in Fig.3.12. The observed peak-to—peak variation in
frequency is 2 MHz with a mean value of 1065.9 MHz and a standard de-
viation of 0.3 MHz. Variations are therefore sufficiently small for all dis-
cussed observing targets with a maximum observing duration of ~ 1h.
In addition, due to the simultaneous detection of the reference cell dur-
ing observation possible long term drifts in absolute frequency can be
easily corrected.

intensity [MHz]
line position [MHz]

i 1" Mean: 10659 S0 0.3

a 2 40 a0 B0 100 13 144
IF MHz] time [30 5]

Figure 3.12: Variation of the fitted frequency position of an ethylene absorption line
around 10.4 um detected through a gas cell (left). Data were taken every 30s over
4500s. The mean value and standard deviation are shown (right).

The achievable spectral resolution depends not only on the frequency
stability of the LO but also on its line width, the frequency resolution
and stability of the back-end spectrometer and the IF processing.

The properties of the QCL-LO have been studied in detail in Sonnabend
et al. [20]. The line width was shown to be less than 1 MHz. Recently,
line widths of QCLs down to the kHz range have been reported [92].

The frequency stability of the AOS and the IF processing depends on
the ambient temperature of the instrument. For most applications the
inherent stability is sufficient but nevertheless the absolute frequency is
controlled by routine measurements of a high—stability comb—generator
spectrum with a known base frequency at the start of any observation.
In case instabilities are detected the observed spectra can be corrected.
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Heterodyne vs. Direct Detection

In this section I would like to give a short overview of the fundamental
differences of heterodyne and direct detection without quantitative eval-
uation. A detailed analysis including quantitative considerations and
background of noise comparison between direct and heterodyne detec-
tion in the IR can be found in Schieder [14].

The main difference of heterodyne detection compared to direct detec-
tion (e.g. grating spectrometers) is the order in the detection process and
spectral analysis. A direct detection system receives signal photons and
spectral splitting is done by a dispersive element before the detection.

In the case of heterodyne detection we also have to include the photons
of the LO into our calculations and the spectral analysis of the generated
IF signal takes place after detection and amplification of the signal. Sig-
nal and noise contributions have to be considered differently and advan-
tages and disadvantages of both techniques have to be studied carefully.

The system noise temperature 7Ty, for a heterodyne system will always
be restricted by the quantum limit 7;; (see Eq.3.5 and 3.4) depending
on the frequency whereas 7, for a direct detection system (see Eq. A.4)
can become significantly smaller than that value. On the other hand, the
optical throughput for direct detection instruments reduces with higher
spectral resolution while the sensitivity for a heterodyne receiver does
not depend on the resolution. As a result, there is a specific resolution
bandwidth at a given wavelength beyond which one technique is more
favorable.

In addition extremely high resolution measurements (~107) like the non-
LTE observations presented in this work are not feasible by direct detec-
tion techniques due to technical limitations.
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3.5 Important Specifications for the Cologne Heterodyne
Receiver THIS.

To complete the chapter about the instrument THIS a summarized
overview of the instruments specifications is given in the table below.

Table 3.3: List of important specifications for THIS.

Local Oscillator:

1

Operating Wavelengths":

Spectral Resolution:
Sensitivity:

Mixer Detector:
Detector IF Bandwidth:

back-end Spectrometer:

Telescope Configuration:

Receiver Dimension
Receiver Wight:
Power Consumption:

Cooling:

Quantum Cascade Lasers

7.75-13.25 um

107, adjustable

System noise temperature < 3000K at 10 zm
Mercury-Cadmium-Telluride photo diode
3 dB cutoff, > 3000 MHz

AQOS, 3 GHz, 6000 channels

Coude, Nasmyth, Cassegrain

F# adjustable from ~ 10-60

80x80x45 cm?

~80kg

~ 500 Watt

liquid nitrogen

lDetailed information can be found in Tab. 3.1




Chapter 4

"Venus, the goddess of love and beauty, vegetation goddess and pa-
troness of gardens and vineyards.”

“Mars, the god of war, spring, growth in nature, and fertility and
the protector of cattle.” (http://www.pantheon.org/articles)

Observations of Dynamics in
Planetary Atmospheres

Observations of any planetary object require several independent de-
cisions concerning observing date, time and location. Various aspects
have to be taken into account depending on specific objectives and the
used observing method. Most key points for the observations of dynam-
ics in the atmosphere of Venus and Mars accomplished with the hetero-
dyne receiver THIS are given below.

There is always a scientific motivation to choose a certain observing time
and location on a planet. Spatial distribution according to latitude and
local time of wind velocity including their variabilty, complementary
measurements of wind velocities etc. have to be taken into account to
reach the goal of gathering additional information on scientific ques-
tions.

The visibility of the object on the sky is a self-evident condition. A high
transit elevation means long appearance within one night at low air-
mass. Only as long as the astronomical object is above ~ 30° elevation
on sky (=2airmass) observation is feasible. Obtaining a maximum of
data within one run is especially important for observation with “visitor
instruments” which have to be prepared and shipped to telescopes for

61
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every run.

The spatial resolution during observation is dependent on the diameter
of the telescope mirror and on the orbital position of the planet. The
closer to Earth the larger will be the apparent angular diameter of the
planet increasing the precision of the spatial information of the mea-
sured wind velocities.

Another aspect regarding the orbital position is the relative Doppler shift
between Earth and the targeted planet varying between +18km/s re-
sulting in frequency shift of <1.7 GHz. This effect is even more severe
for the outer planets like Jupiter or Saturn with relative Doppler shift
velocities up to 28 km/s. The observed molecular line has to be close to
the frequency of the LO (within the 3 GHz bandwidth of the detector)
but free from disturbance by telluric lines.

For CO; the relative Doppler shift moves the observed molecular lines
originating on Venus and Mars away from the the corresponding fea-
ture in the telluric atmosphere. In case of broad lines e.g. of methane
observations are only possible at specific relative Doppler shift veloci-
ties between Earth and the targeted planet. These limitations are much
easier to handle with tunable LOs like the QCLs used in THIS compared
to gas lasers with fixed frequencies.

Atmospheric conditions at the location of the telescope to be used deter-
mine the quality of observation and are important as well as the design
of the telescope. The requirements to the stability of our instrument is
much higher using e.g. a Cassegrain telescope where the instrument
moves with the telescope during observation compared to a Coude fo-
cus where the instrument stays in the same position during the entire
observing run. Also not every telescope is accessible to “visitor instru-
ments”.

Finally, logistical and financial aspects are crucial to choose certain tele-
scopes and time periods. Transporting the instrument by car to a tele-
scope nearby is e.g. much easier and cheaper than shipping it overseas.

The resulting observing time is in general a compromise between the
aspects given above and further conditions like availability of telescope
time, successful telescope proposals, coordination with other observers
etc.

Within this work the results of four observing runs addressing Mars
and Venus at the McMath-Pierce Solar Telescope on Kitt Peak in Ari-
zona, USA and at the NASA IRTF on Mauna Kea in Hawaii, USA are
presented. An overview is given in the Tab. 4.1 below and detailed ob-
serving conditions are described in the following chapter 4.1 and 4.2
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Table 4.1: Overview of the observing runs accomplished within this work.

| observing period | observed object | telescope ‘
December 2005 Mars McMath-Pierce Solar Telescope
May /June 2007 Venus McMath-Pierce Solar Telescope
November 2007 Mars, Venus McMath-Pierce Solar Telescope
March 2008 Mars NASA IRTF

4.1 Observation of Dynamics in Venus Upper Atmo-
sphere

After a pause of several years Venus returned back into the focus of sci-
entific exploration due to the European Space Agency’s mission Venus
Express (VEX). Recent ground-based observations in combination with
data from VEX show more variability of the atmosphere than expected
based on earlier data [93, 53, 52, 69, 42]. Hence dynamic measurements
on Venus were and are highly demanded.

Having already verified the technique of wind measurements with the
heterodyne receiver THIS on Mars it was obvious to apply this technique
also to Venus. Consequently we participated in a coordinated campaign
of different ground-based observation methods to support VEX. The re-
lated observing run took place in May/June 2007. A second observing
run was accomplished in November 2007 taking the chance to get ad-
ditional data during daytime while observing our main target (Mars)
during the night. Further observations are planned in the near future
(see chapter5).

4.1.1 Observing Conditions: Venus

In particular for Venus the observing geometry for wind measurements
is important for gaining separable information about the zonal wind
component and SS-AS component. Observing Venus at maximum west-
ern/eastern elongation provides an illumination of the apparent disk of
~50% with the subsolar point at the limb (see Fig.4.1). At this configu-
ration the SS-AS flow moves along the limb not contributing to the mea-
sured line-of-sight velocity. On the other hand observation at inferior
conjunction is preferable for measuring the SS-AS flow. Having only a
small lit Venus crescent provides the maximum SS-AS flow at the termi-
nator in the line-of-sight direction. In addition at that time the angular
diameter of the Venus disk is at maximum providing the highest possi-
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ble spatial resolution. The dates given in Fig.4.1 provide the largest an-
gular diameter of ~ 55 arcsec close to inferior conjunction but a smaller
angular diameter of ~ 24 arcsec during maximum western elongation.

VENUS VENUIS
Manirurm YWadtarn El nogation 10 cays afer Infenicr
R :3,:_, E,E E:I:I?:" Pageiiar Conjunction 040872009

Figure 4.1: The best condition to observe the SS-AS flow is close to inferior conjunc-
tion(right) when the terminator with the maximum SS-AS flow velocity is close to the
limb position.

Venus Campaign A (Kitt Peak, May 2007)

Participating in the coordinated ground-based campaign to support
VEX (05/23/2007 — 06/09/2007) left little choice in selecting a specific
observing geometry. Observations were carried out from May 28 to
June 4, 2007 at the 1.5 m McMath-Pierce Solar Telescope of the National
Solar Observatory on Kitt Peak, Arizona, USA (see Fig. 4.2). The observ-
ing geometry is shown in Fig. 4.3.

Venus orbital position was ~ 3 month prior to inferior conjunction. It
was visible in the evening sky and was illuminated 52 — 56% . The sub-
solar point at ~ 84 °West of CML and 1.6 ° South was close to the West
limb, allowing a determination of the zonal wind with negligible contri-
bution from the SS-AS flow for the limb observations, assuming a SS-AS
flow velocity originating near the subsolar point with radially symmet-
ric outflow.

The angular diameter of Venus varied from 20.6 to 22.5 arcsec over the
course of the observing period, compared to the diffraction-limited field
of view (FOV) of the telescope of 1.7arcsec. The relative sizes of the
beam and the disk of Venus are pictured in Fig.4.3. The pointing uncer-
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Figure 4.2: The McMath-Pierce Solar Telescope of the National Solar Observatory on
Kitt Peak, Arizona/USA with a 1.5 m main mirror.

tainty was estimated to be ~ 1 arcsec.

The Earth-Venus topocentric radial velocity varied between -14.4 and
-13.6km/s (approaching), determined from the HORIZONS on-line
ephemeris service provided by the NASA Jet Propulsion Labora-
tory [94]. Having a <5 min acquisition time of each single measurement
implies topocentric velocity changes of < 9m/s, resulting in a modest
maximum ~ 0.86 MHz broadening of the measured spectral feature,
centered on the frequency at the midpoint of the scan.

The absolute frequency calibration is obtained from intermingled
measurements of ethylene absorption lines at 959.4075cm™' and
959.3072cm ™" yielding an absolute frequency precision uncertainty of
<1MHz.

The instrument THIS was mounted on the spectrograph table at the pri-
mary focus of the telescope as pictured in Fig. 4.4.

Observations were carried out at the West limb and at one additional
position on the equator 45°West of the central meridian. 6 different lati-
tudes on Venus (see Fig. 4.3) were observed with a total of 31 individual
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Figure 4.3: Observing geometry on Venus during the period May 28 to June 4, 2007.
The field of view was ~ 1.7 arcsec and observed positions are indicated. Typical inte-
gration time was > 16 min. Venus (~ 20 arcsec in diameter) was half illuminated with
a subsolar point near the equator/West limb position (black star). Hence observations
at the limb lead to zonal wind information whereas the position on the planet was used
to extract SS-AS flow information.

observations, each lasting > 8 min. An overview of relevant data for ob-
servation is given in Tab. 4.2. Retrieved spectra are displayed in Fig. 4.5
and Fig. 4.6.
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Figure 4.4: The heterodyne spectrometer THIS at the primary focus of the 1.5m
McMath-Pierce Solar Telescope of the National Solar Observatory on Kitt Peak, Ari-
zona/USA.

Table 4.2: Overview of the observed positions on Venus. Given are the positions on
Venus, dates, the quantity of taken scans, the scan numbers and the total integration
time in minutes.

Campaign A (Kitt Peak, May and June 2007)

lat/long date nr. of scans scan int. time
[°] [month/day] [min]

1| 67N/limb | (05/30),(06/01) 4 (32-33),(45-50) 32

2 | 22N/limb | (05/30),(06/01) 3 (26-27),(38-41) 24

3| 0/limb | (05/28),(05/30) 2 (1-2),(2-3) 16

4 | 225/limb | (05/29),(05/31) 6 (2-3),(9-12) 48

(06/01),(06/03) (36 and 38),(9-12)

5 | 455/limb | (05/30),(05/31) 5 (12-13),(25-28) 40
(06/01) (42-45)

6 | 67S/limb | (05/31),(06/01) 6 (39-42),(50-53) 48
(06/03) (29-32)

7| 0/45W | (05/28),(05/30) 5 (9-10),(37-40) 40
(06/04) (26-29)
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Figure 4.6: Measured spectrum (black) and the best fit (red) at a position 45°West
from CML on Venus retrieved during the observation run at the McMath-Pierce Solar
Telescope of the National Solar Observatory on Kitt Peak, Arizona/USA in May and
June 2007.
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Venus Campaign B (Kitt Peak, November 2007)

The second observing run took place in November 2007 once again at
the 1.5 m McMath-Pierce Solar Telescope. Applicable data was collected
from November 23 to November 28, 2007. Venus was observable in the
morning sky from ~6:00am to ~12:00 am (with reference to Mountain
Standard Time UT-7h, the local time in Arizona). The observation ge-
ometry is displayed in Fig.4.7.

i 1
ae |
{e\iﬁg{i}ﬁ 1 1
v -
|I {U‘* .-f'! ! ;
" =2
A’ {
hds i
TN il
i =0 ) - i
;f.‘t.—.; |+':”'I"" qge L=l 7
o e - S 1
o Sl & '
(Ol =20 g
S~ s ) a7 -
 (ZapiAlesA N
k. " -

Figure 4.7: Observing geometry of Venus during the targeted period November 23 to
28, 2007. The field of view was ~ 1.7 arcsec and observed positions with an integration
time > 16 min are indicated. Venus (~ 18 arcsec in diameter) was slightly more than
half illuminated with a subsolar point close the equator/East limb position (black star).
Hence observations at the limb lead to zonal wind information whereas the position on
the planet was used to extract SS-AS flow information.

The conditions were similar to the May run. This time Venus,
~ 3 month past inferior conjunction (August 18, 2007), was moving away
from Earth at a topocentric radial velocity varying between +12.4 and
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+12.3km/s during the observing period. Consequently the eastern half
of the planetary disk was illuminated for this observing campaign. Il-
lumination of the Venusian disk varied between 62 % to 65 % within the
time period. The subsolar point at ~ 71° East of central meridian longi-
tude (CML) and 2.3° South was close to East limb (see Fig. 4.7).

The angular diameter of Venus was slightly smaller than during observ-
ing campaign A varying from 18.0 to 19.1 arcsec over the course of the
observing period, compared to the FOV of the telescope of 1.7 arcsec.
The pointing uncertainty was estimated to be ~ 1 arcsec.

Limb measurements are used for zonal wind determination due to mi-
nor influence of the SS-AS component. 8 different latitudes on Venus
(see Fig.4.7) were observed with a total of 21 individual observations,
each lasting > 8 min. Measurements at 45 ° East of CML were used to re-
trieve the SS-AS flow velocity. In this case 4 different latitudes on Venus
were observed with 8 individual observations of > 8 minutes.

An overview of the observed positions are given in Tab.4.3 below.
Fig.4.8 and Fig.4.9 show several example spectra at various positions
on the planet.

Table 4.3: Overview of the observed positions on Venus during observing campaign
B in November 2007. Given are the positions on Venus, dates, the quantity of taken
scans, the scan numbers and the total integration time in minutes.

Campaign B (Kitt Peak, November 2007)

lat/long date nr. of scans scan int. time
[°] [month/day] [min]
1 | 33N/limb 11/25 3 (0-5) 24
2 | 22N/limb 11/23 2 (26,27,29,30) 16
3 0/limb 11/25 2 (6-9) 16
4 | 11S/limb 11/23 2 (18-21) 16
5 | 225/limb 11/23 2 (22-25) 16
6 | 335/limb 11/23 2 (1-4) 16
7 | 565/limb 11/24 2 (12-15) 16
8 | 675/limb 11/24 3 (16,17,22-26) 24
9 33N/45E 11/28 2 (1-3,7) 16
10 | 22N/45E 11/24 2 (8-11) 16
11 | 22S/45E 11/24 2 (4-7) 16
12 | 33S/45E 11/23 2 (5-8) 16
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4.1.2 Data Handling and Results for Venus Observations

The integration time for each spectrum was chosen such that a similar
SNR for all spectra was reached thus yielding comparable uncertainties
obtained from fitting each measured line with respect to width, inten-
sity and frequency. Occasionally the spectra were combined from data
samples acquired over several days in order to obtain a higher signal-to-
noise ratio (SNR). This approach was especially necessary for the Venus
campaign A in May 2007. Dates and integration times are noted in
Tab. 4.2 and Tab. 4.3.

During the observation runs the true line profile of the non-LTE CO, P(2)
emission line at 959.3917 cm™! (10.423 um) in the atmosphere of Venus
was measured. A typical retrieved spectrum including a best fit to data
is shown in Fig. 4.10. The emission line of this transition is not contami-
nated by telluric absorption features, making it a good probe of gas ve-
locity.

A Gaussian line profile fitted to the ethylene absorption reference spec-
trum provides absolute frequency calibration of the LO. The frequency
uncertainty in these fits (1-o confidence) reaches values as small as
0.3MHz. Venusian CO; lines are fitted similarly using a Gaussian emis-
sion line profile, yielding the line-center frequency to high precision up
to 0.3 MHZz (see also errors given in Tab. 4.4).

The difference between the measured line frequency and the frequency
predicted for the reference radial velocity yields the line-of-sight veloc-
ity vi,s via the Doppler shift equation. The weighted beam centroid po-
sition on Venus is known, yielding the position at which the line-of-sight
velocity is measured. For this position the line-of-sight velocity is con-
verted to the horizontal velocity using the projection factor known from
the observing geometry.

As mentioned above the observing geometry was not advantageous to
retrieve information about the SS-AS flow. In order to compare these
measurements with other observations and models a SS-AS flow was
extracted from the observations on the planet based on two approxima-
tions:

a.) Assuming a constant zonal wind velocity along one latitude the
corresponding zonal wind component measured from the limb ob-
servation can be subtracted from the measurement at 45° from
CML. The resulting wind component describes the SS-AS flow and
by projection along the trajectory from the SS-point to the AS-point
the outflow SS-AS vgg_ 45 can be determined.

b.) The second assumption is that the SS-AS horizontal outflow ve-
locity increases linearly with the solar zenith angle (SZA) (see
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Figure 4.10: Typical non-LTE COq emission spectrum from Venus used to retrieve
wind velocities from Doppler shifts. Shown is the P(2) line at 959.3917 cm~!. Data
was taken at the equator and 45 ° offset from Venus central meridian during the coor-
dinated ground-based observing campaign to support Venus Express on June 3, 2007

(Campaign A). In the upper panel a spectrum from a reference gas cell was used to
determine the exact LO frequency.

chapter 2), reaching its maximum value v,,,, at the terminator.
Hence we can calculate v,,,, using Equ.2.1 and the outflow veloc-
ity vgg_ag for any value of solar zenith angle. By doing this the
SS-AS flow velocity at the terminator can be determined from ve-
locity measurements anywhere on the disc.

A precise description of the retrieval of the SS-AS flow from line-of-sight
velocities is given in Appendix C.

The results of mesospheric wind velocities by Doppler shift measure-
ments of CO; non-LTE emission lines for both observing runs are given
in Tab. 4.4 and Tab. 4.5 and displayed graphically in Fig. 4.11.

The sign of the frequency shift and the line-of-sight velocity is defined in
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reference to the observer. Negative frequency shifts and negative wind
values for v, indicate an approaching velocity with respect to the ob-
server. In contrary the signs of zonal wind velocities (V.onq) and the
SS-AS flow velocities (Vss_as, Vinaz) are defined in reference to Venus.
Positive zonal wind velocities have the same direction as the rotation
of the solid planet. For Venus it is widely used to call this direction,
describing also the orientation of the super-rotation, “retrograde”. For
the SS-AS flow velocity “positive” is defined as in the direction from the
subsolar point to the antisolar point.
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Table 4.4: Overview of the retrieved line-of-sight velocities vj,s in the atmosphere of
Venus during the observation campaigns A and B in 2007 at the McMath-Pierce Solar
Telescope (Kitt Peak, Arizona, USA). Given are date (occasionally data of different
dates are added to one spectrum for analysis) and positions on the planet as well as
integration time t;n; on the planet (~45% of total integration time), the v,,s and the
resulting vy,s. Negative frequency shifts and negative wind values for v,s indicate an

approaching velocity (towards Earth). All errors are given at 1- o confidence.

Venus Campaign A (Kitt Peak, May 2007)

] \ lat/long \ date \ tint[min] \ Vios[MHZ] \ ViesIm/s] ‘
1 67°N/limb 05/30,06/01 24 -2.0+0.4 -21+4
2 22°N/limb 05/30,06/01 18 -1.1£04 -114+4
3 0° /limb 05/28,05/30 18 -0.3+0.6 -347
4 22°S/limb | 05/29,05/31,06/01,06/03 36 -0.7+0.4 744
5 45°S/limb 05/30,05/31,06/01 30 -2.940.3 -30+3
6 67°S/limb 05/31,06/01,06/03 36 -1.6+0.4 -16+4
7 0° /45°W 05/28,05/30,06/04 36 -1.8+0.3 -18+3

Venus Campaign B (Kitt Peak, November 2007)

] \ lat/long \ date \ tine[min] \ Vios[MHZ] \ Vips|m/s] ‘
8 33°N/limb 11/25 24 3.8+£0.8 4049
9 22°N/limb 11/23 16 2.5+0.6 2647
10 0° /limb 11/28 24 0.8+0.4 8+4
11 | 11°8/limb 11/23 16 3.0£0.7 3147
12 | 22°S/limb 11/23 16 3.0+0.7 31+7
13 | 33°S/limb 11/23 16 0.9+0.2 9424
14 | 56°S/limb 11/24 16 3.6+0.8 3848
15 | 67°S/limb 11/24 24 3.3+1. 34416
16 | 33°N/45°W 11/28 16 3.2+1.2 33412
17 | 22°N/45°W 11/24 16 0.44+0.5 445
18 | 2205/45°W 11/24 16 0.1+£0.4 1+4
19 | 33°5/45°W 11/23 16 0.8+1.0 8+11
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Table 4.5: Overview of the retrieved wind velocities in the atmosphere of Venus for
all observed positions (see also Tab. 4.4). Zonal wind velocities V,onq and SS-AS flow
velocities vss—as are determined by line-of-sight velocities taking the beam-weighted
beam centroid offset and the projection into account. The maximum cross terminator
velocity Upqy is with their 1- o errors. Positive zonal wind values indicate retrograde
velocities, meaning rotation of the atmosphere in the same direction as the Venus solid
body. Positive SS-SA wind velocities present a flow direction from the subsolar to
antisolar point.

Venus Campaign A (Kitt Peak, May 2007)

lat/long | projection | V,ona[m/s] | ves—as[m/s] | Viae[m/s]
1 67°N/limb 0.91 2345 - -
2 22°N/limb 0.96 1244 - -
3 0° /limb 0.96 317 - -
4 22°S/limb 0.96 714 - -
5 45°S/limb 0.95 3244 - -
6 67°S/limb 0.91 18+4 - -
7 0° /45°W 0.71 - 2644 52+18

Venus Campaign B (Kitt Peak, November 2007)

lat/long | projection | V,ona[m/s] | ves—as[m/s] | Viaz[m/s]

8 33°N/limb 0.93 4349 - -

9 22°N/limb 0.94 2847 - -

10 | 0°/limb 0.94 944 - -

11 | 11°8/1imb 0.94 3349 - -

12 | 22°5/1imb 0.94 3319 - -

13 | 33°S/limb 0.93 10+26 - -

14 | 56°S/limb 0.89 4249 - -

15 | 67°S/limb 0.85 41416 - -

16 | 33°N/45°W 0.23 - -23+54 -47+108
17 | 22°N/45°W 0.43 - 33+12 80+29
18 | 2205/45°W 0.45 - 4749 123424
19 | 33°5/45°W 0.24 - -7+44 -154+97
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Figure 4.11: Zonal wind velocities from West limb positions (upper panel) and SS-AS
wind velocities retrieved from "on planet” observations (see Fig. 4.3 and 4.7). Data as
taken from May and November 2007 (see Tab.4.5) at the McMath-Pierce solar telescope
on Kitt Peak, Arizona. The total integration time is > 16 min.
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4.1.3 Venus Observations - Data Interpretation and Comparison to
other Observing Techniques

In a simplified model of the Venusian atmosphere the superrotation in-
fluence is assumed to decrease with altitude above ~90km to be re-
placed by SS-AS flow dominance at an altitude above ~ 120 km [44, 45,
46, 47]. Probing an altitude region around 110 km the presented obser-
vations are targeting a region where both wind features are existent.

In the following, wind velocities which are also summarized in Tab. 4.5
will be marked with the letter A and B corresponding to the two observ-
ing campaigns A in May 2007 and B in November 2007.

The Zonal Wind Velocity

The results of both observation runs show no significant wind velocity at
the equator. Values of only 3+7m/s (A) and 9 +4m/s (B) show no in-
dication for a superrotation component at the equator in the addressed
altitude region. However an increase in zonal wind velocity with lati-
tude towards the North and South up to 45m/s was found during both
observing runs. This result was unexpected since models assume a max-
imum zonal wind velocity at the equator for superrotation. All errors are
given at 1 -0 confidence.

During observing campaign A a maximum zonal velocity of 32+4m/s
was found at southern mid-latitude, 45°S. At higher latitude, 67°S, the
velocity decreases once more to 18 =4 m/s and weak retrograde mid-
latitude jets, parallel to Venus’ rotation seem to be a possible interpreta-
tion. A suitable spectrum to investigate the northern mid-latitude was
not obtained but the velocity at the same high northern latitude, 67°N,
is similar to the south, 23 +5m/s. Newman et al. [60] also found mid-
latitude jets from Pioneer Venus radio occultation data with a maximum
of 140m/s at ~70km, decreasing above that altitude.

During the observing run B a low wind value at the equator and higher
values at both hemispheres were found. However the results at the
southern hemisphere up to 67°S do not show a decrease from mid-
latitudes towards the poles. Hence it does not support the conclusion
of a mid latitude jet. Unfortunately, the zonal wind value at 45 ° S shows
an extremely high 1-¢ error. For all other positions wind velocities be-
tween 30 and 45m/s are found. For the northern hemisphere only posi-
tions at a latitude lower than 33 ° N were measured, showing an increase
of the wind velocity compared to the equator with values of 284+7m/s
at22°N and 43 +9m/s at 33° N.

Temporal variation on short and long time scales have to be consid-
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ered, an assumption strengthened by previous observations of Gold-
stein et al. [45] (25+15m/s) and Schmiilling et al. [49] (39.6 2.6 m/s
and 34.7 £ 1.1 m/s). They found slightly higher values for the equatorial
zonal retrograde component using also mid-IR heterodyne spectroscopy
hence probing the similar altitude region. On the other hand the results
of Goldstein et al. [45] and Schmiilling et al. [49] were retrieved by fitting
a global wind field model (combining zonal velocities and SS-AS flow)
to several observations on the planet. The results are therefore strongly
model dependent and hence a direct comparison between their and our
results might be deceptive. In addition, a different observing geometry
might probe different altitudes. The SZA does not have a direct effect on
emission altitude, but it may affect local temperature and thus affect the
inflation of the atmosphere locally by changing the scale height. As there
is a steep gradient in wind velocity with altitude, changes in the non-LTE
emission altitude will lead to a substantial change in wind velocity. A
detailed analysis of the solar induced non-LTE processes leading to the
emission line will hopefully provide more precise altitude information
in future.

An even higher value of 130 + 15m/s for the zonal retrograde flow at an
altitude of 110 km is presented by Lellouch et al. [52]. More recent ob-
servation report high temporal variability from 63 +10m/s (within the
ground-based observing campaign to support VEX) to even prograde
wind velocities of -120 +=90m/s (data taken July, August 2006) within
months at an altitude of 102 km [63]. This supports a strong “long” term
variability. Whereas within the differnt observing runs the published
data show a robust day-to-day stability.

Using mm-wave observations of CO Shah et al. [50] retrieved mean val-
ues for zonal wind velocities of 132+ 10m/s providing a dataset over
the entire Venusian disk (from 70°S to 60° N) with a spatial resolution
comparable to our measurements.

Probing even lower into the atmosphere other techniques found higher
zonal wind velocities. Published results are summarized in Tab.2.1
and Tab.2.2 and displayed in Fig.4.12. At 74km altitude Widemann
et al. [53] found equatorial velocities of 83 4+27m/s by observation of
visible CO; lines. More recently, also within the coordinated ground-
based campaign to support VEX, Widemann et al. [64] presented val-
ues around 100 m/s. Other Doppler shift measurements using reflected
Fraunhofer lines at visible wavelength report values of 151 +£ 16 m/s [65]
and slightly lower values between 66 +5m/s and 91 +6m/s are pre-
sented by Gabsi et al. [66].

Compared to these results our values at an altitude around 110 km are
low especially with respect to the published results of Lellouch et al.
[63] who found even an intensification of mesospheric circulation with
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altitude in contrary to theory were the zonal component should decrease
with altitude.

The SS-AS Flow

During the two observing runs described above, data from five posi-
tions:

equator / 45 ° West from CML (A),

22°N / 45° West from CML (B),

22°S / 45° West from CML (B),

33°N / 45 ° West from CML (B) and

33°S / 45° West from CML (B)

are available to determine the SS-AS flow velocity. With respect to the as-
sumptions concerning the maximum SS-AS flow velocity in chapter 2.1,
Vimaz 15 found to be 52 +£18m/s at the equator from data from cam-
paign A. During campaign B values for v,,,, of -474+108m/s at 33°N,
80+29m/sat22°N,123+24m/sat22°S,and -154+97m/s at33°S are
found.

The values at the equator and lower latitudes are generally lower and in
one case comparable to the 120 =30 m/s previously found by Goldstein
et al. [45], and 118.5+1.5m/s and 129.2 +1.2m/s found by Schmiilling
et al. [49] using similar mid-IR heterodyne measurements. The values at
33 ° North and South are lower showing high errors due to the observing
geometry. But the disadvantageous observing geometry during the time
of our observations limits the significance of our results.

Values for the cross terminator SS-AS flow can also be determined using
other ground-based techniques. Lower values, close to the presented
SS-AS flow velocities from 40 +=45m/s up to even 322 +25m/s [63] are
published suggesting extremely high temporal variability. An overview
of ground-based measurements is given in Fig.4.12 and Tab. 2.1).

The measured wind velocities presented in this work are generally lower
than those measured in previous observations and support a hypothe-
sis of temporal and local variability in the upper mesosphere of Venus.
The observing geometry in both runs was favorable to measuring the
zonal component but disadvantageous for measuring the SS-AS flow.
Thus the retrieval uncertainties for the SS-AS component are quite large
and additional observation of SS-AS velocity would be recommendable.
Further observations are required for the SS-AS flow as well as for the
zonal wind component to investigate dynamical variability and to an-
swer questions on its nature, temporal and spatial behavior, and pos-
sible connections to other phenomena in the Venus upper atmosphere.
IR heterodyne observations are valuable due to high spatial resolution
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compared to other ground-based techniques. In addition, although the
exact altitude is not yet determined the wind information originates in a
narrow altitude range thus data analysis is not model depended and no
deconvolution of the observed lines is necessary (see chapter 5).

Table 4.6: Bibliography of wind velocity presented in Fig. 4.12

zonal wind velocities max. terminator velocity

# citation # citation

1-15 | Lellouch et al. [63] 1-3 this work

16-19 | Widemann et al. [64] | 4-12 | Lellouch et al. [63]
20-23 | Gabsi et al. [66] 13 Goldstein et al. [45]
24 Gaulme et al. [65] 14 Lellouch et al. [52]
25 Goldstein et al. [45] 15,16 | Schmtdilling et al. [49]
26 Lellouch et al. [52] 17 Shah et al. [50]

27,28 | Schmiilling et al. [49] | 18-20 | Lellouch et al. [52]
29,30 | this work 21 this work

31-33 | Lellouch et al. [52]
34 Widemann et al. [53]
35 Newman et al. [60]
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Figure 4.12: Zonal wind velocities (upper panel) and maximum terminator veloci-
ties(lower panel) at different altitudes, gathered by different observing methods (mm-
wave and visible observations of CO, MIR CO, observations). References are given in
Tab. 4.6 Results in black were collected within in the ground-based observing campaign
to support VEX and values in red are previous measurements from the eighties and
nineties. Wind velocities retrieved within this work are plotted in blue. Values plotted
in this figure are summarized in Tab. 2.1 and 2.2 including references.



4.2 Observation of Dynamics in the Martian Mesosphere 85

4.2 Observation of Dynamics in the Martian Mesosphere

Due to the significant similarities between Earth and Mars atmospheric
models were transfered from Earth to Mars at an early point. With in-
creasing computing power detailed low grid predictions about atmo-
spheric parameters are possible. Especially over the past few years along
with Mars Express the understanding of the Martian atmosphere im-
proved significantly. However, direct measurement of dynamics and in
particular observations of temporal variation on different time scales are
still missing. This was the motivation to conduct several observing runs
to measure wind velocities at different times and locations in the upper
atmosphere of Mars. Of special interest was to verify a seasonal tran-
sition from a mid to high-latitude jet from the northern to the southern
hemisphere as predicted by models [95]. To follow this evolution obser-

=4
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c.)Ls = 040°
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=
&
=
=
=

Figure 4.13: Evolution of a mid to high-latitude jet over the range of a solar longitude
of L =70 as predicted by Lewis et al. [95]. The upper left panel pictures the temper-
ature at a solar longitude of L s =330 (late northern hemisphere winter). A northern
jet dominates at an altitude around 70 km. Later on this structure attenuates at L 3 =0
(northern hemisphere spring equinox) as shown in the upper right panel. At a L ;=40
(late northern Spring) the jet dominates in the South. The lower panel shows the ap-
pearance of this southern jet.

vations at different Martian seasons were accomplished. Mars opposi-
tion occurs when Earth, on its inner orbit, passes between the Sun and
Mars. Due to the orbits of the two planets, this happens every 26 months.
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At this time Mars has its maximum apparent diameter. Therefore, ob-
servation runs shortly before and after opposition are favorable for our
mid-IR heterodyne technique since we also need a suitable Doppler shift
between the planets to separate Martian CO, lines from their telluric
counterparts. After the first observations in December 2005 (L ~ 335)
the next posibilty to observe Mars was December 2007 (L ~ 354). An ad-
ditional third observing run in March 2008 (L, ~ 41) completed this data
set. Observations, results and comparison with other measurements and
models are presented in the following chapter. Due to convenient data
availability the Martian Climate Database (MCD) was choosen [98] for
model comparison. The MCD is based on a model developed at the Lab-
oratoire de Météorologie Dynamique du CNRS(Paris) in collaboration
with the University of Oxford, the Instituto de Astrofisica de Andalu-
cia and with support from the European Space Agency and the Centre
National d’Etudes Spatiales.

4.2.1 Observing Conditions: Mars

In 2003 the spectrometer THIS was used at the 1.5 m McMath-Pierce tele-
scope of the National Solar Observatory on Kitt Peak, Arizona/USA to
determine ozone abundances in the Martian atmosphere. During this
run an initial measurement of CO, absorption and non-LTE emission
at 10um was performed to show the capability of the system to mea-
sure wind velocities. The observation was successful and later pub-
lished in Sonnabend et al. [80]. A single point wind velocity measure-
ment with THIS of 744+22m/s at 20°N was presented. This was the
base for further investigations and the systematic wind velocity obser-
vations accomplished within this work. In total three observing runs ad-
dressing dynamics on Mars where performed. The first two took place
at the McMath-Pierce Solar Telescope on Kitt Peak in December 2005
and November 2007. For the third observation we used the NASA In-
frared Telescope Facility (IRTF) on Mauna Kea. This was also a techni-
cal challenge to the stability of the instrument since the instrument was
mounted at a moving Cassegrain focus for the first time.

Mars Campaign A (Kitt Peak, December 2005)

On December5 to 8, 2005 we observed Mars at the CO, P(2) transition
at 959.3917 cm ™! using the McMath-Pierce Solar Telescope on Kitt Peak.
The instrument THIS was mounted on the spectrograph table at the pri-
mary focus of the telescope. The total atmospheric and instrumental
transmission was determined to be ~70%.

The angular diameter of Mars varied from 16.7 to 15.4 arcsec over the
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course of the observing period compared to the diffraction-limited FOV
of the telescope of 1.7arcsec. The pointing uncertainty was estimated
to be below ~ 1arcsec. Mars was one month past opposition and the
Earth-Mars Doppler shift varied between 9.8 and 11.4km/s (receding)
[94]. For Mars the acquisition time of ~ 10 min for an individual spec-
trum is longer than for Venus due to the difference of the emission line
intensities. The Doppler shift within this time period is < 18.5m/s re-
sulting in an acceptable line broadening of ~ 1.8 MHz maximum.

Mars was illuminated 96 % with the subsolar point at ~21°W of CML
and ~10.3°S from the equator. Martian season was late northern hemi-
sphere winter at a Martian Solar Longitude of L, ~335.

In total, six different latitudes on Mars were observed during 102 single
observations (consisting of one A and one B measurement), each lasting
from 70 to 150 minutes. The sampled latitudes ranged from 45° North to
75° South and observations were carried out close to the limb covering
a local time range of ~3h. Observing geometry is pictured in Fig.4.14
indicating the observed positions at the FOV scaled to the planetary di-
ameter. Observed positions are given in Tab. 4.7 giving dates, times and
integration times.

Table 4.7: Overview of the observed positions on Mars during the Mars campaign A
at the McMath-Pierce Solar Telescope on Kitt Peak. Given are the position on Mars,
observing dates, Martian season and local time, the quantity of included measurements
(#), the scan numbers and the total integration time in minutes.

Mars Campaign A (Kitt Peak, December 2005)

lat./long. date | start | end | season # ident. | int.time
[UT] | [UT] [Ls] meas. | scan [min]

45°N/limb | 12/05 | 3:07 | 5:40 335 16 (8-23) 320
0°/limb | 12/05 | 1:42 | 2:51 335 8 (0-7) 160
0°/limb | 12/05 | 5:23 | 8:42 335 20 (21-40) 400

15°S/limb | 12/07 | 6:28 | 8:22 336 16 (28-43) 320

35°S/limb | 12/08 | 1:00 | 3:00 338 10 (0-9) 200

60°S/limb | 12/07 | 1:29 | 3:48 336 14 (0-13) 280

75°S/limb | 12/06 | 1:00 | 9:33 336 16 (0-15) 320

75°S/limb | 12/06 | 6:07 | 8:40 336 12 (27-46) 400

RO Ul WIN -

A sample spectrum is shown in Fig. 4.15. The signal-to-noise ratio (SNR)
depends mainly on integration time and the surface temperature at the
observed position on Mars which provides the quasi-blackbody contin-
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Figure 4.14: Observing geometry of Mars during the Mars campaign A from Decem-
ber 5-8, 2005. The relative sizes of apparent diameter of the Martian disk (approx-
imately 16 arcsec) and the FOV (1.7 arcsec) are indicated. Mars was almost totally
illuminated (96 %) with a subsolar point at ~21° W from CML and ~10.3° S from
the equator labeled by the black star. From limb observations line-of-sight velocities
were retrieved for 6 different latitudes.

uum level observed in the spectra.
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Figure 4.15: Measured sample spectrum (grey) for Mars observations during cam-
paign A taken at the equator and 75° East of CML demonstrating the structure of the

spectra with a spectral resolution of 1 MHz. The black line gives the best fit to data.
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Mars Campaign B (Kitt Peak, November/December 2007)

To meet the requirements concerning Martian seasonal coverage the fol-
lowing observations were carried out and a solar longitude of L, ~ 354
between November 23 to December 3, 2007 again at the McMath-Pierce
Telescope. The orbital position of Mars was approximately one month
before opposition (date of opposition: December 24). The topocen-
tric relative velocity between Earth and Mars varied between 4.9 and
7.8km/s (approaching)[94]. Acquisition time for an individual spec-
tra is again ~ 10 min with a variation in topocentric relative Earth-Mars
Doppler shift of < 18.5m/s.

Mars was almost fully illuminated with a subsolar point at ~ 23 °E from
CML and ~2.5°S. The apparent diameter was in the range between
14.4 and 15.3 arcsec similar to conditions for the observing run in 2005.
The observing geometry is given in Fig.4.16 and the relative size of
the apparent diameter of the planet and the diffraction-limited FOV of
~1.7 arcsec are pictured.

L

Figure 4.16: Observing geometry of Mars during campaign B in November 23 and
December 03, 2007. The field of view was ~ 1.7 arcsec and the angular diameter of
the Martian disk was ~15arcsec. Mars was almost totally illuminated and the black
star marks the subsolar point at ~23° E from CML and ~ 2.5°S. Limb observations
were accomplished at 9 different latitudes from 60° S to 57 ° N to retrieve line-of-sight
velocities.
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74 single measurements (consisting of one A and one B measurement)
provided data at 9 different latitudes on the planet (from 60°S to 57 ° N)
along the morning limb. Relevant data for observations are summarized
in Table 4.8.

Table 4.8: Overview of the observed positions on Mars during the Mars campaign B
at the McMath-Pierce Solar Telescope on Kitt Peak. Given are the observed position
on Mars, observing dates and time, Martian season, the quantity of included single
measurements (#), the identifiers of included scans (ident.) and the total integration
time in minutes.

Mars Campaign B (Kitt Peak, November/December 2007)

lat./long. date | start | end | season # ident. | int.time
[UT] | [UT] | [Ls] | meas. scan [min]
1 | 57°N/limb | 11/27 | 11:20 | 11:47 | 354 1 (38-41) 20
2 | 45°N/limb | 11/28 | 9:25 | 13:51 | 354 8 (18-34) 160
3 | 33°N/limb | 12/03 | 10:30 | 12:07 | 357 5 (34-44) 100
4 | 11°N/limb | 11/27 | 9:31 | 11:03 | 354 9 (20-37) 180
5 0°/limb | 11/28 | 6:27 | 9:08 354 7 (0,1,3,4) 140
(6-13)
(16,17)
6 | 11°S/limb | 11/24 | 9:00 | 14:12 | 352 12 | (0,24,5,7) 240
(9-12)
(15-30)
7 | 33°S/limb | 11/25 | 5:48 | 7:45 353 7 0-13 140
8 | 45°S/limb | 11/23 | 9:05 | 11:14 | 352 8 (17-32) 160
9 | 45°S/limb | 12/03 | 12:16 | 14:01 | 357 6 (45-56) 120
10 | 60°S/limb | 11/25 | 9:36 | 11:14 | 353 6 (16-27) 120

On Mars the relative shift from the CO, absorption line originating at
lower altitudes in the atmosphere to the non-LTE emission line from the
upper atmosphere gives directly the wind shear between these two al-
titude regions. This technique was used for Mars in 2005 since a cali-
bration gas cell to provide absolute frequency calibration was not im-
plemented to the instrument then. This only became essential for Venus
observations since the absorption feature on Venus is too broad and shal-
low to be useful due to the denser atmosphere.

The absolute frequency calibration using ethylene gas now provides
the absolute wind velocity in the high atmosphere of Mars and was
used form 2007 on. Two ethylene absorption lines are present (at
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959.4075 cm ™! and 959.3072 cm ') within the observed bandwidth. Ap-
pearing in the same sideband as the Martian CO, feature the line
959.4075 cm ™! is chosen for determination of the absolute frequency po-
sition of the CO, line.
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Mars Campaign C (Mauna Kea, March 2008)

Before receding further away from Earth on its orbit around the Sun to
meet Earth again only in 2009, Mars was observed again from March 03
to 06,2008. Martian season at a solar longitude of L, ~42 (northern
hemisphere spring) completed the seasonal coverage to investigate the
evolution of the jet shown in Fig. 4.13.

The apparent diameter of Mars varied between 8.6 and 8.9 arcsec. To
obtain a spatial resolution similar to the observations in 2005 and 2007,
when Martian apparent diameter was larger, we used the NASA IRTF
on Mauna Kea in Hawaii, USA. The IRTF has a primary mirror of 3m

Figure 4.18: The NASA InfraRed Telescope Facility IRTF on Mauna Kea in
Hawaii, USA with a 3.0 m mirror.

diameter providing a diffraction-limited FOV at 10 xm of 0.8 arcsec.

The observing geometry is given in Fig.4.19. The Martian disk was il-
luminated approximately 91 % with a subsolar point of 33 ° E from CML
and 16° N. The topocentric relative velocity between Mars and Earth was
~16.7km/s[94].
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Figure 4.19: Observing geometry for Mars Campaign C during March03 to
March 06,2008. Like during the first two observation runs Mars was almost totally
illuminated but this time the subsolar point at 33° E from CML and 16° N was close
to the western limb. The FOV was 0.8 arcsec on an angular diameter of the Martian
disk of ~9arcsec. 9 different latitudes were addressed for limb observations to gain
line-of-sight wind velocities and one observation targeted the center of the planetary
disk (CML/Equator).

Limb observations at 9 different latitudes starting from 60°N to 60°S
were performed. Observed positions and relevant observation parame-
ters are summarized in Table4.9. In total 35 single measurements (con-
sisting of one A and one B spectrum) resulted in observations of 10 po-
sitions on the planet.

This time the P(4) line of CO, at 957.8005 cm™~! was observed. Two
strong ethylene absorption lines from the implemented gas cell ap-
peared within the detected bandwidth. Appearing in the upper side
band, as well as the observed Martian CO, feature the 957.7641 cm ™!
ethylene line was used for absolute frequency calibration.
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Table 4.9: Overview of the observed positions on Mars during the Mars Campaign
C at the NASA IRTF on Mauna Kea in Hawaii, US. Given are the observed position
on Mars, observing dates and time, Martian season, the quantity of included measure-
ments (#), the identifier of included scans (ident.) and the total integration time in
minutes.

Mars Campaign C (Mauna Kea, March 2008)

lat./long. date | start | end | season | # ident. | int.time
[UT] | [UT] | [Ls] | meas.| scan [min]
1 | 60°N/limb | 03/06 | 2:35 | 3:17 42 2 (0,2,3,6) 40
2 | 60°N/limb | 03/06 | 7:40 | 8:17 42 3 (26-31) 60
3 | 45°N/limb | 03/05 | 2:48 | 4:48 41 4 (6-8) 80
(10,11)
(18-20)
4 | 33°N/limb | 03/06 | 4:28 | 5:23 42 4 (9-16) 80
5 | 15°N/limb | 03/05 | 1:53 | 2:37 41 3 (0-5) 60
6 0°/limb | 03/05 | 7:10 | 8:00 41 3 (36-41) 60
7 | 15°S/limb | 03/05 | 8:08 | 9:01 41 3 (43-48) 60
8 | 33°S/limb | 03/06 | 6:36 | 7:20 42 3 (20-25) 60
9 | 45°S/limb | 03/05 | 4:57 | 6:50 41 7 (21-26) 140
(28-35)
10 | 60°S/limb | 03/06 | 8:30 | 9:26 42 3 (32-37) 60
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4.2.2 Data Handling and Results of Mars Observations

During both observing runs on Kitt Peak the Martian P(2) line at
959.3917 cm™! of the 10 yum-band was observed. Due to availability of
a new QCL as LO the stronger P(4) line at 957.8005cm ™! of the same
band was observed during the observation run on Mauna Kea provid-
ing a higher SNR.

Measured single integrations were added to provide spectra with sim-
ilar SNR. Integration time of the resulting spectra varied between 20-
400 min depending on observing conditions (e.g. chosen position on
Mars, weather, airmass).

The spectra were modeled and fitted with the BEAMINT radiative trans-
fer code that was developed at NASA Goddard Space Flight Center [96].
BEAMINT combines a layer-by-layer radiative transfer modeling engine
with an algorithm to combine the contribution from sub-resolution seg-
ments of the instrument beam to form the overall spectrum. This can
be a noticeable improvement over a single point mean viewing angle
model, especially when the viewing geometry is such that the beam sees
contribution from a wide range of planetary longitudes. We used a 66-
element model for the analysis of our observations. BEAMINT accepts
planetary parameters, observation circumstances, molecular and ther-
mal height profiles, and a molecular line atlas. The non-LTE component
is not currently included in the radiative transfer code but added as a
Gaussian profile describing the shape of the non-LTE emission. Param-
eters can be iterated until a best fit of a model spectrum to an observed
spectrum is achieved. Uncertainties based on correlation between free
parameters and the variance between the observed and model spectra
are returned. The telluric contribution to the spectra was modeled us-
ing the terrestrial radiative transfer package GENLN2 [97]. For the pre-
sented results, Mars surface temperature, surface pressure, atmospheric
thermal profile, and frequency position were iterated along with wa-
ter abundance in the Earth’s atmosphere and the total loss of signal
due to misalignments etc. until the best fit to the observed data was
reached. Initial parameters were taken from the "European Martian Cli-
mate Database” (MCD) [75], but were ultimately altered in the fitting
process according to the fully resolved spectral line shapes.

Analysis methodology was different for the first observing run in 2005
and the following runs in 2007 and 2008 due to implementation of a
gas cell for absolute frequency calibration into the instrument after the
first run. The gas cell provides an absolute frequency calibration for the
non-LTE emission relative to the gas cell spectrum and therefore infor-
mation about the absolute wind velocity (independent from the absorp-
tion line). Without a gas cell the frequency shift between the Martian
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CO, absorption and emission feature gives the wind velocity shear be-
tween high and low altitudes with the observing geometry taken into
account. Analysis of the contribution functions plotted in Fig. 4.21 to the
absorption line profile showed that most of the contribution to this line
originates below the 3 mbar pressure level.

contribution to absorption line depending
on distance from line center frequency

pressure [mBar)

25 MHz
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Figure 4.21: Analysis of the contribution functions to the Martian CO4 absorption
line profile showed that most of the contribution to this line originates below the 3 mbar
pressure level. The different lines indicate the contributions from the absorption line
depending on distance form the line center.

Wind velocities at the low altitudes are predicted to be low (in the range
of few m/s). In both cases the fitted frequency offsets under assumption
of the Mars solid-body rotation were then calculated and converted to
beam-averaged line-of-sight wind velocities. Determination of the alti-
tude of the emission-forming region presented a problem. Determina-
tion of the altitude via the temperature of the emitting material prooved
to be unreliable since the temperature profile is variable. Therefore, we
turned to observations by Maguire et al. [58] who determined the peak
of the non-LTE emission from limb observations with the Thermal Emis-
sion Spectrometer (TES) on the Mars Global Surveyor (MGS) spacecraft
to originate at ~65 km altitude, with the general range of the emission-
forming region between 40 and 80 km altitude (see also Fig. 4.22). Inves-
tigation on altitude information of non-LTE emission lines on Venus will
be extended to Mars as well (see chapter 5).
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Figure 4.22: Observed CO2 hot band limb intensities at 10 pm at Martian northern
spring equinox during day as seen by TES (Thermal Emission Spectrometer) on MGS
(Mars Global Surveyor) published by Maguire et al. [58]. Radiance of the non-LTE
emission is principally found in an altitude range between 40 and 80 km with an max-
imum at ~65km.

An overview of the retrieved zonal wind velocities is presented in the
Tab.4.10, 4.11 and 4.12 below.
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Table 4.10: Overview of the retrieved wind velocities in the mesosphere of Mars
during the observing campaign A. Given are the position on the planet, date
and the total integration time of observation. The given frequency shift is the
relative shift v;,; between absorption and emission line hence the given line-
of-sight wind velocity v;,s is the wind shear between the low and upper atmo-
sphere. Martian season was L, ~ 337.

Mars Campaign A (Kitt Peak, December 2005)

lat/long date | tj[min] | vs[m/s] | vies[Im/s]
45°N/limb | 12/05 320 22414 -274+17

0° /limb 12/05 160 -6.84+1.1 -804+13

0° /limb 12/05 400 -4.54+0.9 -53+10
15°S/limb | 12/07 320 -3.0+1.6 -35+19

35°S/limb | 12/08 200 0.1£1.0 1+12
60°S/limb | 12/07 280 22411 25412
75°S/limb | 12/06 320 2.1+£1.6 25+19
75°S/limb | 12/06 400 4.1+24 51+29

OO UGT = WIN -

Table 4.11: Overview of the retrieved wind velocities in the mesosphere of Mars
during the Mars campaign B in 2007. Given are the position on the planet, date
and the total integration time of observation. The absolute frequency shifts
Vjos and line-of-sight wind velocity v;,s are given as well. Martian season was
Ly ~354.

Mars Campaign B (Kitt Peak, November and December 2007)
lat/long date | tj[min] | vjs[m/s] | vies[m/s]

1 | 57°N/limb | 11/27 20 15.44+6.0 148+58
2 | 45°N/limb | 11/28 160 5.2942.7 51£26
3 | 33°N/limb | 12/03 100 -3.3£1.9 32+18
4 | 11°N/limb | 11/28 180 0.5+1.1 5£11
5 0°/limb | 11/28 140 -5.3£1.6 -51+15
6 | 11°S/limb | 11/25 240 -4.1+1.7 -39+16
7 | 33°S/limb | 11/25 2140 -10.4+1.5 | -100£14
8 | 45°S/limb | 11/23 160 -2941.1 -28+13
9 | 45°S/limb | 12/03 120 0.1£2.3 1422
1

0] 60°S/limb | 11/25 120 11.14+3.1 107+£30
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Table 4.12: Overview of the retrieved wind velocities in the mesosphere of Mars
during the Mars campaign C in 2008. Given are the position on the planet, date
and the total integration time of observation. The absolute frequency shifts v,
and absolute line-of-sight wind velocities v;,s are given. Martian season was
L, ~42.

Mars Campaign C (Mauna Kea, March 2008)

lat/long date | tj[min] | ys[m/s] | vies[m/s]
1 | 60°N/limb | 03/06 60 -11.242.4 | 107+23
2 | 60°N/limb | 03/06 40 -3.3£1.3 32+12
3 | 45°N/limb | 03/05 80 -1.941.1 18+11
4 | 33°N/limb | 03/06 80 -1.3+1.3 13412
5 | 15°N/limb | 03/05 60 4.7+1.2 -45+12
6 0°/limb | 03/05 60 8.5+2.3 -82422
7 | 15°S/limb | 03/05 60 23.842.4 | -228423
8 | 33°S/limb | 03/06 60 14.44+1.0 | -138+10
9 45°S/limb | 03/05 140 12.54+2.4 | -120+23
10 | 60°S/limb | 03/06 60 12.64+4.7 | -121+45
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4.2.3 Mars Observations - Data Interpretation and Comparison to
Model Prediction and other Observing Techniques

All observations during the first Mars campaign A in 2005 were per-
formed near the western (evening) limb of Mars, fixing the local time
of an observation at a given latitude. The 1-¢ retrieval errors range
from 10 to 30m/s mostly depending on the SNR of the data. We ob-
served retrograde winds of -27+17m/s in the northern hemisphere
that were particularly strong (up to -80+13m/s) in the equatorial re-
gion. In the southern hemisphere the mesospheric winds are still retro-
grade (-36 £19m/s) at low latitudes whereas at high latitudes it turns
prograde to velocities between 254+ 12m/s and 50 +29m/s. The in-
crease by a factor of two within only a few hours later is surprising but
not inconsistent with model predictions retrieved from [75].

As mentioned above, the origin of the non-LTE emission is assumed
to be 50-90 km altitude, and all wind velocities (probed by the CO,
emission feature) are retrieved relative to surface winds (probed by
the CO, absorption feature). The presented results are consistent with
the single point observation in 2003 where a strong retrograde wind of
-74+22m/s in the northern hemisphere was found [80].

A comparison of the measured data with zonal wind velocities predic-
tions from the Martian Climate Database (MCD) [98] shows that the gen-
eral latitudinal trend from 45°N to 75°S of the data is reproduced (see
Fig.4.23). The model was averaged over all longitudes, over altitude
region between 50 and 92 km for the emission line and over a height be-
tween ground and 8 km for the absorption line. The results for the wind
shear between the two altitude regimes are plotted in Fig. 4.23.

At the equator two observations at different MUTs (Martian Universal
Time) were collected hence a more detailed comparison to the MCD is
possible. The model predicts a lower zonal wind velocity at MUT 10
than at MUT 5. From the MCD database values of 62m/s at MUT=10
and 80 m/s at MUT=5 were found [75]. The measured zonal wind veloc-
ities show the same behavior with values of 53 £ 10 m/s at MUT=10 and
80+£13m/s at MUT=5 in agreement with the model within 1-o errors
(see also Fig. 4.24).

Observations such as these provide a good general test of GCM pre-
dictions in altitude regions not well constrained by other measurement
techniques. Additionally the comparison concerning different MUTs
demonstrates nicely that also validation of short temporal variations of
these models is possible by mid-IR heterodyne wind observations.

During Mars campaign B absolute wind velocities were retrieved. Ret-
rograde winds of -51 +£15m/s were found at the equator as well as an
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Figure 4.23: Comparison of retrieved zonal wind shear between the ground to 8 km
and from 50 to 92 km from observed data during the Mars campaign A in 2005 with
the MCD [98]. The model data is averaged over all MUTSs, a season from Ly =330 to
Ly =360 and a height from 50 to 92 km.

increase towards northern and southern latitudes. At 45°S values of -
28 £13m/s and 1+22m/s were observed whereas a stronger increase
of 51 +26m/s was seen in the northern hemisphere at 45° N. The same
behavior is also evident at higher latitudes with values of 107 +30m/s
60°S and 148 =58 m/s 57° N.

These results are in general agreement with the model. Values at high
latitudes (57 ° North and 60 ° South) tend to be higher (by approximately
50m/s) than predicted velocities as well as the value at 11 ° N. Whereas
the measured wind at 33°S of 100+ 14m/s is significantly lower than
the model result of 23 m/s. The given model results are averaged with
respect to location, altitude and most relevant the averaging regarding
Martian season from L,=330 to 360. Hence variations within these value
ranges are not represented by the given model results and can be the
reason for the disagreements.

At least for one latitude (45 ° S) two observations at different MUTs were
carried out. In one case the measured wind velocities of -28 13 m/s is
lower than the averaged model prediction. In the other case the mea-
sured value of 1 +22m/s agrees with the model within the error bars. A
more detailed comparison concerning variations with MUT is pictured
in Fig.4.26. The figure shows that, like in the measurements there is no
significant variation in wind velocity between the two MUTs up to an
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Figure 4.24: Comparison of retrieved zonal wind shear between the ground to 8 km
and from 50 to 92 km from observed data during the Mars campaign A in 2005 with
the MCD [98] at Martian Universal Time (MUT) of 5 and 10.

altitude of 80 km in the model. The disagreement between model and
observation values can not be explained by averaging effects over MUT
of the model.

In contrary to previous observations where a similar behavior in the
northern and southern hemisphere was found a significant asymmetry
is observed during the last Mars campaign C at the IRTF in 2008. At
the equator a moderate redrograde wind of -82 +22m/s changes into
strong prograde wind of 107 & 23 m/s towards high northern latitudes.
Completely different strong retrograde winds up to -228+23m/s are
found in the southern hemisphere.

A comparison to the MCD is shown in Fig.4.27, where the measured
wind velocities follow the model predictions nicely in the northern
hemisphere. The southern hemisphere observations diverge signifi-
cantly not only from previous measurements but also from the model.
In general wind velocities are found to be lower and values down to
approximately -230m/s are not explainable by any atmospherical pro-
cesses in the Martian atmosphere.

Since the spectrometer THIS was used for the first time at a Cassegrain
focus and hence moving during observations, high demands regarding
the stability of the instrument were requested.
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Figure 4.25: Comparison of retrieved zonal wind velocities from observed data during
the Mars campaign B in 2007 with the MCD [98]. The model data is averaged over all
MUTS, a season from Ly =330 to Ls =360 and a height from 50 to 92 km.

Although we frequently verified the beam path through the spectrom-
eter during observations an offset between the assumed position and
the actually observed position on Mars seems a reasonable suspicion to
explain the unfeasible retrieved values. We found that all observations
from the southern hemisphere have been accomplished past Mars tran-
sit. Observations in the North were made before transit with one excep-
tion at 60 ° N having a relatively low value of 32 +12m/s compared to
the pre-transit value of 107 £23m/s.

Due to the mechanical circumstances at the Cassegrain focus of the IRTF
the spectrometer is “flipped over” during transit of Mars. Hence it is
conceivable that a misalignment between the optical and IR beam path
occurred after transit. The most likely reason is a slight displacement of
the optical camera resulting in an East-West offset of the observations
on the planet. Offsets of various magnitudes were assumed and projec-
tion effects on the resulting wind velocities were calculated. The results
for a beam offset of 1.4 arcsec (approximately two beam diameters) to-
wards the Eastern limb is plotted in Fig. 4.28 moving the observed wind
velocities close to the model values.

The measurements from the southern hemisphere can not be used for
model validation or comparison with other measurements. Conse-
quently investigations on the assembly and mounting of the guiding
system are necessary and a continuous verification of both beam paths
especially before and after transit is unavoidable for future observations
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Figure 4.26: Comparison of retrieved zonal wind velocities from observations carried
out during the Mars campaign B in 2007 with predictions of the MCD [98] at Martian
Universal Time (MUT) of 5 and 8.

at telescopes with Cassegrain foci.

Finally only observations of zonal wind velocities from equator to a lat-
itude of 60 ° N were used (see Fig. 4.29). Values from -82 +22m/s at the
equator to velocities of 107 =23 m/s increasing with latitude are found
in good agreement with model predictions.

Apart from the problem of past transit measurements during the observ-
ing run in 2008 results of all three observing campaigns are in very good
agreement with the model predictions. High latitude measurements at
60° North and South are found to be higher by approximately 50m/s
than model predictions for campaign B and C.

The displacement of a northern hemisphere yet at Ls=330 to the south-
ern hemisphere at Lg=40 could not fully be validated due to missing ob-
servations at high latitudes. Like predicted a balanced situation in both
hemispheres is found for Lg=354 as shown in Fig.4.25. Unfortunately
no data for the maximum jet velocity situation in both cases could be re-
trieved due to technical problems and observational constraints. How-
ever, the decreasing zonal wind velocities from the balanced situation
to the season with a jet feature in the hemispheres of the disappearing
jet indicate a general agreement with the model of Lewis et al. [95]. An
overview of the evolution of high latitude zonal wind velocities with
Martian season is given in the Table 4.13 below.
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Figure 4.27: Comparison of retrieved zonal wind velocities from observed data during
the Mars campaign C in 2008 with the MCD [98]. The model data is averaged over all
MUTS, a season from over Ly =0 to Ly = 30 and a height from 50 to 92 km. Data values
in parenthesis diverge significantly form the model results and, as described below, the
disagreement is most likely due to instrumental misalignment during observation.

Additional earth-based wind measurements have mainly been carried
out by millimeter observations of CO probing an altitude between 35—
80 km with a much lower spatial resolution than mid-IR heterodyne ob-
servations. Even interferometric observations only allowed 4x4 inde-
pendent points on Mars [77]. Strong retrograde winds between 100 and
200m/s are found at the western equator [77] and in the southern hemi-
sphere [78, 79] (see also Tab.4.14). Unfortunately Martian seasons of
these observations are different to the presented observations within this
work and therefore a detailed comparison is not possible.
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Figure 4.28: Comparison of retrieved zonal wind velocities from observed data (blue)
during the Mars campaign C in 2008 with the MCD [98] (red). Values in black show
projection corrected values for observations at the southern hemisphere assuming a
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Figure 4.29: Comparison of retrieved zonal wind velocities from data observed during
the Mars campaign C in 2008 with the MCD [98]. The model data is averaged over all

MUTS, a season from Ls =0 to Ly =30 and a height from 50 to 92 km.
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Table 4.13: Overview of zonal wind measurements at high latitudes to investi-
gate the long term displacement of a high latitude yet in the North at a Martian
season of L,=332 to the South at a Martian season of L,=42.

’ latitude ‘ season ‘ year of obs ‘ wind velocity ‘

60°N 335 2005 no data
60°N 354 2007 148458
60°N 042 2008 107423
60°S 335 2005 25412
60°S 354 2007 107430
60°S 042 2008 no data

Table 4.14: Overview of previous Martian Doppler wind observations

Transition FOV Mars Lat. Alt. L Wind
[arcsec] | [arcsec] [°] [km] [m/s]
COs P(30) 2 11 20°N | 60-80 308 -74 + 221
CO(2-1) 12 23.8 20°S | 40-70 279 -160 + 802
CO(2-3) 13 25 20°S | 35-80 | 251254 | -120--2003
CO(1-0)(2-1) 5/8 9-23 °E0 | 45-69 | 140,196 | -100 + 20*
262,317

ISonnabend et al. [80]
2Lellouch et al. [79]
3Clamcy et al. [78]
4Moreno et al. [77]



Chapter 5

"Results! Why, man, I have gotten a lot of results. I know several
thousand things that won’t work.” (Thomas A. Edison (1847-1931),
US inventor)

Summary of Results and Outlook

Within this work it is demonstrated that infrared heterodyne spec-
troscopy is an excellent tool for direct measurements of high atmo-
spheric winds on Mars and Venus by probing relative Doppler shifts
of fully-resolved spectral features. The accuracy of the system THIS has
proven to be sufficient to extend observation also to measurements of
small scale variations within short time periods in the future.

In order to achieve a better comparison of the measured wind velocities
to model predictions and other ground-based and space-based measure-
ments, the altitude information about the origin of non-LTE emission has
tobe improved. Therefore determination of the emission-forming region
directly from the observed spectra is a primary task for the future.

To investigate wind velocity and the nature of the non-LTE emission
itself further observations for Mars and Venus are already planned on
various CO, transitions. In addition observations of other molecules are
planned as well as other planets (Saturn, Jupiter) and moons (Titan, Io)
of our solar system. And even further away molecules in stars and stel-
lar envelopes can be targets for the future.

A brief summary of the achieved results, future plans for instrument de-
velopment and scientific applications is given in the following chapter.

111
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51 Summary of Results

5.1.1 Wind Measurements on Venus

Model development for Venus upper atmosphere is still in progress and
predictions are not reliable above 90 km yet. Hence no useful compar-
isons are possible. On the other hand coordinated observing campaigns
opened the possibility to compare and to assemble data measured with
other observing techniques. From May 23 to June 9, 2008 not only mea-
surements with THIS but ground-based observations in the radio, sub-
millimeter, infrared and visible wavelength region targeted the atmo-
sphere of Venus with the main focus at the atmosphere region above
Venus’ cloud tops to support the spacecraft VEX.

The results achieved within this work are summarized in Fig.5.1 and
5.2. So far comparison of the measured wind velocities with results from
other observing techniques is only possible either probing the same al-
titude region observed at different times or observing at similar times
with techniques probing other altitude region.

In general lower values of wind velocities than other measurements are
found. The variation between the two observing runs was relatively
moderate. Previous results of zonal wind velocities using also mid-IR
heterodyne observations from 1990 and 1991 show insignificantly higher
values [49, 45] with velocities in the range of a few tenth of m/s. From
extrapolation of results from CO observation in the mm wavelength
range Lellouch et al. [52] found even higher values for the same alti-
tude range. These CO measurements probe an altitude region around
105 km and revealed recently [63] also high wind variability with time.
An overview of ground-based measurements is pictured in Fig. 4.12 and
summarized in Tab. 2.1 and 2.2.

As shown in chapter 4.1.3 the results for SS to AS flow in this work are
comparable to other measurements [49, 45, 52] though observing geom-
etry was not favorable for the extraction of the SS to AS flow.

In general the coordination of different ground-based observing tech-
niques, revealed a much higher variability of dynamics in the Venusian
atmosphere than thought before and the current picture of stable SS-AS
flow and superrotation region is too simple. Many processes in the at-
mosphere of Venus are not yet fully understood and this is the motiva-
tion for scientists to continue with coordinated ground-based campaigns
together with VEX observations. The next campaign is proposed for
February 2009 and measurements with THIS are planned to contribute
to investigations on Venusian dynamics and atmospheric variability.
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'Wenus Campaign A: May 2007 / McMath-Pierce Solar Telescope |
N

Figure 5.1: Overview of retrieved results for zonal wind velocities for the indicated po-
sitions during the Venus campaigns A and B. Positive values give retrograde velocities,
meaning rotation in the same direction as Venus solid body.
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|Venus Campaign A: May 2007 / McMath-Pierce Solar Telescope |

Figure 5.2: Overview of results for the SS-AS flow on Venus retrieved during the
Venus campaigns A and B. Quoted in red are SS-AS flow velocities along the trajectory
from subsolar point to antisolar point at the given positions. Values given in black
are the determined maximum cross terminator velocities retrieved from SS-AS flow
velocities. A positive value indicates a flow direction from the SS point to the AS point.
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5.1.2 Wind Measurements on Mars

Fig.5.3 summarizes all zonal wind velocities retrieved on Mars within
three observing runs part of this work. The results are compared to the
MCD model from Forget et al. [98] providing flexible availability of data
through http://johnson.Imd.jussieu.fr:8080/ las/servlets /dataset. In general
all our observations could validate model predictions within 1 - o errors.
From 24 measured wind velocities during three observing runs only 6
measurements are found to diverge from model results. Three measure-
ments are found to be higher (two at high latitudes during campaign
B and C and one at 11°N during campaign B) and three position are
found to have lower wind velocities (at latitude of 45° N (campaign A),
45° and 33° (campaign B)).

The disagreements might be due to averaging model predictions over
season, longitudes and an altitude range. Especially comparison within
small seasons ranges is not possible via the online database and future
investigation directly with modelers are necessary.

Few comparisons with respect to various MUTs show that detailed com-
parisons are possible by heterodyne observations with THIS.

Like on Venus investigations on altitude information directly from the
spectra is required hand in hand with detailed model comparison in re-
spect of altitude. With that information the comparison can be extended
to other GCMs [98, 95, 99, 100].
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Figure 5.3: Overview of retrieved results for zonal wind velocities on Mars during the
three Mars campaigns A, B and C. Wind velocities are given in m/s, prograde wind
velocities are written in red whereas blue numbers indicate retrograde wind velocities.
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5.2 Outlook Instrument

The observing run at the NASA IRTF has shown that moving the instru-
ment with the telescope during observations, necessary on telescopes
with Cassegrain focus, is on the edge of stability requirements for the in-
strument. Hence further investigations on the current setup are needed.

Another improvement concerns the necessary time for installation of the
instrument at the telescope. The setup of THIS is already possible within
a relatively short time of approximately one to two days with only two
people. A further decrease of this time with increasing reliability would
provide better convenience of operation and hence extended flexibility
of the instrument.

As the sensitivity of heterodyne detection improves going to longer ob-
serving wavelength the implementation of LOs at longer wavelength is
feasible and important to expand the field of suitable applications. In the
11-13 pm wavelength range such applications could include studying
hydrocarbons in the outer planets or observations of atomic features in
stellar atmospheres. Extension of the accessible wavelength range with
THIS to 17 um will allow observation of molecular hydrogen, the most
abundant molecule in the universe. This involves investigation of 17 ym
detector and laser devices provided by a collaboration with Jerome Faist
and from the University of Neuchatel /Switzerland [101]. This is part of
the current PhD work by Peter Kroetz within our group at the University
of Cologne.

In addition an external cavity (EC) QCL system has been developed by
Stupar [88],[89], allowing for the first time the use of multimode lasers
as local oscillators. This system will tremendously improve the spectral
coverage of the spectrometer THIS. While the individual singlemode de-
vices used so far only cover a range of 3-5 cm ™! a multimode laser forced
to singlemode operation using an external cavity can easily provide LO
power over a range of tens of cm™'. An EC will also allow observation
of multiple transition lines in close temporal proximity, a mode of ob-
servation not yet possible with THIS. Another important advantage is
that multimode lasers are far less expensive than singlemode devices.
The current setup however cannot be used right away due to the lack of
remote adjustments and mechanical and thermal stability. The needed
performance will be established and verified for astronomical observa-
tions. DuSan Stupar, a PhD student within our group at the University
of Cologne is currently working on this project.

A heterodyne system would also be applicable for interferometry. Sev-
eral receivers would be needed including special requirements on phase
locking of local oscillators and delay handling.
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THIS is also planned to be a second generation instrument for the Strato-
spheric Observatory For Infrared Astronomy (SOFIA) providing a new
tield of scientific application due to better atmospheric conditions espe-
cially at longer wavelengths (see chapter5.3.3). Beyond that a hetero-
dyne system would also be feasible as spacecraft instrument providing
high spatial resolution observations without any telluric disturbances.

As stated above several immediate tasks and long term developments
are on the list for the heterodyne receiver THIS and depending on man-
power and financial resources these projects will provide extension of
present applications and open new fields of investigations as described
below.

5.3 Outlook on Applications

5.3.1 Venus

Heterodyne spectroscopy of CO, at mid-infrared wavelengths is a pow-
erful tool to study temperatures in the atmospheres of Venus. Modeling
the process leading to the non-LTE emission [54, 56] is still mostly de-
pendent on computational constraints, thus limiting the development
of accurate complete models of the atmospheres of Venus. Possible dif-
tferences between rotational, kinetic, and vibrational temperatures could
provide important clues for understanding and modeling the non-LTE
emission phenomenon. Kinetic temperatures can be calculated from the
width of the lines. At the same time, rotational temperatures can be ex-
tracted from the distribution of line intensities for different rotational
transitions in the 9.6 and 10.6 ym CO, bands. As long as stimulated
emission is negligible kinetic linewidth and rotational distribution probe
the physical temperature of the emitting gas as presented by Deming
and Mumma [54] and Kaulfl et al. [68]. Measurements were made by
my colleague G. Sonnabend and me using the Heterodyne Instrument
for Wind and Composition HIPWAC at the IRTE. HIPWAC is operated
by a group around T. Kostiuk from the NASA Goddard Space Flight
Center, Maryland, USA and results are published in Sonnabend et al.
[82]. Additional measurements of rotational and kinetic temperatures
on the dayside thermosphere and mesosphere of Venus will be useful
for improving our understanding of the Venus thermal structure, non-
LTE emission processes, and possible temporal and spatial variability.

Also trace constituents in the Venusian atmosphere are of interest. OCS
e.g. has been identified as a potential tracer for the interaction between
Venus lower and middle atmosphere. Current upper limits are higher
than the proposed values by Mills [102]. Fully resolved ro-vibrational



5.3 Outlook on Applications 119

lines can give OCS abundances and can therefore help understanding
this discrepancy.

5.3.2 Mars

In addition to wind information from frequency shifts, CO, features pro-
vide information about pressure near the surface on Mars due to the
shape of the line wings of the absorption feature. This opens a possi-
bility to measure low /high pressure wave patterns similar to weather
systems on Earth.

Not only CO; but also molecules like O3, CH,, OCS, SO, or ClO show
strong features in the mid-IR region and can provide information about
atmospheric chemistry and biogenic processes. Analysis of line shapes
of well-mixed species retrieves constraints on temperature profiles and
photochemistry and temporal variations can be probed by the determi-
nation of abundances [103]. Many molecular species of interest are not
only important in the Martian atmosphere but in all atmospheres of the
terrestrial planets including Earth.

One specific opportunity of high spectral resolution of infrared hetero-
dyne observations is the detection of Martian methane lines at 7.8 ym
wavelength. This molecule came into focus due to implications for the
possibility that microbial life could exist on Mars. High spectral res-
olution provides the possibility to unambiguously distinguish Martian
and terrestrial absorption contributions during specific observing peri-
ods having a high Doppler-shift between Mars and Earth of >15km/s
resulting in a redshift of the Martian feature of ~2.2GHz. Abun-
dances down to 10 ppb are detectable within ~ 10h of integration time
with THIS including all losses introduced by optical and electronical
components (see Fig.5.4). Initial measurements at a promising line at
1277.4734cm™! were accomplished in March 2008 at NASA IRTF on
Mauna Kea, Hawaii, USA, but results were limited by weather condi-
tions. Nevertheless future measurements at suitable Doppler-shifts are
planned.

5.3.3 Beyond Venus and Mars

Abundances of small hydrocarbons like CH4, CoH,, Co;H, and CoHg are
of general interest in the atmospheres of the outer planets.

Observations of ethane e.g. have been already used to study conditions
in the auroral region on Jupiter. Although Jupiter’s magnetosphere has
been thought to isolate it from the effects of the 11-year solar cycle vari-
ations, long-term observations of stratospheric auroral ethane emission
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Figure 5.4: Simulation of methane absorption line at 1277.4734cm™" incl. Earth
transmittance as seen by the heterodyne receiver THIS. The spectra are calculated us-
ing the NASA GSFC planetary radiative transport code Codat BEAMINT [104]. Noise
level is taken from recent THIS spectra and extrapolated for ~ 10 h of integration time.
Temperature/pressure information for Mars was taken from the European Martian Cli-
mate Database (http:/ /johnson.Imd jussieu.fr:8080/ las/servlets /dataset).

levels appear to correlate with solar activity [105]. Due to differences
in the photochemical behavior of ethane and acetylene, observations of
acetylene would be complementary to ethane observation and increase
the understanding of the upper atmosphere of Jupiter. Mid-IR hetero-
dyne observation at a wavelength of 12 ym of acetylene can only be ac-
complished with the instrument THIS due to the availability of QCLs as
LOs.

With the planned extension of the wavelength range additional
molecules are coming into the view of THIS. Fully resolved H; emission
lines can be used to determine temperature profiles of the giant planets’
atmospheres, especially on Uranus and Neptune, where no other atmo-
spheric constituents are well mixed in the stratospheres.

Dynamical properties are not only of interest on Venus and Mars but
also on planetary moons recently attracting increasing attention. High
resolution detection of SO features on Io at limb positions can be used to
measure Doppler shifts and to determine wind velocities. A comparison
at different positions of Io relative to Jupiter would provide quantitative
information about the interaction of Io’s atmosphere with the plasma
torus around Jupiter [106]. In coordination with modelers a project to
investigate Io’s dynamical properties is in preparation.
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High resolution observations of ethane emission lines emerging from
Titans atmosphere have already revealed Doppler-shifts that determine
global zonal wind velocity on Titan up to 190+90 m/s prograde speed
[107] and further investigations are required.

Even though using THIS for planetary applications proved to be a very
successful application on its own, the original goal was to develop an
instrument for astrophysical observations, primary for investigations of
the Hy molecule in the interstellar medium. Mid-IR heterodyne tech-
nique might be the only feasible tool to investigate cold Hj in the inter-
stellar medium in absorption versus warm background sources due to
the expected narrow linewidths.

Another application beyond planetary science is spectrally resolved ob-
servations of molecular features in stars and stellar envelopes like on
IRC+10216, Alpha Orionis etc. Molecular absorption lines were already
measured in sunspot. The linewidth and shape were used to calculate a
kinetic temperature of 10000 K, which is much higher than the physical
temperatures of sunspots [86]. Measurements of acetylene, methane and
ethylene, and a search for ethane on IRC+10216 are already proposed for
February 2009 as well as a observations of water on Alpha Orionis.

The retrieval of astronomical data with the receiver THIS has overcome
the experimental status and systematic observations on scientific ques-
tions are possible. The future plan is not to have an unchanged "status
quo" of the instrument but to continuously use the experimental experi-
ence of the people involved to open new fields of applications hand in
hand with achieving a better convenience of operation and handling of
the instrument.



Appendix A

Sensitivity of Heterodyne
Detection

To determine Ty, the Y-factor measurement method is generally ap-
plied where system response R; to thermal loads at different and known
brightness temperatures J; is measured.

_ Rhot -~ Tsys + Jhot
Rcold Tsys + Jcold

Y (A1)

The brightness temperatures J; of the loads at the operating wavelength
are determined by Planck’s law from the physical temperatures 7},
and the quantum limit 7; using

o -t
J =Ty - (eTPhys — 1) (A.2)

which is the spectral power in one single spatial mode, to which the
receiver is sensitive to. Inverting Eq. A.1 directly yields the system noise
temperature for each spectrometer channel:

Jhot -Y. Jcold
Y -1

Tsys =

The system noise temperature for direct or heterodyne detection can be
derived from noise considerations (see [14]). Neglecting contributions
from detecter and bias and IF amplifiers for background limited opera-
tion T}, is given for a heterodyne system by

1 T
Tys==-—L-(242-q-ny - n) (A.3)
2 nu
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where 7y is the efficiency of the heterodyne system which can be close
two one for sensitive instruments. n is the single mode occupation num-
ber of thermal radiation given by the Bose-Einstein statistics (equal to
J/Ty, see A.2).

For a direct detection system 75, is given by

Tsyszl-ﬂ-\/?mn[ys'n (A.4)
2 77D
again neglecting contributions from detecter and bias and IF amplifiers.
np is the efficiency of the direct detection instrument which is usually
significantly lower than 10% for high spectral resolution instruments. s
is the number of spatial modes which are seen by the detector and is
usually much larger than 1.

Compared to the also widely used noise-equivalent-power (NEP) the
system noise temperature 7Ty, is not depending on spectral resolution.
To relate the (frequency dependent) sensitivity of the spectrometer to
other systems the conversion between NEP and T, is given below.
The NEP is defined as the minimum detectable power of a system with
a given post detection bandwidth of 1Hz. To take the double side
band(DSB) detection into account the resolution bandwidth 4,., has to
be doubled.

With an integration time of 0.5s this leads to the following relation be-
tween NEP and T, :

2 57‘68
NEP =27 kg Tyys - | —= (A.5)
q

Where ¢ is the ratio between fluctuation and resolution bandwidth
q= 2% and is in the order of 1.5 for our system.

6’res




Appendix B

Temperatures and Fluxes

As mentioned above the measured spectra of the heterodyne spectrome-
ter THIS are directly calibrated to brightness temperatures (antenna tem-
perature) in reference to the 673 K blackbody. To get information about
the flux of observed astronomical source these temperatures have to be
converted into fluxes (depending on wavenumber) per steradians (F ?T)

erg

with commonly used units of [ ——7"%——]. Fluxes per steradians are
useful for extended sources like planets where the source distribution
is larger than the telescope beam width (Fluxes can also be given de-
pending on frequency F" = Fij’” /c.) hence the antenna aperture has no

influence.
With the antenna theorem Qp - A = A* which gives the solid angle of
the telescope (25 the antenna temperature 74 can be related to the flux.

Multiplying the solid angle of the telescope with the flux per steradians
gives the total flux

kp Ty
A2

Ty -kp-c
)\2

FSm = respectively — F7" = (B.1)
A

and hence T'4:

_ FSr .\ _ F%sr-)\2

T
A k?B k’B'C

In observational practice the characteristics of the used spectrometer, i.e.
DSB detection or polarization effects must also be taken into account.
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Venus Data Acquisition

The measured line-of-sight velocity v;,s is a component of the SS-AS out-
flow velocity vgs_4g along the trajectory from the subsolar point to the
antisolar point. To transform the v,,s into vgs_4s the Cartesian coor-
dinate system is displaced from subearth centroid to a subsolar cen-
troid [108]. X, y, z are the coordinates of the observed position just as
Xss, Vss, Zss describe the position of the subsolar point. The coordi-
nates of a point expressed by planetary longitude o and latitude 3 (and
optional by an additional rotation angle ¢) are given by

= cos(a) - cos(f) - cos(¢) — sin(f) - sin(p) (C.1)
y = sin(a) - cos(f) (C.2)
z = sin(f) - cos(¢p) + cos(a) - cos(B) - sin(¢p) (C.3)

— —

The unit vectors S (in the dirction of the sun) and P (in the dirction of
—

the observed position) and U are the unit vectors of the new system.

- =

S x P

—
U:ﬁ
|5 - P

(C4)
The SS-AS flow velocity V is now a tangent to the unit circle with the
— —
radius P and orthogonal to U and hence
- =

V=UxP (C.5)

is valid. To retrieve the x component of the SS-AS outflow, which is
the value of interest, the measured line-of-sight velocity has to be trans-
formed into

-V _ (#2905 —2-wss), (Y- Tss —2-yYss)\ 4
Vss—sa = V(T)sssa = tios[( sin(SZA) ) ( sin(SZA) )
(C.6)
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With Equ.2.1 the maximum wind velocity v,,,, at the terminator can
be determined for a given outflow velocity vgs_as retrieved from the

Equ. C.6 above.
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