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Abstract: Our atmosphere is a complex system in which numerous processes occur on
various spatial and temporal scales, connecting the different layers of the atmosphere. To
explore this system, the VAHCOLI (Vertical And Horizontal COverage by LIdar) con-
cept was developed at the Leibniz Institute of Atmospheric Physics (IAP), aiming for high-
resolution detection of vertical, horizontal, and temporal scales using a lidar array. Part
of this concept are compact, transportable Doppler lidars (approx. 1 m?) with daylight
capability and multiple fields of view (MFOV). This dissertation describes the develop-
ment and application of the necessary extension for simultaneous measurement of wind,
temperature, and aerosols in five fields of view. A major focus of the work is on the tech-
nical development of the extension, the theoretical considerations underlying the design,
and the necessary modifications to the existing lidar. The technical development of the
MFOV upgrade, including the optimization of the telescope design, the beam switching
mechanisms, and the integration of advanced temperature management systems for the
lidar telescope optics, is comprehensively described. Another focus is on the evaluation
of measurements with the extended system, conducted during several measurement cam-
paigns between December 2022 and April 2023 at the IAP (54°07°N; 11°46°0O). Various
new methods were developed to process the raw data into wind, temperatures, and aerosol
parameters. The results of the measurement campaigns demonstrate the performance of
the extended system. Winds in the five fields of view were measured at heights of up to
25 km solely by aerosol backscattering. The observation of a meridional wind gradient
by comparing two opposing fields of view demonstrates the system’s ability to capture
horizontal scales. The backscatter ratio and backscatter coefficient of aerosols were deter-
mined and then used to calculate temperatures in aerosol-influenced atmospheric layers.
The lidar measured winds were compared with the data from the European Centre for
Medium-Range Weather Forecasts (ECMWF) and measurements of the satellite lidar Ae-
olus. For a comparison of the backscatter coefficients, results from the WACCM-CARMA
model were used, and the temperatures were compared with ECMWF temperatures and
lidar measurements of another IAP lidar. Good matches underline the effectiveness of the
developed processing methods. New in the results of this work is the measurement in the
middle atmosphere using five fields of view, the development of new processing methods,
the determination of 3D winds between 3 and 25 km solely by aerosol backscattering, the
high sensitivity of the aerosol measurements, and the determination of accurate temper-
atures using Rayleigh integration in the presence of aerosols. These results demonstrate
the capabilities of the lidar with MFOV extension, and will be used in future measurement
campaigns, for example, to validate new spaceborne lidars.



Kurzfassung: Unsere Atmosphire ist ein komplexes System, in dem zahlreiche Prozes-
se auf verschiedenen rdumlichen und zeitlichen Skalen ablaufen und die verschiedenen
Schichten der Atmosphire miteinander verbinden. Zur Erforschung dieses Systems wur-
de am Leibniz-Institut fiir Atmosphirenphysik das Konzept VAHCOLI (Vertical And
Horizontal COverage by LIdar) entwickelt, das eine hochauflosende Erfassung vertika-
ler, horizontaler und zeitlicher Skalen mittels eines Lidar-Arrays zum Ziel hat. Teil dieses
Konzeptes sind kompakte, transportable Doppler-Lidare (ca. 1 m?) mit Tageslichtfihigkeit
und mehreren Sichtfeldern (Multi Field of View, MFOV). Diese Dissertation untersucht
die Entwicklung und Anwendung der notigen Erweiterung zur simultanen Messung von
Wind, Temperatur und Aerosolen in mehreren Sichtfeldern. Ein Schwerpunkt der Arbeit
liegt auf der technischen Entwicklung der Erweiterung, den theoretischen Uberlegungen,
die dem Design zugrunde liegen, sowie den notwendigen Modifikationen am bestehen-
den Lidar. Die technische Entwicklung des MFOV-Upgrades, einschlieBlich der Optimie-
rung des Teleskopdesigns, der Strahlumschaltmechanismen und der Integration fortschritt-
licher Temperaturmanagementsysteme fiir die Lidar-Teleskop-Optiken, wird umfassend
beschrieben. Ein weiterer Fokus liegt auf der Auswertung von Messungen mit dem er-
weiterten System, die im Rahmen mehrerer Messkampagnen zwischen Dezember 2022
und April 2023 am IAP (54°07°N; 11°46°0) durchgefiihrt wurden. Dabei wurden ver-
schiedene neue Methoden entwickelt, um die Rohdaten zu Winden, Temperaturen und
Aerosolparametern zu verarbeiten. Die Ergebnisse der Messkampagnen zeigen die Leis-
tungsfihigkeit des erweiterten Systems. 3D-Winde konnten in Hohen von bis zu 25 km
allein mittels Aerosolriickstreuung gemessen werden. Die Beobachtung eines meridio-
nalen Windgradienten durch den Vergleich zweier gegeniiberliegender Sichtfelder zeigt
die Fihigkeit des Systems, horizontale Skalen zu erfassen. Das Riickstreuverhiltnis und
der Riickstreukoeffizient von Aerosolen wurden erfolgreich ermittelt und anschlieBend zur
Berechnung von Temperaturen in von Aerosolen beeinflussten Atmosphirenschichten ge-
nutzt. Die ermittelten Winde wurden mit den Daten des europdischen Zentrums fiir mittel-
fristige Wettervorhersage (ECMWF) und Messungen des Satelliten-Lidars Aeolus vergli-
chen. Fiir einen Vergleich der ermittelten Riickstreukoeffizienten wurden Ergebnisse des
WACCM-CARMA-Modells herangezogen und die ermittelten Temperaturen wurden mit
ECMWF-Temperaturen und Lidarmessungen eines weiteren IAP-Lidars verglichen. Gute
Ubereinstimmungen unterstreichen die Effektivitit der entwickelten Prozessierungsme-
thoden. Neu an den Ergebnissen dieser Arbeit ist die Vermessung der mittleren Atmo-
sphére mittels fiinf Sichtfeldern, die Neuentwicklung der Prozessierungsmethoden, die
Ermittlung von 3D-Winden zwischen 3 und 25 km allein mittels Aerosolriickstreuung,
die hohe Sensitivitit der Aerosolmessungen sowie die Bestimmung genauer Temperatu-
ren mittels Rayleigh-Integration in der Anwesenheit von Aerosolen. Diese Erkenntnisse
zeigen die Fahigkeiten des neuen Lidars mit MFOV-Erweiterung und werden bei kiinfti-
gen Messkampagnen zum Einsatz kommen werden.
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1 Introduction

I well remember a brilliant red balloon which kept me completely happy for a
whole afternoon, until, while I was playing, a clumsy movement allowed it to
escape. Spellbound, 1 gazed after it as it drifted silently away, gently swaying,
growing smaller and smaller until it was only a red point in a blue sky. At that
moment I realized, for the first time, the vastness above us: a huge space without
visible limits. It was an apparent void, full of secrets, exerting an inexplicable
power over all the Earth’s inhabitants. I believe that many people, consciously
or unconsciously, have been filled with awe by the immensity of the atmosphere.
All our knowledge about the air, gathered over hundreds of years, has not di-
minished this feeling.

— Theo Lobsack, 1963

1.1 Background and Motivation

The atmosphere of our Earth is a complex, dynamic system with numerous physical pro-
cesses occurring simultaneously. According to Lorenz (1955), the most important vari-
ables of the atmospheric system are the five physical quantities of pressure, temperature,
humidity, wind, and density. These five quantities interact in complex ways to shape the
Earth’s weather and climate system. They are influenced primarily by the distribution of
solar radiation, which varies with latitude and drives global circulation patterns. Addi-
tionally, the Coriolis effect, resulting from the Earth’s rotation, introduces a fundamental
asymmetry in atmospheric motion, leading to the formation of prevailing zonal wind pat-
terns. Interactions between the atmosphere and other components of the Earth system,
such as the oceans and land surfaces, also play a crucial role in determining weather pat-
terns and climate variability. Beyond these fundamental drivers, the atmosphere is also
influenced by various mechanisms of more intricate nature, like gravity waves, planetary
waves and tides. Gravity waves are buoyancy driven oscillations which propagate through
Earth’s atmosphere (and oceans) (e.g., Fritts and Alexander, 2003; Nappo, 2013). They
are generated by factors such as topography, convection, and wind shear and play a crucial
role in transferring energy and momentum vertically and horizontally within the atmo-
sphere. These waves contribute to a range of atmospheric phenomena, from influencing
local weather patterns to impacting global climate dynamics. A well-known example of
this is the cold summer mesopause at high latitudes, where gravity waves drive the temper-
ature 100 K away from radiative equilibrium. Understanding the interplay between basic

3
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atmospheric drivers and more nuanced processes like gravity waves is key to comprehen-
sively understanding atmospheric dynamics.

In order to gain a complete understanding of the atmospheric system, it is essential to accu-
rately observe key physical quantities with sufficient resolution and coverage, both in terms
of space and time. Remote sensing instruments such as lidar and radar provide measure-
ments of wind and temperature across extensive altitude ranges. These technologies offer
continuous coverage with high precision, though they are typically limited to a single fixed
location. Radar systems are capable of measuring horizontal winds in the troposphere and
lower stratosphere, reaching up to approximately 20 km, and in the mesosphere / lower
thermosphere above ~80 km (Hocking, 2011). Lidar systems can provide temperature
measurements from the tropospheric boundary layer up to the mesosphere or even higher,
if resonance scattering is used. Coherent detection technology in smaller wind lidars en-
ables horizontal wind measurements within the troposphere, while larger Doppler-Wind
lidars can assess wind patterns up to mesospheric altitudes. A significant observational
challenge that remains is the precise measurement of three-dimensional winds, especially
in the stratosphere and mesosphere. The vertical wind component, often of low magni-
tude, is particularly difficult to measure but is crucial for enhancing our understanding of
transient atmospheric phenomena, such as gravity waves.

Ground-based remote sensing instruments, though invaluable for data collection at spe-
cific locations, face limitations in capturing horizontal atmospheric scales. Tradition-
ally, this gap has been filled by space-borne instruments, such as satellites. Satellites
are adept at providing global measurements, but their orbital patterns and measurement
techniques result in limited temporal and spacial resolution compared to ground based ob-
servations (Wing et al., 2018). Consequently, their typically coarse horizontal and vertical
resolution and infrequent measurements hinder their effectiveness in monitoring transient
atmospheric phenomena. Specifically, in the study of gravity waves, current satellites
struggle to resolve waves with horizontal wavelengths shorter than 100 km or intrinsic
periods under 120 minutes, as discussed in Liibken and Hoffner (2021). Given the an-
ticipated absence of significant advancements in satellite coverage or resolution in the
foreseeable future, a dense network of ground-based remote sensing instruments emerges
as the primary method to acquire the necessary data. Furthermore, the ground-up mea-
surements from such a network offer a complementary perspective to the top-down ap-
proach employed by space-borne instruments. This synergistic integration of continuous,
Eulerian-frame ground measurements with the temporally scattered, yet global satellite
data promises to significantly enhance our understanding of atmospheric dynamics. For
the effective deployment of such a network, instruments need to be versatile in measuring
diverse atmospheric parameters, capable of autonomous operation with minimal mainte-
nance requirements, and cost-efficient. Furthermore, it is essential to establish and adhere
to standards for both measurement technology and data processing protocols. In line with
the VAHCOLI (Vertical And Horizontal COverage by LIdar) concept, the Leibniz Insti-
tute of Atmospheric Physics has developed a lidar system specifically designed for network
applications, striving to meet these standards.
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1.2 Overview of the VAHCOLI Lidar System

The VAHCOLI systems have been designed as compact and mobile lidar instruments,
suitable for Doppler-Mie, Doppler-Rayleigh, and Doppler-resonance measurements. This
means that the systems are capable of measuring wind, temperature, and other atmospheric
parameters based on the light backscattered on aerosols (Mie), molecules (Rayleigh) and
potassium vapour (resonance). The systems feature a custom-developed diode-pumped
alexandrite ring laser as the emission source, paired with a compact receiver. The receiver
employs a narrowband planar etalon (FWHM =900 MHz) and an ultra-narrowband con-
focal etalon (FWHM ~7 MHz) for measurement filtering. The operational principle is
based on the frequency scanning of the power laser across the stabilized filters, facilitat-
ing high-resolution spectroscopy of the backscattered signal. As detailed in chapter 3.4,
this technique enables the systems to perform atmospheric measurements of wind, tem-
perature, and aerosol parameters across an extensive altitude range, from 10 km to 100 km.
This is achieved through a singular measurement approach targeting different scattering
processes, allowing for a streamlined optical setup with fewer optical components com-
pared to alternative methods. The design, employing additive manufacturing, supports
efficient assembly and deployment. These design choices render the VAHCOLI systems
suitable for network applications, aimed at extensive atmospheric monitoring.

The foundational measurement principle of the VAHCOLI systems is derived from the mo-
bile potassium and iron lidars developed by the IAP, but both the measurement concept and
hardware have undergone significant enhancements to achieve the compact design of the
VAHCOLI systems (von Zahn and Hoffner, 1996; Fricke-Begemann et al., 2002; Hoffner
and Liibken, 2007). In these systems, all essential optical and mechanical components
are housed within a compact structure, which is made possible by employing 3D print-
ing as the primary manufacturing technique. Using custom printed components, tailored
specifically towards the needs of the instrument, for the housing, the optical system and in
various other places, results in the lightweight, compact system. The alexandrite ring-laser
is intricately integrated both optically and electronically into the measurement framework.
The system’s architecture ensures a high level of integration, encompassing the laser con-
trol, optical components, and all electronics required for data acquisition, processing, and
storage. A singular computer manages these components, allowing for a seamless inter-
connection of all critical operational processes, thus enhancing the system’s efficiency and
capability in instrument control and atmospheric data collection. The incorporation of fast
measurement cards enables the precise assessment of each laser pulse, capturing its tem-
poral form, exact firing time, and frequency, alongside the altitude-resolved atmospheric
backscatter sampled with a resolution of 1 meter. Furthermore, a close integration of elec-
tronics, mechanics, and software facilitates innovative methods for instrument control and
the derivation of system and atmospheric properties during operation. This integrated ap-
proach significantly surpasses the capabilities of lidars with more conventional designs in
terms of operational efficiency and data accuracy.

In addition to the laser, the detection bench, a 50 cm mirror telescope, the control PC
and all additional electronics required for the lidar measurements, the housing includes all
necessary features for fully autonomous operation such as an automated hatch, cooling,
laser and air safety measures, a weather station and more. The temperature sensitive com-
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ponents like the detection bench and the laser have their own compartments, away from
electronics with high or strongly variable power consumptions. This leads to a temperature
stability of 0.1 K in the crucial compartments.

The very first prototype of these systems, called VAHCOLI O was constructed in 2019,
prior to the developments and results presented in this thesis. This system, shown in Figure
1.1, utilized a single vertical pointing 50 cm telescope, and passive cooling and was used
to do the very first measurements with such a compact system. Even though there were
significant deficiencies in signal strength and performance during summer days, the system
showed the general feasibility of the concept as reported in Froh (2021) and Liibken and
Hoffner (2021). The improved systems, designated VAHCOLI 1 and VAHCOLI 2, were
constructed in 2021 and 2022, respectively, and were employed in this thesis, utilising the
presented developments and advancements.

Figure 1.1. Image of the VAHCOLI 0 prototype system during a daylight measurement in 2020
on the test range in Kiihlungsborn, Germany. The Prototype system features a small volume
of one cubic meter, a weight of 250 kg and is designed for a power usage of 500 W. It uses a
single 50 cm telescope and is thus limited to vertical measurements. On the front left edge of
the system, the passive cooling solution is visible.

1.3 Research Objectives

With the initial feasibility of the general concept of a universal Doppler-Mie, Doppler-
Rayleigh, Doppler-resonance lidar shown with the VAHCOLI 0 prototype, this research
aims to significantly advance the capabilities of the VAHCOLI instruments, particularly in
the measurement of three-dimensional winds and temperatures. The focuses of this thesis
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is set on the altitude range between 3 and 25 km for three-dimensional wind measurements
and between approximately 10 and 40 km for temperature measurements. However, the
instruments are designed to cover the whole middle atmosphere from 10 to 100 km. The
enhancement of the VAHCOLI instrument to capture accurate 3D wind dynamics is a
pivotal development in atmospheric sciences, facilitating a deeper understanding of atmo-
spheric processes and contributing to improved accuracy in weather forecasting.

A crucial objective of this development is the capability to observe horizontal scales in
the transition region from microscale to mesoscale, ranging from approximately 1 km
to several tens of kilometres, using a single instrument. Consistent with the VAHCOLI
concept, effectively covering these scales is essential, given their significant impact on
the observation of transient atmospheric phenomena such as gravity waves and stratified
turbulence'.

In alignment with these objectives, the research includes the development of a Multi Field
of View (MFOV) upgrade for the VAHCOLI systems. This enhancement is designed with
the network application of the systems as a central consideration, striving to maintain the
instrument’s mobility and simplicity. Additionally, cost efficiency is a critical factor in
the design process. The MFOV upgrade facilitates a broader and more detailed acquisi-
tion of atmospheric data, consistent with the primary goal of comprehensive atmospheric
monitoring. Similar to the spectral capabilities, a key aim is the system’s flexibility, as the
number of fields of view (FOV) is determined by software settings and can be adjusted to
meet specific scientific needs without physical modifications to the system. The division
of the FOV into sub-FOVs is achievable through minor adjustments in the angle of the
optical axis via the telescopes, enabling coverage of the smallest horizontal scales.

The paramount goal of this research is to establish a robust pipeline for processing the
raw data obtained from the VAHCOLI systems. The processing pipeline is an essential
component of the project, enabling the precise derivation of detailed wind profiles, aerosol
parameters and temperature data from the raw lidar measurements. This is of great im-
portance for the practical application and scientific contribution of the VAHCOLI systems
within the fields of atmospheric research and meteorology. Although this thesis focuses
primarily on the development of the necessary analytical methods, the ultimate objective
is to achieve a fully automated data analysis system capable of efficiently handling the vast
volumes of data produced by a network of instruments.

Following these objectives, the structure of this thesis is as follows: Chapter 2 outlines the
required theoretical foundations of atmospheric physics, emphasizing atmospheric scales,
lidar principles, and scattering processes, crucial for advancing the VAHCOLI systems’ at-
mospheric observation capabilities. Chapter 3 provides a comprehensive summary of the
current state of middle atmosphere wind lidars. It explores various Doppler-lidar method-
ologies and offers an in-depth analysis of the VAHCOLI measurement technique. Chapter
4 details the development process of the MFOV upgrade, along with additional enhance-
ments made to the system. In Chapter 5, the newly developed pipeline for wind mea-
surements is described. This chapter also presents wind measurement results, compares
them with satellite data and model predictions, and underscores the system’s proficiency in
observing horizontal wind field gradients. Chapter 6 outlines the approach for extracting

IThe theory of stratified turbulence describes three-dimensional turbulence with significantly constrained
vertical motion in highly stratified flows (Billant and Chomaz, 2001; Lindborg, 2006).
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aerosol properties from VAHCOLI measurements and presents findings from this method.
Chapter 7 is dedicated to the retrieval and analysis of temperature data from the measure-
ments. Chapter 8 discusses the implications of the findings presented in the preceding
chapters. Finally, Chapter 9 gives a conclusion of the research findings and offers a per-
spective on potential future developments in this field.



2 Theoretical Background

2.1 Scales of Relevant Atmospheric Effects

Atmospheric dynamics cover a broad spectrum of scales, each significantly influencing
weather patterns, climate variability, and atmospheric phenomena. From small eddies to
vast patterns of global circulation, these scales engage in complex interactions, propelling
the dynamic nature of the atmosphere. Interactions of different scale atmospheric effects
are not limited to a single atmospheric layer, but can span altitude ranges from the tropo-
sphere to the mesosphere and beyond, leading to the vertical coupling of the atmosphere.
The varying horizontal scales are generally distinguished by their typical temporal and
spatial extent, grounded in the notion that a scale separation exists among different phe-
nomena (Fiedler and Panofsky, 1970; Klein, 2010).

At the microscale, atmospheric processes manifest at a highly localized level, where phe-
nomena like turbulence and individual cloud formations exert significant influence. Es-
pecially turbulence plays an important role in the energy budget of Earth’s middle at-
mosphere, where it transfers energy from large scales into smaller scales. The scales on
which turbulence occurs depend strongly on the observed altitude range. While in the
troposphere, the typical length scale is on the order of centimetres (see Section 4.3.1), in
altitudes of 60-110 km effects occurring on length scales smaller than ~100 m are consid-
ered turbulent (Poblet et al., 2023).

Broadening our perspective to the mesoscale, we observe atmospheric phenomena that
extend across tens to hundreds of kilometers. This scale encompasses a variety of phe-
nomena, including thunderstorms, mesoscale convective systems, and sea breezes, each
playing a pivotal role in shaping regional weather patterns and the distribution of precipi-
tation. As discussed in Poblet et al. (2022), mesoscale dynamics also vary drastically with
the observed altitude, making it necessary to observe them over a wide range of altitudes.
On the synoptic scale, large-scale features in the order of few 1000 km and more dom-
inate. High and low-pressure systems, jet streams, and weather fronts characterize this
scale, steering global circulation patterns and influencing long-term weather trends. The
dynamics at the synoptic scale serve as the cornerstone for weather forecasting models
and offer valuable insights into the overarching climate system.

At the planetary scale, the atmosphere unveils its global interconnectedness through phe-
nomena such as the El Nifio-Southern Oscillation (ENSO), the North Atlantic Oscilla-
tion (NAO) and the Quasi-Biannual Oscillation (QBO), which wield influence over ex-
tensive spatial areas. Dynamics at this scale surpass regional confines, affecting weather
variability and climate conditions worldwide. Climatologists meticulously examine these

9
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phenomena, aiming to decipher their underlying mechanisms and their repercussions on
climate variability and change (Roedel and Wagner, 2011).

However, an examination of atmospheric scales would be incomplete without addressing
the middle atmosphere, particularly the upper stratosphere and lower mesosphere. In this
region, planetary waves, atmospheric tides and gravity waves are of critical importance,
affecting temperature distributions, wind patterns, and chemical compositions. Planetary
waves, including Rossby and Kelvin waves, propagate both horizontally and vertically,
influencing stratospheric variability and facilitating the interaction between different at-
mospheric layers. Gravity waves, originating from a variety of sources, play a key role
in the transport of momentum and energy, thereby affecting turbulence, atmospheric sta-
bility, and processes within the mesosphere. As previously mentioned, in these altitudes
dynamical effects can drive the temperature drastically (up to 100 K) away from the radia-
tive equilibriums.

The interaction of the different scales shape the dynamics in all atmospheric layers, and
thus an observational coverage of the scales is required over a large altitude range to see the
full picture. Here, the large variety of scales in the atmosphere, provides a challenge for the
observational atmosphere physicist. As discussed already in the introduction, space born
instruments struggle with resolving all of them, especially when it comes to the shorter
scales. This leaves a need to provide the vertical and horizontal coverage for future studies
with ground based instruments such as lidar (Liibken and Hoffner, 2021).

2.2 Basic Principles of Atmospheric Lidar Measurements

The abbreviation lidar stands, in reference to radar, for light detection and ranging. The
roots of modern lidar systems can be traced back to the end of the 19th and the beginning of
the 20th century. Already in 1887 O. Jesse suggested a (purely geometric) method to deter-
mine the altitude of noctilucent clouds using a ray of intense, parallel, electric light (Jesse,
1887). In 1917 Albert Einstein then laid the theoretical foundation for laser light with his
work on the quantum theory of radiation (Einstein, 1917). In 1930 Edward Hutchinson
Synge came up with an idea how to use the large quantities of searchlights for atmospheric
measurements, which were collecting dust in military depots in the inter war period. He
envisaged an array of hundreds of searchlights illuminating the sky and a single large
mirror focussing the light backscattered by the air molecules on a photoelectric detector
(Synge, 1930). Such an assembly he estimated to be sufficient to do density measurements
up to 50km altitude, even though he stated that probably “the method would only have an
abstract scientific interest” since fluctuations in these altitudes are not directly connected to
weather. In 1937 first measurements were realised by the US Naval Research Laboratory
under the lead of Edward Olson Hulburt reaching altitudes of 28 km with just one 12 inch
searchlight (Hulburt, 1937). Two years later Ellis A. Johnson was able to capture signals
up to 40 km using this method and showed that it can be extended to allow measurements
up to heights of 70 to 90 km and to determine the distribution of ozone at low altitudes
(Johnson et al., 1939). Einstein’s theoretical description of stimulated emission was first
validated in 1953 at the Columbia University, when a team around Charles Townes suc-
cessfully realised the first microwave amplification by stimulated emisson of radiation or
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abbreviated MASER (Gordon et al., 1955). In 1960 Theodore Maiman demonstrates the
very first laser, based on a flashlamp pumped ruby crystal, emitting on 694.3 nm (Maiman,
1960). This proved to be a real breakthrough in the development of lidar technology, due
to the coherent and monochromatic laser light allowing for the usage of spectral filtering
to analyse the backscattered light. In the same way as laser technology was pushed rapidly
into many scientific fields, in 1963 Fiocco and Smullins reported the first successful atmo-
spheric soundings in the upper atmosphere, with echoes from maximum altitudes between
80 km and 140 km (Fiocco and Smullin, 1963). In the following decade the most important
lidar techniques like elastic scattering lidar, Raman scattering lidar, different absorption
lidar and Doppler-lidar were successfully demonstrated using lasers (Measures, 1984).
The three fundamental steps of lidar operation, which have been present in all modern
lidar systems since then, have remained consistent. The first step is the transmission of a
laser pulse into the atmosphere with a well known timing. This can either be done without
any beam widening, directly out of the laser, or through a beam widening telescope. The
second step is the interaction of the emitted laser photons with a scatterer in the atmo-
sphere. This can be the either be molecules, like nitrogen (N,), aerosol or dust particles,
or individual atoms, like potassium (K), which is present as vapour due to the ablation of
meteors in the upper atmosphere, with a peak around 90 km. These particles cause the
photons to be scattered in all directions. In the third step, the photons which are scattered
in the backwards direction are focussed onto a photodetector by a receiver telescope and
a varying degree of other optics, like polarisers and filters, which allow for daylight sup-
pression or spectral analysis. From the time resolved electrical signal of the detector the
time of flight ¢ of the photons can then be calculated and converted into a range r, or, in
the case of a vertically pointing telescope and laser beam, an altitude z using the speed of
light ¢, so that r = ¢ - t/2. Figure 2.1 shows these three steps of lidar oparation based on
a simple monostatic configuration, in which the laser is emitted coaxially to the receiving
telescope.
The range dependent signal (or power) P(r) on the photodetector of a lidar is often de-
scribed by the so-called lidar equation.

P(A,r) = Py- Cyyi(r) - 2 B (A ) - T (A1) - (A7) + B(A) (2.1)
Wheras Py is the transmitted power, C; is the instruments’ system constant, f;,,(4,r)
is the combined backscatter coefficient of all scattering processes, 7;(4,r) and 7,(4,r)
are the respective atmospheric one way transmissions to the scatterer and back. B(A) is
the background signal caused by the dark count rate of the instrument and the scattering
of other radiation in the atmosphere, mostly sunlight. Both backscatter coefficient and
transmission are dependent on the wavelength of the laser light and the backscattered light.
For the instruments’ system constant, one typically considers the area of the telescope A,
the system efficiency I" and the range dependent overlap function O(r) of the laser beam
and the telescope’s field of view (FOV).

Cyys(r) = A-T- O(r) 2.2)

The defocus effect of the telescope is often not considered in the overlap function, but,
as shown in Chapter 4.3, is equally important. The different scattering types which need



3D-lidar observations: Basic Principles of Atmospheric Lidar Measurements 12

to be considered for the combined backscatter coefficient depend on the observed alti-
tude range and the filtering used in the instrument. A lidar without any spectral filter
operating in the upper troposphere, lower stratosphere (UTLS) will measure signals from
Mie-, Rayleigh- and Raman-scattering, while a mesospheric lidar will pick up echoes from
Rayleigh-, Mie- and resonance-scattering (Fernald, 1984; Measures, 1984). The scattering
processes commonly utilised for measurements from upper troposphere to the mesosphere
will be discussed in the following section.
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Figure 2.1. Overview showing the operation principle of a lidar. The emission part of the
schematic lidar, positioned on the bottom left side (red), produces a laser pulse which is
transmitted into the atmosphere (top left), coaxially to the receiver telescope. The pulse
travels through the atmosphere in the field of view of the telescope and is scattered. The
receiver telescope collects the backscattered photons and focusses them on into the detection
bench (green). In the detection bench, the photons are analysed using various filters and
finally directed to a detector. The time resolved signal of the detector is then processed and
converted into atmospheric parameters in dependence of altitude (top right), in this case an
exemplary measurement of VAHCOLI 1.
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2.3 Properties of Different Scattering Processes

Rayleigh-scattering

Rayleigh scattering, named after Lord Rayleigh, who developed this theory in the late 19th
century to explain the blue colour of the sky, describes the scattering of an electromag-
netic wave on an object, which is much smaller than the wavelength of the scattered wave
(Rayleigh, 1899; Young, 1982). Within this limitation of very small scattering particles,
Rayleigh was able to find an approximate solution to Maxwell’s equations. A more general
solution was later found by Gustav Mie (see next section). With the largest constituent in
the atmosphere being molecular nitrogen at a size of 0.37 nm and typical lidar wavelength
in the optical range or close to it (Nd:YAG 1064 nm,532 nm and 355 nm; Alexandrite
700-800 nm), it is one of the most prominent scattering processes in lidar observation and
often called molecular scattering (Mehio et al., 2014). The important property for lidar is
the backscatter cross section of Rayleigh scattering. According to the Rayleigh theory the
differential scattering cross sections for vertical (VV) and horizontal polarisation (HH) are
(Hahn, 2009):

A2 m>—1\°
/ A = — a6 < 23
vy (4 473 m2+2 23)
ol () = ol,, - cos’(6) (2.4)

with m the index of refraction of the scatterer. a is the so called the size parameter which

is defined as:
_ 2mam

a =
A
Here a is the spherical diameter of the particle and m, is the refractive index of the sur-
rounding medium. For the backscattering with an angle of 8 = z, we thus get the polari-
sation independent differential backscatter cross-section:

2 m2—1\°
’ _ .0
o)== a <m2+2> (2.6)

From Equation 2.3 and 2.4 follows, that the polarisation is conserved. A property which

can be used in lidars (see Section 3.4). Using the values for the mixture of gases found in
dry air, which occurs below 100 km this ultimately leads to (Measures, 1984):

2.5)

4
67}:(/1) =5.45 <¥) x 107m ™ lsr 'nm™ 2.7

In the middle atmosphere (above 10 km) the scattering is considered elastic, with the wave-
length of the light being the same before and after the scattering process, except for the
Doppler shift imprinted on the photons due to the movement of the molecules. Due to the
small size and low mass of the molecules, the Doppler-broadening from thermal motion
is significant. For an alexandrite laser operating at 770 nm it is in the order of 1.5 GHz at
a temperature of 200 K with a Gaussian spectrum, as visible in Figure 2.2. In the tropo-
sphere where the mean free path length of the individual molecules becomes short, one
has to also consider an inelastic scattering component when describing the spectral shape
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of the backscattered light, which is due to the influence of scattering on acoustic waves in
the atmosphere. This leads to an additional doublet occurring left and right to the mean
peak, the so called Cabannes lines. The scattering is then considered Rayleigh-Brillouin
scattering, after Leon Brillouin who described the effect in 1922. The strength of the dou-
blet peaks is dependent on the ratio y of the scattering wavelength to the mean path of
collisions

Ank gT

Y= 2mvgn

(2.8)

with n the number density, kp the Bolzmann constant, T' the temperature, v, the most
probable thermal velocity and # the shear viscosity. For typical atmospheric conditions
in 15 km altitude this gives a value of approximately y = 0.1 and thus the influence of
Brilloin-scattering on the spectral shape can be neglected for z > 15 km as visible from
Figure 2.2. Due to the exponential decrease of the atmospheric density with altitude, this
statement is true for the whole middle atmosphere (Measures, 1984; Hahn, 2009; Witschas,
2012; Tenti et al., 1974).

Lidar observations using Rayleigh scattering can be done to high altitudes, but due to the
mentioned exponential decrease in molecular number density in the atmosphere, more and
more technical effort is necessary when pushing for higher altitudes. Nevertheless, atmo-
spheric studies using Rayleigh scattering are possible to altitude in the range of 100 km
(Wing et al., 2020).

Mie-scattering

Mie-scattering named after Gustav Mie, who came up with the theory in the early 20th cen-
tury, is often associated with the scattering on spherical dust and aerosols particles (Mie,
1908). While the theory strictly speaking has no size limitations and is thus also applicable
to the Rayleigh regime, this is almost never done, due to its much higher complexity. Thus
also in this thesis, Mie-scattering is used synonymously for scattering on dust and aerosol
particles with a size close to the laser source wavelength (sulfate aerosols ~ 100 nm, noc-
tilucent clouds ~20 nm). A brief introduction into the calculation of backscatter cross-
sections using Mie theory, as done for Rayleigh theory, is beyond the scope of this section
due to its complexity. In general the cross-section of Mie-scattering is strongly dependent
on the particles size and shape, and their refractive index. Aerosols in the middle at-
mosphere vary strongly in these parameters and thus scattering cross-sections are mostly
described on numerical models which include the statistical distribution of these param-
eters. Typical values of the backscatter cross-section for middle atmosphere aerosols are
in the order of 102! m?/sr, while number densities are typically below 10 cm™ in the
stratospheric Junge layer of sulphate aerosols (McCormick et al., 1968; Deshler, 2008).
In general the vertical structure of aerosol density is highly variable with the common oc-
currence of layering. The Junge layer mentioned above typically extends up to 25 kilome-
tres. Above this, the aerosol density drops sharply. In summer aerosols in the form of ice
crystals can be observed in the mesopause region at heights between 80 and 90 km, which
form so called noctilucent clouds. In these clouds, Mie scattering can exceed Rayleigh
scattering by orders of magnitude.

Mie-scattering is a form of elastic scattering introducing no frequency shift to the scattered
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light exept the Doppler-broadening and -shift due to the movement of the particles. The
Doppler-broadening of Mie-scattering is very weak, due to the high weight of the individ-
ual particles. The broadening for typical particle sizes in the middle atmosphere is in the
order of a few 100 kHz and thus close to negligible, when compared to the broadening of
Rayleigh scattering as shown in Figure 2.2. Since Mie-scattering and Rayleigh-scattering
are both elastic and thus occur on the same frequencies, it is difficult for lidar instru-
ments to separate the two scattering processes. The VAHCOLI instruments use optical
splitting on ultra-narrowband filters, as explained in more detail in Section 3.4, to detect
the spectrally sharp Mie peak on the broader Rayleigh background. Furthermore, VAH-
COLI can resolve spectral features that are below the linewidth of the laser and receiver
by utilizing Mie-scattering. Although no significant Doppler broadening occurs during
the scattering on aerosols in the stratosphere due to the high mass of the particles, random
motion within the observation volume, such as turbulence, introduces additional broad-
ening which can be detected and used for atmospheric studies with VAHCOLI. For other
instruments like middle atmosphere temperature lidars, which use Rayleigh scattering for
temperature measurements (see Chapter 7), and don’t use ultra narrowband filters the ad-
ditional aerosol scattering causes significant problems in the temperature retrieval in the
presence of aerosols, which is why in these altitudes Raman-scattering is often used to
retrieve temperatures (Flamant, 2005; Witschas, 2012).
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Figure 2.2. left: Schematic representation of the spectra when the laser is scattered by
molecules (Rayleigh-scattering, green) and aerosols (Mie-scattering). The laser with a spec-
tral with of 3.3 MHz is Doppler-shifted due to the wind in the atmosphere and then Doppler-
broadened by ~0.1 MHz when scattered on aerosols and by ~1500 MHz when scattered on
molecules. Adapted from (Froh et al., 2022). right: Evolution of the Rayleigh-Brillouin scat-
tering at 355 nm for different values of the y-ratio. Middle atmospheric values are highlighted
in light grey, where a Gaussian shape can be assumed, typical tropospheric values are shown in
dark gray and black values are only found in laboratory experiments. Adapted from (\Witschas,
2012).
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Raman-scattering

Raman scattering is a form of inelastic scattering which occurs on molecules and was first
discovered and described by the Indian physicists Chandrasekhara Raman and Kariaman-
ickam Krishnan in the early 20th century (Raman and Krishnan, 1928). It is caused by
a photon being scattered on a molecule, which simultaneously changes its rotational or
vibrational energy level. If the scattered photons energy is transferred to the molecule
and thus is reduced in frequency (red-shifted) this process is also called Stokes scattering.
If instead energy from a rotational or vibrational state of the molecule is transferred to
the photon, increasing its frequency (blue-shifted), it’s called anti-Stokes scattering. The
frequency shift of the scattered photon corresponds to the required energy to change the
energy level of the molecule, and is thus dependent on the energy levels in the molecular
species.

The differential backscattering cross-section of Raman-scattering is typically several or-
ders of magnitude below the one of Rayleigh scattering, as shown on the left side of Figure
2.3. Spectrally, the individual Raman peaks are also significantly broader than Rayleigh-
scattering. This combination of properties are a disadvantage for lidar application, since
measurements are highly sensitive to the background, due to the low signal, and a nar-
rowband filtering is not possible to remove the solar background efficient enough, which
limits the system nighttime operations in the stratosphere and above. In the troposphere
up to altitudes of 6 km, high power lidar systems are still able to do daylight Raman mea-
surements (Martucci et al., 2021). The benefit of the Raman-scattering is the introduced
frequency shift. Since the photons backscattered by Raman-scattering are not on the same
frequency as the Mie scattering, they can be used to retrieve temperatures in the presence
of aerosol, with the right filter setup in the receiver (Measures, 1984; von Zahn et al., 2000;
Witschas, 2012).

Resonance-scattering

Resonance scattering is an inelastic scattering process in which a photon of the right fre-
quency is absorbed by an atom, raising the atoms electronic state. The atom then emits
photons in the process of spontaneous emission on the same, or various other wavelengths.
The backscattering cross-section of this process is strongly dependent on the element and
the electronic transition which is exited. For the D1 transition of potassium at 769.9 nm
the backscatter cross-section is af = 7-107'7 m?/sr and thus almost 16 orders of magni-
tude larger than the backscatter cross-section for Rayleigh scattering at the same frequency.
This allows a lidar operating on the correct wavelength to detect already small quantities of
atomic potassium in the atmosphere. Potassium is introduced into the atmosphere by the
vaporisation of meteors entering the atmosphere at high speeds. In altitudes between 120
and 80 km they ablate and cause the mesospheric metal layer in which the most prominent
elements are iron, potassium and sodium.

The spectral shape of the backscattered light is highly dependent on the atom’s electronical
structure. Each transition has a natural line width, which has the spectral form of a Lorenz
function, and is Doppler broadened. Thus, the spectral shape of a single transition can
be described with a Voigt function, which is the convolution of a Lorenz with a Gaussian
function. The complete spectral shape is then given by superimposing the Voigt profile
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for all electronic transitions. In the case of scattering on the D1 line of Potassium one has
to consider 8 of these electronical transitions, caused by the isotopes and the hyperfine
structure. Additionally, relaxation pathways need to be considered, which leads to light
being emitted along 12 different wavelengths and the complex spectral shape shown in
Figure 2.3 (von Zahn and Hoffner, 1996; Friedman et al., 2003; Fricke-Begemann, 2004;
Hoffner and Liibken, 2007).
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Figure 2.3. left: Simulated differential backscattering cross sections at 355 nm for scattering
on N? with different resolutions. Top shows rotational and vibrational Raman-scattering.
Center shows only the rotational Raman-scattering. Bottom shows the Rayleigh-Brillouin
scattering. Symbols mark the integrated differential backscattering cross-sections for each
band. Adapted from (Witschas, 2012). right: Spectral shape of resonance-scattering on
potassium at 769.9 nm. Adapted from (von Zahn and Hoffner, 1996).



3 Middle Atmosphere Doppler Wind
Lidars

3.1 Wind Measurement Techniques in the Middle Atmo-
sphere

As discussed in Mense et al. (2024), accurate and comprehensive measurements of wind
profiles play a critical role in various atmospheric studies and applications, including nu-
merical weather prediction (NWP) (Baker et al., 2014; Stoffelen et al., 2005). However,
obtaining such measurements presents significant challenges. In situ measurements using
anemometers mounted on towers or masts are limited to the boundary layer, whereas wind
measurements from radiosondes, aeroplanes, and rockets can only offer snapshots of the
winds, lacking continuous coverage.

To achieve continuous wind measurements with a high degree of accuracy and spatiotem-
poral resolution, ground-based remote sensing methods are indispensable. Among the
most prominent ground-based techniques for measuring wind are sodar, radar, and lidar.
Sodar and radar are limited in their altitude coverage due to inherent technical constraints.
Specifically, sodar wind profilers are capable of reaching heights of up to two kilometres
through the scattering of sound waves off turbulence, as noted by Bailey (2000). Radar,
on the other hand, can measure winds in the troposphere and in the upper mesosphere
and lower thermosphere (MLT), facilitated by the presence of available scattering targets.
Nonetheless, radar experiences a significant observational gap, unable to measure winds
between altitudes of approximately 20 and 80 km (Hocking, 1997).

Ground-based Doppler-wind lidars (DWL) stand out as the sole remote sensing instru-
ments capable of providing continuous wind profiles from the troposphere to the MLT,
achieving high vertical and temporal resolution. Among existing DWL technologies, all
primarily rely on Rayleigh scattering to bridge the observational gap identified for radars.
An exception is the VAHCOLI instruments, which uniquely leverage Mie scattering in the
lower part of this range to enhance measurement capabilities.

3.2 Existing Rayleigh Doppler-Wind Lidar Systems
As outlined in Section 2.3, Rayleigh scattering is traditionally identified as the only scatter-

ing mechanism effectively utilized in lidar technologies for the exploration of the middle
atmosphere, covering altitudes between 30 and 80 km. The process involves the elastic

18
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scattering of photons by atmospheric molecules, where the frequency of the light backscat-
tered on a molecule may be altered due to the Doppler effect, as described by:

2-Av
c

Af =

fo- (3.1

where A f denotes the frequency shift, Av represents the relative velocity between the laser
emitter and the molecule along the line of sight, and f{, is the emitted light’s frequency.
This scattering results in two spectral phenomena when an ensemble of molecules in the
form of an air parcel is observed by lidar: a Doppler shift from the parcel’s collective
motion and a Doppler broadening from the thermal motion of individual molecules. The
mean velocity of these molecules, following a Maxwell-Boltzmann distribution, is given

by:
op =\ —2—, (3.2)
T-m

with k as the Boltzmann constant, T° the temperature, and m the molecular mass. Con-
sequently, the Doppler broadening of the scattered spectrum, expressed as the full width
at half maximum (FWHM), is:

—  2-f, [8-kp-T-In2
Afp = CO\/ B , (3.3)

m

highlighting the lidar’s need to discern a Doppler-shift within a distribution approximately
692 times broader than the shift itself for accurately measuring wind speeds of 1 ms™! at
a temperature of 300 K.

Currently there are only six operational Rayleigh Doppler-wind lidars in the world which
achieve this precision or come even close to it, in middle atmospheric altitudes. These
systems and their measurement methods will be briefly discussed in the next sections.

Observatoire de Haute Provence (OHP)

Located in the southeast of France, the Doppler wind lidar at the Observatoire de Haute-
Provence (OHP) began operation in 1989, making it the longest operating middle atmo-
sphere Rayleigh Doppler wind lidar still in use today. Since its inception, the system has
undergone several modifications (Chanin et al., 1989; Souprayen et al., 1999b,a). As de-
tailed by Khaykin et al. (2020), the current configuration of the instrument comprises three
sets of telescopes, each equipped with four 50 cm telescopes. One set is oriented vertically
(zenithal), while the other two are angled 40° off zenith toward the north and east. The li-
dar’s transmitter is a Quanta-Ray Pro290 Q-switched, injection-seeded Nd: YAG laser that
emits at a 532 nm with a 30 Hz repetition rate and an energy output of 800 mJ per pulse.
To detect the Doppler shift in the backscattered light, the system employs a double-edge
Fabry—Pérot interferometer (FPI). The detection bench channels the collected light along
two distinct paths through the FPI, which differ slightly in plate distances, thereby creating
two bandpass filters with frequency shifts as illustrated in Figure 3.1. This design aims
to optimize signal strength while minimizing the impact of Mie scattering, which could
significantly affect wind measurement accuracy (Garnier and Chanin, 1992). The ratio of
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the signals from the two channels is converted via a calibration curve into the Doppler
shift, thus determining the line of sight wind.

The system operates only at night since no daylight suppression is available. During the
measurement the beam is switched between the individual fields of view over the course of
5 minutes, with 1 minute of vertical measurement followed by 2 minutes of measurement
each in the north and east field of view. The vertical pointing is used to calibrate the zero
wind position of the FPI under the assumption, that vertical winds are negligible, since no
absolute frequency measurement of laser and backscattered light is done. The system is
capable to measure winds between 5 and 75 km altitude with a random error of less than
6 ms~! as shown by the most recent validation campaign (Khaykin et al., 2020).

2.0F

Intensity (a.u.)

6 5 4 3 -2 1 0 1 2 3 4 5 6
Position (pm)

Figure 3.1. The thermally broadened Rayleigh backscatter line and a Mie line (solid black),
with FPI' A and B bandpasses (solid red and blue) as used for the OHP Doppler-wind lidar.
A hypothetical Doppler-shifted backscatter line for a wind speed of 175 m/s is shown as a
dashed black curve, with its transmission through A and B bandpasses illustrated by dashed
red and blue curves, respectively (Khaykin et al., 2020).

Arctic Lidar Observatory for Middle Atmosphere Research (ALOMAR)

Constructed in 1994 atop the Ramnan mountain on Andgya island, Norway, and follow-
ing five years after OHP’s initiation, the ALOMAR Rayleigh-Mie-Raman (RMR) lidar
employs dual lasers emitting at 1064, 532, and 355 nm, alongside two variable-pointing
telescopes connected to a singular 17-channel detection bench via optical fibers (Fiedler
and Baumgarten, 2024). This configuration facilitates simultaneous temperature, aerosol,
and wind soundings within the middle atmosphere, showcasing the system’s advanced
capability for comprehensive atmospheric analysis.

For wind measurements, the 532 nm wavelength and the Doppler Rayleigh Iodine Spec-
trometer (DORIS) technique are utilized (Baumgarten, 2010). DORIS determines the
Doppler-shift of backscattered light using a single molecular absorption line of iodine,
stabilizing the lasers at the edge of this absorption line, as shown in Figure 3.2. In the
detection setup, the backscattered light is split, with a portion passing through a second
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iodine cell. The Doppler-shift alters the amount of light absorbed by the iodine cell, allow-
ing the Doppler-shift to be reconstructed from the ratio of the count rate before and after
the iodine cell using a calibration function, which also takes the atmospheric temperature
into account. This stabilization method on the iodine line negates the need for vertical
pointing to establish the system’s zero wind position.

The system is able to utilize double FPI as daylight filters and is thus the only Doppler-
wind lidar capable of daylight measurements in the middle atmosphere (Baumgarten et al.,
2015). ALOMAR is also the only middle atmospheric lidar that was validated using colo-
cated rocket-borne wind measurements for altitudes between 30 and 60 km (Liibken et al.,
2016).
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Figure 3.2. Transmission spectra of two different iodine cell setups (L38: 15 cm & 38°C, S57:
10 cm & 57°C). For reference the Doppler-broadened Rayleigh scattering (Cabannes line) for
230 K is shown. The dotted vertical line indicates the seed laser stabilisation wavelength of
the ALOMAR-RMR lidar (Baumgarten, 2010).

Observatoire de Physique de I’Atmosphere de la Reunion (OPAR)

The LiWind lidar, situated at OPAR on La Réunion island in the Indian Ocean east of
Madagascar, was established in 2012, adopting the same wind measurement technique as
the OHP wind lidar. A notable design adaptation is its single, rotating 60 cm telescope,
employed for both the expansion of the beam and the collection of backscattered signals.
This lidar system boasts the capability to measure winds up to an altitude of 50 km. Similar
to its OHP counterpart, it lacks daylight suppression features (Ratynski et al., 2023).

Chinese wind lidars

Two operational Chinese Doppler wind lidars are currently in use. The first system utilises
a mobile setup housed in two large truck containers, each functioning as an independent li-
dar system. This configuration marks it as the only operational, mobile Rayleigh Doppler-
wind lidar for the middle atmosphere. To measure the horizontal wind field, these systems
are positioned orthogonally, utilizing 1 m telescopes angled 30° off zenith. The detection
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of Doppler shifts employs a method inspired by the DORIS technique but features a sim-
plified receiver with just 4 detectors (Xia et al., 2012; Yan et al., 2017).

The second system is mounted on a 6 m turntable and uses a single, tiltable telescope with
an aperture of 80 cm, which allows for variable beam pointings. This system uses a similar
technique to the OHP wind lidar, based on a double edge FPI. The system is capable of
measuring winds during the night up to 47 km altitude, with a maximal random wind error
of ~6 ms~! above 30 km and ~3 ms~! below (Chen et al., 2023).

Middle atmospheric lidar facility at the Leibniz Institute of Atmospheric Physics in
Kiihlungsborn (RMR3)

In 2021 a wind lidar at the IAP in Kiihlungsborn became operational, called simply the
third Rayleigh-Mie-Raman lidar (RMR3). The system uses the DORIS technique, similar
to Alomar, but is reduced in complexity, with only a single laser distributed the east and
north field of view and 5 receiver channels (1 Raman, 4 Doppler-Rayleigh). As telescopes
two 70 cm mirror telescopes are used. With a 2 h integration time, the system can measure
zonal and meridional wind at night simultaneously between 30 and 90 km (Gerding et al.,
2023).

3.3 Aeolus - A Doppler Wind Lidar in Space

Space-based Doppler wind lidars provide the ability to obtain global wind profiles. The
first satellite carrying such an instrument is the Atmospheric Dynamics Mission-Aeolus
(Aeolus), which embarked on its mission in August 2018 and continued its measurements
until May 2023. Aeolus orbits the Earth in a Sun-synchronous, dusk/dawn orbit (inclina-
tion of 97°) at a height of 320 km (ESA, 2020). Winds are measured orthogonal to the
flight direction at an angle of 35 degrees off-nadir on the night side of the Earth. Along
this field of view, the mission aimed to provide line of sight (LOS) winds from the ground
up to the lower stratosphere (up to 30 km) with an altitude resolution of 250 m to 2 km
and an altitude-dependent precision of 1 m s~! to 3 m s~! (Drinkwater et al., 2016). The
actual error estimates during the operation were proved to be in the range of 4.1 m s~! to
4.4 ms~! (Rayleigh) and 1.9 m s~ to 3.0 m s~! (Mie) by Martin et al. (2021). Later val-
idation campaigns showed even higher random errors due to the decreasing signal levels
throughout the mission. Witschas et al. (2022) report a random error for Rayleigh clear
winds of 5.5 m s™! to 7.1 m s~! in the altitude range from 0.5-10.5 km and Ratynski et al.
(2023) report an error between 5.37 m s~! and 6.49 m s~! in the altitude range up to 27 km.
The Atmospheric Laser Doppler Instrument (ALADIN) onboard Aeolus used a frequency
tripled Nd:YAG laser operating at 355 nm and two receiver channels. The first chan-
nel utilises coupled Fabry-Pérot interferometers to capture the Rayleigh scattering signal,
while the second channel incorporates a Fizeau interferometer to detect the narrowband
Mie scattering (Paffrath et al., 2009; Reitebuch et al., 2009). While the FPI-method for
Rayleigh scattering is very similar to the OHP method, albeit with a more refined and
complex optical setup, the Fizeau interferometer generates a fringe image on the 16x16
pixel accumulation charge coupled device (ACCD) detector. This gives Aeolus the ca-
pability to resolve the spectrum of the backscattered light on 16 frequency channels, as
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shown in Figure 3.3. The frequency resolution spacing of the individual channels is here
given by the pixel size of the ACCD detector. This results in a spectral width on the order
of 250 MHz FWHM for observed Mie scattering.
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Figure 3.3. Spectrum of the internal laser reference as measured with the Fizeau interferometer
of the ALADIN airborne demonstrator (A2D), which uses the same detection setup as the
Aeolus satellite. Signal in 10* analog-digital converter counts vs pixel number. left: Laser
at the fundamental frequency f,. right: Laser frequency shifted by 25 MHz. The frequency
spacing between the individual channels is 100 MHz, given by the size of the ACCD pixels
(Reitebuch et al., 2009).

Since the wind measurements presented in this work relies solely on Mie scattering to
cover the altitude range between 3 and 25 km a closer look on its use by the Aeolus satel-
lite is valuable. Within the height range covered by Aeolus, the Rayleigh and Mie scat-
tering techniques serve complementary purposes. In scenarios where the atmosphere is
contaminated with significant aerosol loads, such as clouds or smoke plumes, the qual-
ity of the Rayleigh winds may be compromised. However, the Mie winds derived under
these conditions exhibit an improved quality, with error estimates approximately half of
that associated with clean Rayleigh winds (Rennie et al., 2021; Rani et al., 2022).

This reduction in measurement error can be attributed to the narrowband nature of Mie
scattering, which allows for a more accurate estimation of the Doppler shift. Due to the
substantial mass of the aerosol scattering particles, temperature-induced broadening of
the Mie backscattered signal can be neglected. As a result, the spectral width of the Mie
scatter is about two orders of magnitude smaller than that of the Rayleigh scatter for Ae-
olus. While these advantageous spectral properties of Mie scattering enable more precise
wind measurements, it is important to note that the ALADIN instrument requires comple-
mentary Rayleigh-winds, since the use of the Mie channel necessitates sufficient aerosol
loading to derive Mie winds. Consequently, it cannot solely rely on background aerosols

present in the atmosphere for wind measurements (Drinkwater et al., 2016; Reitebuch
et al., 2009).
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3.4 Measurement Principle of the VAHCOLI Instruments

The VAHCOLI instrument employed in this study uses a measurement technique notably
different from the Doppler-wind lidars previously described. Unlike traditional ground-
based instruments that rely on comparing two channels with distinct spectral filters, VAH-
COLI instruments adopt a spectroscopic method, which was derived from the method used
by IAPs potassium Doppler-resonance lidar (von Zahn and Hoffner, 1996). Adapted for
Doppler-Mie, Doppler-Rayleigh and Doppler-resonance measurements, this approach was
initially introduced by Liibken and Hoffner (2021) and further elaborated by Froh (2021).
In general, the instruments measure spectra of the backscattered light by scanning an
alexandrite ring laser quickly and precisely over fixed narrowband filters. A sketch of
this concept is shown in Figure 3.4 for a single arbitrary filter and 10 laser pulses. As
discussed later in section 3.4.2, the VAHCOLI instruments utilise this method on two dif-
ferent filters to separate the different scattering processes, with typically 400 frequency
channels. The LOS wind can then be extracted from the Doppler-shift of the measured
spectrum, as discussed in detail in chapter 5.
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Figure 3.4. Simplified sketch of the general spectroscopic method utilised in the VAHCOLI
instruments for an arbitrary filter, laser and scattering process. Note that instead of 10 frequen-
cies, VAHCOLI typically uses 400. left: The pulsed power laser (red) is scanned in frequency
in the pattern indicated by the numbers from 1 to 10. The backscattered light (green dashed)
received from the atmosphere, which is Doppler shifted (black arrows) and broadened in the
scattering process, is analysed using a fixed filter (blue). right: Resulting spectrum measured
by a detector behind the spectral filter on the ten frequencies (blue), together with the the-
oretical spectrum, which results from the convolution of the spectrum of the backscattered
light and the filter spectrum.

In order to realise this measurement concept technically, a narrowband, rapidly tunable
seeder laser is employed for the purposes of spectral characterisation and stabilisation of
the filters. To achieve Doppler-resonance measurements this seeder laser is additionally
stabilized using Doppler-free polarization spectroscopy on potassium as an absolute wave-
length reference, and nonlinearities in its frequency scanning are corrected based on the
spectral periodicity of a fibre optic resonator. The seeder laser also controls the frequency
for the alexandrite power laser, which is used for atmospheric probing. A novel technique
called advanced Ramp&Fire stabilizes the pulsed laser in frequency and also allows for
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the compensation of a possible frequency offset to the seeder laser. A small part of each
pulse of the power laser is diverted into the detection bench as a reference and character-
ized using the spectral filters. The majority of the laser pulse is directed via a two-axis
galvanometer scanner into the five telescopes of the upgraded lidar. The development of
the multi field of view upgrade, which added this scanner and four additional telescopes,
is described in more detail in the next chapter. The telescopes are not only used for the
reception of the backscattered photons but also for the widening of the laser beam. In the
detection bench, the backscattered photons are spectrally analysed using the combination
of a planar and a confocal etalon.

Wind measurements utilizing Mie and Rayleigh scattering benefit significantly from this
spectral method. The incorporation of narrowband filters mitigates daylight background
interference, thereby enabling measurements during daylight hours. Importantly, atmo-
spheric temperature variations do not impact the wind measurements, as these variations
do not affect the peak position of the measured spectra. The presence of aerosols plays
a dual role: it is exploited for wind measurement in the context of Mie scattering (as
elaborated in Chapter 5), whereas it does not influence the measurements derived from
Rayleigh scattering. A notable advantage of this method is the use of a single detector,
with one optical element serving as the frequency discriminator, for the measurement of a
spectrum. This setup eliminates errors associated with signal comparison across different
optical paths, detectors, or electronic systems, thereby significantly simplifying the wind
calibration process. The sole calibration required for wind measurement is the accurate
determination of the frequency scan of the power laser relative to the employed filters.
This is measured using an internal reference simultaneously with the atmospheric mea-
surement. The calibration facilitates the direct calculation of the Doppler shift, which can
then be converted into a line-of-sight wind velocity using Equation 3.1. Additionally, the
high spectral resolution of typically 400 frequencies per spectrum (adjustable in the con-
trol software), makes the method robust against disturbances and allows for a control of
the measured spectra against the scattering theory in order to quickly detect faults in the
measurement system.

Figure 3.5 illustrates the optical configuration of the instruments, categorizing them into
three main components: (1) the Laser subsystem, (2) the telescope and beam stabilization
subsystem, and (3) the detection bench. The alexandrite laser and the spectral analysis
capabilities of the detection bench are further elaborated in subsequent subsections. For
discussions on the multi-field of view upgrade, it is important to note that the optical axes
of the alexandrite ring laser and the detection bench are coupled via a polarizing beam
splitter (coupling PBS), allowing beam stabilization to be managed by a single piezo mirror
situated before the coupling PBS.

3.4.1 Alexandrite Ring Laser

The alexandrite ring laser used for the measurements presented in this work, is a power
scaled version of the alexandrite ring laser, which was developed in cooperation with the
Fraunhofer Institute for Laser Technology (ILT) in Aachen over the course of the last
decade (Strotkamp et al., 2013; Munk et al., 2016, 2018, 2021). The new power scaled
versions of the laser called prototype 3 and prototype 4 (PT3 & PT4) are described in de-
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Figure 3.5. Schematic representation of the VAHCOLI instruments optical setup divided into
three groups: (1) Laser system comprising the Seeder (black) and alexandrite (green) laser,
(2) Telescopes and beam switching, and (3) Detection bench with separate inputs for at-
mospheric (red) and reference signals (dashed lines). For frequency stabilization, polarization
spectroscopy on potassium serves as an absolute wavelength reference, and a fiber optic res-
onator is used to linearise the frequency axis during scanning. The detection bench includes a
filter combination with interference filters, a planar, and a confocal etalon. The transmitted
and reflected (blocked) signals of the etalon filters are captured on two detectors (APDs),
separating the reflected signal from the input signal by exploiting polarization. A chopper
blocks the atmospheric signal during reference measurements. Adapted from Froh (2021).

tail in Munk et al. (2023). They feature a higher pulse energy of 3.0 mJ (PT3) and 3.2 mJ
(PT4) at a repitition rate of 500 Hz (PT3) and 750 Hz (PT4), which equates to a power of
1.5 W (PT3) and 2.4 W (PT4). The repetition rate of the laser, together with the number
of frequencies in a spectrum determines the speed with which a full spectrum can be mea-
sured. The typical 400 frequencies of a spectrum can be scanned with the PT4 laser within
533 milliseconds, whereas a complete scan with the PT3 laser requires 800 milliseconds.
Although the general power output of the alexandrite ring laser appears to be small when
compared to traditional Nd:YAG lasers (e.g. Quanta-Ray Pro290, 800 mlJ, 24 W), it has
clear advantages when it comes to the spectral properties of the laser. Alexandrite lasers
equipped with the advanced Ramp&Fire technology can be quickly and precisely tuned in
frequency over a wide frequency range. Additionally, the laser is operated in long pulse
mode, giving it a spectral bandwidth of less than 3 MHz at a pulse length of ~1 us (e.g.
Quanta-Ray Pro290, ~90 MHz).

This combination of frequency control and small spectral bandwidth is necessary for the
spectral measurement method. Frequency control is critical as it enables the scanning of



3D-lidar observations: Optical Splitting of Mie and Rayleigh Backscatter 27

the power laser across two highly stabilized interferometric filters. Concurrently, main-
taining a small spectral bandwidth is essential for the efficient separation of Mie and
Rayleigh backscattered signals through optical splitting.

3.4.2 Optical Splitting of Mie and Rayleigh Backscatter

The spectral method employed in the VAHCOLI instruments leverages optical splitting
among various scattering processes based on their Doppler widths. Figure 3.6 presents a
simplified schematic of this methodology for the case of perfectly rectangular filters.
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Figure 3.6. Simplified schematic representation of the optical splitting of different scattering
processes based on the Doppler width using the example of Mie (blue) and Rayleigh (green)
scattering with solar background (red) and rectangular filter. The central wavelengths of the
filters and of the Mie and Rayleigh signals are identical, as it is the case for zero wind. Adapted
from Froh (2021).

The lidar captures light through the telescopes, that contains a mix of daylight background,
Rayleigh backscatter, and Mie backscatter, directing it into a detection bench. This light
first passes through a broad filter, which effectively rejects the bulk of the daylight back-
ground. The signal transmitted through this filter consists of the backscattered Mie and
Rayleigh signals, along with a minor fraction of the solar background. This background is
frequency independent and given by the illumination of the sky. Subsequently, this mix-
ture is subjected to a second, narrower filter. This filter sorts the light into two parts: one
containing the spectrally narrow Mie scattering and a small portion of the Rayleigh scatter-
ing, which is transmitted, and another containing the majority of the Rayleigh backscatter,
which is reflected. Each portion is detected by an avalanche photodiode (APD), resulting
in the Mie-channel (APD,) and the Rayleigh-channel (APD,). This configuration signif-
icantly diminishes the fraction of solar background in the Mie-channel to a nearly unde-
tectable level, and substantially reduces it in the Rayleigh-channel (Froh, 2021). Compared
to Aeolus, which uses a similar approach, a much higher finesse of the filters combined
with the sequential stacking results in virtually solar blind measurements of the Mie spec-
trum for the VAHCOLI instruments.
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In practice, the filters incorporated into the system are not ideal rectangular filters but con-
sist of two interferometric filters: a broader planar etalon with a spectral width of 900 MHz,
a free spectral range (FSR) of 90 GHz, and a finesse (F) of 100, alongside a narrowband
confocal etalon with a spectral width of 7.5 MHz, an FSR of 1 GHz, and a finesse of 130.
The spectral characteristics of these filters, depicted in the left panel of Figure 3.7 along-
side the scattering phenomena and the laser line, are governed by the Airy function, which
can be approximated with a Lorenz function near its peak. As previously mentioned, the
filters are stabilized to a high degree, with a root-mean-square (RMS) deviation on the or-
der of 100 kHz (Liibken and Hoffner, 2021). Frequency scanning of the power laser yields
spectra on both channels, the spectral contours of which are represented as the convolution
of the filters’ spectral profiles, the scattering processes, and the laser’s spectral shape. An
illustrative spectrum obtained from the Mie-channel of the VAHCOLI 1 instrument is dis-
played in the right panel of Figure 3.7. The Rayleigh scattering appears as an almost linear
background due to the narrow frequency scanning range. Superimposed on the Rayleigh
scattering, the Mie peak is distinctly discernible.

The Doppler shift observed in the spectra is used for the wind speed determination, as dis-
cussed in more detail in Chapter 5. It is notable that the Mie-peak is particularly beneficial
when used for wind measurements, due to its narrow spectral shape. Despite broadening
from convolution with the filter and laser spectral shapes, the spectral width of the Mie-
peak is only by a factor of 4-5 larger than the Doppler shift induced by a wind of 1 ms~.
This is in stark contrast to the factor of 692 observed for the Rayleigh peak.

For the VAHCOLI instruments, the width of the frequency scan can be altered easily
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Figure 3.7. left: Spectral shape of a filter combination with two etalon filters, similar to the
real system. Represented are the Rayleigh scattering (green, Av = 1380 MHz, T = 200 K),
Mie scattering (orange, Av < 0.1 MHz), laser (red, Lorentzian shape, Av = 3.3 MHz), planar
etalon (blue, FSR = 75 GHz; Av = 900 MHz; F = 83), and confocal etalon (black, FSR
= 1 GHz; Av = 7.5 MHz; F = 130) (Froh et al., 2022). right: Spectrum measured with
Mie-channel of the VAHCOLI 1 instrument in an altitude between 19.8 and 20.8 km on the
16th of December 2022, with an integration time of 2h along the vertical field of view. The
contribution of the Rayleigh-scattering to the signal is marked green and the Mie-peak is clearly
visible on top.
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within the control software depending on the scientific goals. This measurement technique
allows for the construction of a compact, universal Doppler-lidar which can measure the
spectra of Mie scattering, Rayleigh-scattering and resonance scattering, covering a large
altitude range with just two detectors. Based on the Mie-channel, measurements of wind
and aerosol properties are realised, as discussed in more detail in Chapters 5 and 6. The
Rayleigh-Channel can be used for temperature measurements, as shown in Chapter 7, and
wind measurements, based on the measured spectra of Rayleigh and resonance scattering.

3.5 Comparison of the Different Doppler-Wind Techniques

The instruments discussed in this chapter utilize various different measurement techniques
for Doppler wind detection, broadly classified into three categories. The first category en-
compasses techniques based on the double-edge Fabry—Pérot interferometer, exemplified
by the OHP and OPAR wind lidars, the Chinese turntable-mounted wind lidar, and the
Rayleigh component of the Aeolus satellite. The principal advantages of this approach in-
clude its simplicity, with just one pressure regulated etalon, its well-established application
in lidar technologies and its relative insensitivity to aerosol contamination, provided the
frequency spacing of the two bandpasses is appropriately selected (Garnier and Chanin,
1992). However, a significant drawback of this method is its inefficiency, characterized by
maximum blocking at the peak of the Rayleigh backscatter and highest transmission at the
spectral wings of the scattering. The relatively large spectral spacing of the two bandpasses
also prevent effective narrowband filtering to reduce the solar background. Instruments
using this technique are typically also unable to do simultaneous measurements of wind
and temperature, since the transmission through each bandpass is temperature dependent.
This results in signals which are no longer proportional to the atmospheric density and
thus cannot be used for temperature measurements (see Chapter 7).

The second category comprises techniques that utilize the absorption properties of an io-
dine gas cell, such as the DORIS techniques employed by ALOMAR, the Chinese mobile
wind lidar, and the new IAP RMR3 system. Even though typically about one third of
the Rayleigh signal is lost due to the absorption in the iodine cell, these methods harness
significantly more of the Rayleigh peak than the double edge method, thereby offering
enhanced photon efficiency. Conversely, this approach renders the instruments highly sus-
ceptible to aerosol contamination of the signal. As a result, additional corrective steps are
necessary during data processing for altitudes below 30 km or within noctilucent clouds
(Baumgarten, 2010). An advantage compared to the double-edge technique is that these
instruments are able to measure winds and temperature simultaneously.

The third category encompasses spectral methods, as exemplified by the VAHCOLI instru-
ments and the Mie-part of the Aeolus satellite. While both techniques involve capturing
spectra of backscattered light, their methodologies diverge. Aeolus employs a fringe imag-
ing technique with a Fizeau interferometer, enabling spectrum resolution without necessi-
tating frequency scanning. Conversely, the VAHCOLI system achieves spectrum resolu-
tion through laser scanning. A significant advantage of spectral methods is their immunity
to aerosol contributions. For Aeolus and VAHCOLI Mie-winds, the Mie scattering from
aerosols is leveraged for wind measurement. In the case of VAHCOLI Rayleigh-winds,
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aerosol contributions do not alter the peak’s position, thereby not affecting wind measure-
ments. However, a limitation of the methods for Mie-peak measurements is the frequent
emission of the laser at frequencies substantially blocked by the confocal etalon or the
Fizeau interferometer. For VAHCOLI this drawback is largely mitigated by the increased
sensitivity to the position of the Mie-peak due to the narrow filter width (= 1/20th of the
Aeolus filter width). Furthermore, spectral scanning parameters can be readily adjusted
within the control software to minimize this issue. This adjustment can even be done to
use different scan windows for the measurement of horizontal and vertical winds, since
vertical winds typically are much smaller and thus a smaller scan window can be used,
increasing the efficiency of the method. Additionally, spectral methods allow for con-
tinuous monitoring of system performance, with deviations in the laser’s spectral width
immediately evident in the measured spectra. This spectral monitoring capability ren-
ders spectral methods likely less susceptible to instrumental effects, thus providing a more
robust technique compared to the double-edge FPI and DORIS methods previously dis-
cussed. The VAHCOLI method can be seen as a significant advancement compared to the
Aeolus method here, due to its much higher spectral resolution.



4 Technical Development of the Multi
FOV Upgrade

4.1 Rationale for the Multi FOV Upgrade

As highlighted in Section 2.1, atmospheric phenomena manifest across a diverse range of
scales, from less than a meter to several hundred kilometers. Lidars, with their typically
very narrow fields of view, necessitate the use of multiple fields of view (Multi FOV)
approaches to effectively encompass these scales. A straightforward strategy involves ar-
ranging multiple instruments, each with a single field of view, in such a way that their
spatial configuration spans the spectrum of these scales. The design of such a network
can be customized to the study’s emphasis, with micro to meso-scale phenomena requir-
ing closely spaced instruments (a few kilometers apart). This arrangement may restrict
coverage of larger scales if only a limited number of instruments are available. An alter-
native involves the use of single instruments equipped with multiple, tilted fields of view,
as detailed in Liibken and Hoffner (2021). This configuration allows a single instrument
to monitor smaller scales through the horizontal separation of its fields of view, enabling
a broader geographical distribution of instruments for extensive area coverage. A sys-
tem equipped with five fields of view (1 vertical, 4 tilted) using five telescopes can span
a variety of scales. Particularly small horizontal scales, significantly below 100 m, can
be addressed by minimally adjusting the viewing angle through a single telescope. This
facilitates the realization of multiple fields of view within one telescope, albeit with min-
imal separation. However, this approach is viable only for systems with very high time
resolution to discern differences between these proximate fields of view and is, therefore,
not further discussed in this thesis.

For the coverage of larger scales, the horizontal difference between the individual fields of
view can be exploited. The specific horizontal scales that can be addressed depend on the
off-zenith tilt of the individual fields of view. For instance, at 20 km altitude, two fields
of view tilted 30 degrees off zenith in opposite directions (e.g., the north and the south
FOV) have a horizontal separation of ~23 km, the zenith-pointing FOV has a horizontal
separation from the tilted FOVs of ~11.5 km, and two perpendicularly tilted FOVs have
a separation of 16 km. By correlating these fields of view, these three horizontal scales
can be covered at 20 km altitude. For much larger scales, in the order of several hundred
kilometers, a network of these instruments is necessary.

To ensure effective coverage of vertical scales, each instrument should be capable of ob-
serving from the troposphere to the thermosphere. This requires simultaneous Doppler

31
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Rayleigh, Mie, and resonance measurements within a single system.

As previously mentioned, atmospheric properties can be measured with lidar only along
the field of view. This aspect is especially critical for measuring horizontal winds. Along
a field of view pointing directly up to the zenith, no horizontal wind component can be
measured, necessitating the use of tilted fields of view. Therefore, multiple fields of view
are essential not only for covering atmospheric scales but also for measuring all three wind
components.

The technical development and implementation of an upgrade that transitions a single field
of view instrument to a multi-field of view capability are discussed in this chapter.

4.2 Design Considerations

As the VAHCOLI instruments are designed for network usage, the MultiFOV upgrade
prioritises minimal modifications to ensure ease of deployment across the system. This
design philosophy aims to limit the increase in construction time, particularly since the
network requires multiple units, thus avoiding extensive alterations to time-intensive com-
ponents like the laser and detection bench. Cost-effectiveness is paramount, as the upgrade
must significantly enhance lidar capabilities without proportionally increasing expenses,
ensuring the network’s expansion remains financially viable. Additionally, it’s crucial that
this upgrade does not compromise the VAHCOLI units’ core functionalities while broad-
ening their observational scope.

4.3 Telescope Design

The design of the MultiFOV upgrade for the VAHCOLI instruments incorporates four
additional, tilted telescopes. These telescopes play dual essential roles: firstly, they expand
the power laser beam to diminish its divergence in the atmosphere, and secondly, they are
responsible for capturing backscattered photons. This dual functionality marks a departure
from more conventional middle-atmosphere lidar systems, which typically employ two
separate telescopes for emission and reception.

The integration of both tasks within a single telescope unit simplifies the VAHCOLI in-
struments by reducing system complexity, ensuring precise alignment between the emitter
and receiver components, and facilitating rapid switching between different fields of view
for both emission and reception. This consolidation offers significant advantages in terms
of operational efficiency and system robustness.

However, this approach also imposes stringent requirements on the optical quality of the
telescopes. The design of these telescopes becomes a critical factor in the overall perfor-
mance of the lidar system. Achieving their dual roles effectively demands a high degree of
precision and attention to optical design and thus, a reliable method to measure said optical
quality of each constructed telescope in a quality control step is of high importance.
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4.3.1 Relevant Optical Effects

For the design of a lidar telescope one has to consider different effects which are relevant
to the telescopes’ performance, apart from traditional measures of optical performance,
like the point spread function of the telescope or its transmission.

Telescope field of view

A telescope designed for a lidar system capable of daytime operation typically features a
very narrow field of view of few 10 urad. This design choice is crucial for substantially
reducing solar background interference, which increases with the square of the field of
view. However, it’s also important to ensure that the telescope’s field of view is wide
enough to capture the entirety of the scattered laser signal. The optimal field of view,
which balances effective solar suppression and signal transmission, is determined based on
the laser’s divergence and the telescope’s optical properties. Ideally, the telescope’s field
of view should be twice the laser divergence, limited by the laser’s M? factor !, measured
at Full Width Half Maximum (FWHM), ensuring reception of 96% of scattered photons
while minimising solar background. In practice, a wider field of view is often selected
to account for realistic conditions such as atmospheric disturbances (’seeing’) and optical
aberrations ("defocus’), which can diminish the telescope’s performance.

Seeing

Seeing is an effect often encountered in astronomical observations through telescopes, par-
ticularly at or near optical wavelengths. This effect introduces additional blurring to the
observed images, primarily caused by light refraction in a turbulent atmosphere. As such,
seeing is heavily dependent on atmospheric conditions. As noted in Anderson (1935),
this effect is more pronounced in larger diameter telescopes. For instance, stars observed
through a 4-inch telescope appear almost perfectly formed, whereas the same stars appear
significantly blurred and irregular when observed through 60-inch or 100-inch telescopes.
A common measurement for the strength of the seeing is the Fried-parameter r(,, which
was derived by David L. Fried in the 1960s (Fried, 1966). This parameter, having the di-
mension of length, can be interpreted as the maximum diameter of a telescope that remains
unaffected by seeing. It can be converted into the angular blurring 6 of a point source with
the wavelength A as a result from the seeing conditions, as described by (Dierickx, 1992):

9 ~ 0.0252 . rcsec-cm 4.1

ro nm

At the IAP location, seeing conditions typically range between 2 and 4 arcseconds (10-20
urad), corresponding to a Fried-parameter of approximately 6.88 to 3.44 cm (at 550 nm).
Therefore, the impact of seeing on lidar measurements must be considered, when using any
reasonably sized telescopes. The seeing conditions can also worsen drastically, depending
on the measurement site (e.g. hot tarmac) and the weather conditions. This easily results

IThe M? is a common measure to assess the beam quality of a laser. A diffraction-limited beam has a
M2 factor of 1, higher values lead to an increased laser divergence (Paschotta).
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in seeing induced blurring in the order of 100 urad and thus in significant signal loss for
a lidar with a narrow field of view.

Both the Fried-parameter and the angular blurring 6 are usually measured or predicted for
a wavelength of 550 nm. The dependence of seeing on the wavelength is relatively mild,
as indicated by

1
0x A5 4.2)

suggesting that seeing effects diminish at longer wavelengths. For example, moving from
550 to 10000 nm wavelength can improve angular resolution by a factor of 1.8 (Boyd,
1978). Due to the described telescope diameter dependence of the seeing there is a good
argument in the astronomy for the use of smaller optics for certain applications (Ofek and
Ben-Ami, 2020).

Beam widening factor and divergence

For the telescopes used for the VAHCOLI instrument, a general law of optics, the conser-
vation of the telescopes’ divergence and beam diameter product, applies.

GFOV : Din = eout : Dout (43)

For a telescope with an aperture of D;, = 500 mm and a field of view of 05y = 30 prad,
which reduces the beam diameter to D, = 12.5 mm by the magnification power MP =
D,/ D, = 40, this results in a beam divergence on the receiver site of the instrument of
0., = 1200 prad, which equates to an increase of the beam diameter by roughly 1.2 mm for
every meter travelled. This can cause problems in the design of the detection bench if the
beam diameter becomes too large and causes vignetting in the detection bench, which can
only be mitigated by building a compact receiver with minimal beam length. A high beam
divergence can also cause problems with interferometric filters, increasing their spectral
width and reducing their transmission. For larger diameter telescopes, this results in the
need for larger diameter filters in order to increase the beam size through them and meet
their divergence requirements (Folkard and Ward, 1986).

Defocus effects on overlap function

Telescopes have a focus point and thus, for a lidar which observes over a range of altitudes,
only a singular altitude can be perfectly focused. This introduces an altitude (or range)
dependent blurring, akin to the depth of field or bokeh effect in photography. A simplified
model for the angular blurring of an idealized telescope can be derived from geometric
optics as:

Opp(z) = arctan (D . M) , 4.4)
Z* Zfocused

where D represents the telescope diameter and z 4 the altitude in focus (Coddington,

1829; Anonymous, 1866). In lidar telescopes, typically characterized by small angles, the

blurring is proportional to the telescope’s diameter. This effect, if not properly accounted

for when adjusting the instrument’s field of view, can lead to signal loss and an altitude

dependent sensitivity of the instrument.
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The actual defocus function, however, is more complex, and its impact, for example on
the altitude dependent transmission through a lidar instrument onto its detector, can only
be accurately calculated numerically using tools like raytracing.

Figure 4.1 presents results from the simplified model of the blurring angle, alongside the
more realistic outcomes from raytracing using the OSLO optical design suite for different
telescope sizes. These simulations reveal that smaller telescopes exhibit significantly less
altitude dependence in their signal strength due to telescope defocusing, compared to larger
diameter telescopes.

Defocus blur angle Defocus overlap
from geometric optics from OSLO raytracing
100 | 100
——RMR 70cm
VAHCOLI 50cm
—— VAHCOLI 25cm
70 70
€ S
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°© ©
° e
2 2
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—— VAHCOLI 50cm, 33 prad
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Figure 4.1. Defocus effects for 70 cm diameter telescope of the RMR3 wind lidar, the 50 cm
vertical telescope and the 25 cm tilted telescopes of VAHCOLI. Reflecting their real world
configuration the RMR telescope is focussed to 30 km, while the VAHCOLI telescopes are
focussed to 20 km. left: Blur angle for the telescopes calculated using equation 4.4. right:
The defocus contribution to the overlap function calculated using OSLO raytracing. For
VAHCOLIs free beam optics, the complete optical path onto the detector was simulated, for
the RMR system only the coupling into the 300 um fibre optic cable was considered.

4.3.2 Optimal Telescope Size

In the selection of the optimal telescope size for a lidar system, operational parameters
are paramount. For the VAHCOLI lidar instruments, the primary considerations include
the system’s extensive altitude coverage, ranging from 10 to 100 km, and its capability to
operate in daylight conditions. Secondary, yet significant factors influencing the choice
of telescope size are the overall system dimensions and the cost implications of the multi-
field-of-view upgrade, inherent to VAHCOLI’s network design.
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Particularly crucial is the lidar’s performance under daylight conditions. The solar back-
ground radiation intensity is directly proportional to both the telescope’s field of view and
its aperture area, which is related to the square of the aperture. The quantity of backscat-
tered laser photons is also primarily a function of the telescope’s aperture area. Hence,
maintaining a constant field of view and disregarding influences such as telescope defo-
cus and atmospheric seeing, the ratio of the received signal to solar background should
remain stable across varying aperture sizes. This ratio is pivotal for lidar observations
during daylight, and can be improved through spectral filtering. However, the enhance-
ment potential is limited due to the spectral range of the backscattered signals and the
consequent constraints on filter bandwidth.

Although the signal-to-solar background ratio is invariant to telescope size, the absolute
photon count rate from solar background can quickly reach the upper limit of the lidar de-
tectors’ counting capacity. This phenomenon is exemplified in the IAP’s mobile potassium
lidar, which used an 80 cm mirror telescope with a 192 urad field of view. Despite the use
of twin Faraday anomalous dispersion optical filters (FADOF) for daylight suppression and
the operation in a deep Fraunhofer line, the system encountered a solar background rate
nearing 0.2 MHz (Fricke-Begemann et al., 2002). Considering that avalanche photodiodes
(APD), as employed in both the potassium lidar and VAHCOLI, have a maximum count
rate in the 1-10 MHz range, this results in a significantly constrained dynamic range for
measurements of less than one or two orders of magnitude. For an instrument with a nar-
row altitude focus, such a range might be adequate. However, for systems like ALOMAR,
which are designed to cover a broader altitude range, this necessitates multiple channels
with varied attenuations to accommodate different altitudes, thereby complicating the re-
ceiver design (von Zahn et al., 2000). The compact nature of VAHCOLIs detection bench,
which incorporates only two detectors for assorted scattering processes, demands that each
detector has an extensive dynamic range to span the full measurement altitude range of 10-
100 km. Consequently, the use of very large telescopes is unsuitable for VAHCOLI, given
the significant solar background they entail.

These telescopes must ensure maximal transmission of the signal to the system’s detectors
across the entire measurement spectrum, while simultaneously enabling the utilization of
small fields of view to effectively reject daylight interference. Figure 4.2 illustrates simula-
tion results that estimate these parameters for telescopes of varying sizes. The simulations
assess the impact of various optical phenomena on the ideal field of view.

In panels (a) and (b), the simulations demonstrate broadening effects on the field of view
for telescopes with clear apertures of 200 mm and 500 mm, respectively. The factors incor-
porated in these simulations include a constant point spread function of 5 yrad, indicative
of the optical quality of the telescope, the Airy diffraction disk related to the telescope
diameter, laser divergence, atmospheric image size, and astronomical seeing conditions.
For seeing conditions, a typical Kiihlungsborn scenario with poor visibility of 4 arcsec-
onds is assumed, resulting in an image blur of 13.7 urad. From all blurring effects, the
total blurring angle is calculated in the form of the FWHM of the convolution of the in-
dividual curves (dashed blue line). The simulations determine the optimal field of view
for each telescope, defined as the field that encircles 95.6% (with minor deviations due to
numerical methods) of the energy backscattered from an altitude of 10 km. For the 200
mm telescope, an optimal field of view of 64 urad is calculated, while the larger 500 mm
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telescope requires a broader field of view of 92 urad to capture the same percentage of
backscattered light.

Panel (c) of Figure 4.2 presents the altitude-dependent effects of telescope defocus and
the combined impact of the geometrical size of the laser in the sky and laser divergence,
resulting in angular blurring for the two telescopes, both focused at an altitude of 30 km.
Although the 200 mm telescope exhibits less defocus blurring compared to the 500 mm
telescope, it is more significantly impacted by the laser image in the sky due to higher
laser divergence resulting from its smaller laser beam diameter. Panel (d) illustrates the
overlap function for these two effects at a fixed field of view of 50 urad for both the 200
mm and 500 mm telescopes, highlighting the larger variation in signal strength across the
measurement altitude range in the larger telescope.

The total blurring angle and the calculated optimal field of view, considering the various
optical effects, are displayed in Panel (e) for telescope sizes ranging from 50 to 800 mm.
A distinct minimum in the optimal field of view is observed around the 200 mm telescope
size. This translates to a peak in encircled energy at a fixed field of view size of 50 urad
for the 200 mm telescope, as shown in panel (f). Panels (g) and (h) also exhibit a similar
maximum around the 200 mm size in terms of the optimal telescope field of view and the
encircled energy within a 50 urad field of view, under varying seeing conditions. Based on
these analytical findings, it can be inferred that a telescope with a clear aperture of 200 mm
is capable of operating with a small field of view, providing efficient daylight rejection,
while also ensuring minimal signal strength variations across the altitude range. Therefore,
under the specified conditions for the lidar instrument, a telescope size of approximately
200 mm is deemed optimal.

Notably, the optimal FOV and telescope size depends on the observed altitude range due
to the defocusing effect. The image size is given by the M? factor of the laser and the
beam diameter of the emitted laser. The smallest FOV is achieved if the laser divergence
and diameter is adapted to the altitude range, which is not possible for the VAHCOLI
instruments due to the secondary mirror obstruction of the 500 mm mirror telescope?.
The 500 mm vertical telescope of the VAHCOLI units was integrated into the system in
the original design, before the calculations presented in this chapter were done. Replacing
the vertical telescope with a more optimal 200 mm lens telescope allows for the reduction
in the FOV by optimizing the laser diameter for this altitude range; an approach which will
be used in follow-up projects. The minimum laser divergence for a given diameter is also
wavelength dependent, which is beneficial for lidars operating in the UV, since the image
size can be reduced.

Additionally, the adoption of a smaller telescope size aligns well with the objectives of
achieving compactness and cost-effectiveness, key aspects stemming from the network-
centric approach embedded in the instrument’s design.

4.3.3 Lens Telescope Design

In the development of the multi field of view upgrade for the VAHCOLI lidar system,
a significant challenge encountered was the absence of commercially available lens tele-

2The secondary mirror of a mirror telescope prevents the emission of the laser on the optical axis of the
telescope, since it would cause the power laser to be reflected back into the system.
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Figure 4.2. Results of a simplified simulation program to determine the optimal telescope
diameter. (a),(b) Estimated FOV divergence due to diffraction, laser divergence and image,
seeing and telescope defocus effect for two telescopes with 200 mm and 500 mm aperture.
The optimal telescope field of view is highlighted by the green box. (c) Altitude dependence
of the divergence component introduced by the defocussing and image of the laser beam in the
sky for the 200 mm and 500 mm telescope. (d) Altitude dependence of the energy encircled
in a 50 prad field of view for the 200 mm and 500 mm telescope. (€) Telescope diameter
dependence of different divergence components together with the resulting optimal field of
view. (f) Telescope diameter dependence of the energy encircled in a field of view of 50 urad
under seeing conditions, typical for Kihlungsborn. (g) Ideal field of view in dependence of
the telescope diameter and the seeing conditions. The black line marks seeing conditions,
typical for Kiihlungsborn. (h) Energy encircled in a 50 urad field of view in dependence of the
telescope diameter and the seeing conditions. The black line marks seeing conditions, typical
for Kiihlungsborn.
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scopes that could meet the specific requirements outlined above. The available commercial
lens telescopes with the necessary aperture typically feature front lenses with focal lengths
significantly over 1000 mm, making them unsuitable for integration into our system. Al-
though there are commercially available mirror telescopes with the required aperture size
that are sufficiently compact, the obstruction by the secondary mirror significantly reduces
signal strength and contrast. This issue is especially pronounced in smaller aperture mirror
telescopes due to a higher relative obstruction compared to the free aperture, which is a
major limitation of the 500 mm telescope within VAHCOLI for the vertical observations.
This necessitated the custom design of a lens telescope tailored to our specific needs.
Owing to the scarcity of commercially available lenses with a diameter of 200 mm or more,
the front lens of the telescope was selected first. The choice fell on a polished condenser
lens from Edmund Optics, with a diameter of 250 mm, a focal length of 500 mm, and
made from N-BK7 substrate. The optical design and ray tracing software OSLO was then
employed to simulate various configurations of commercially available optical elements
with the objective of optimising the telescope’s optical quality. The OSLO setup consisted
of a homogeneously illuminated field of view of 33 yrad at infinity, with a wavelength of
770 nm, and a 200 mm entrance aperture. The simulations extended beyond the telescope,
including the complete optical system from the front lens to the surface of APDI1. The
primary objective was to minimize the geometrical rms size of the image on the APD,
while avoiding vignetting in both the telescope and the detection bench. As a secondary
measure of optical quality, the configurations were evaluated based on the calculated point
spread function of the telescope and the resulting encircled fractional energy.

Several combinations of commercially available lenses were tested using the software,
with the most significant challenge being the strong spherical aberrations introduced by
the large, strongly curved spherical front lens.

The final configuration, based on the simulations, comprised five commercially available
lenses that produced the required optical quality, with a geometrical rms spot size close to
the diffraction limit, as shown in Figure 4.3. The lenses were arranged into three groups:
The first group contained only the front lens. The second group included two field lenses, a
plano-concave lens with a 2-inch diameter and a focal length of -75 mm made from N-BK7
(Thorlabs LC1315-B), and a plano-concave lens with a 2-inch diameter and a focal length
of 100 mm made from fused silica (Thorlabs LLA4545). The third group contained two
optical elements, a one-inch achromatic doublet with a focal length of -50 mm (Thorlabs
ACN254-050-B) and a negative meniscus lens to adjust the exit beam diameter with a
focal length of -300 mm (Thorlabs LF1015-B). The final layout of the optical components
is visible in the bottom left panel of Figure 4.3.

The finalization of the telescope design was accomplished using the 3D modelling soft-
ware OpenSCAD. A cross-sectional view of the 3D rendering of this finalized design is
displayed in the right panel of Figure 4.3. During the design phase, particular emphasis
was placed on mitigating turbulence between the front lens and the field lenses. This was
achieved by implementing the cooling solution described in Section 4.6.1. The telescope
housing was also specially contoured to facilitate easy insertion into the telescope holders,
ensuring self-alignment within these holders to maintain the correct measurement geom-
etry.

The construction of the telescope body involved a combination of additive manufacturing
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Figure 4.3. Images highlighting the design process of the lens telescopes. top left: Spot size
diagram, as calculated using the OSLO raytracing software. The geometrical RMS R size is
an essential parameter for the optimisation of the design. bottom left: The two dimensional
lens layout from the OSLO software. The lens surfaces are shown in black, rays simulated by
OSLO are shown in blue and green. right: Cut through the final CAD model of the telescope
including the telescope body, with measures for turbulence reduction and ventilation.

techniques and aluminium optical system components, sourced from Thorlabs. The front
lens is securely fastened to the main body of the telescope using a 3D-printed screw ring.
This main body serves as the connecting piece between the front lens and the field lenses.
The assembly housing the field lenses is contained within a separate 3D-printed holder,
which can be conveniently attached to the main telescope body via 3D-printed threads.
A two-inch Thorlabs tube is then affixed to this field lens group holder. The focusing
mechanism of the telescope is implemented using a two-inch fine-thread tube. Lastly, the
third optical group is entirely supported within a one-inch Thorlabs tube.

In order to assess the optical quality of the constructed telescopes, an autocollimation
setup was implemented on an optical table. This setup, detailed in Appendix A, employs a
collimated laser beam that passes through the telescope, reflects off a large planar mirror,
and then travels back through the telescope to a camera. This double pass through the
telescope magnifies the impact of any optical aberrations. The optical quality is assessed
by comparing camera images of the laser beam with and without the telescope in its path,
as shown in Figure 4.4. Analysis of these images involves fitting a Gaussian function to the
intensity profiles captured by the camera to determine the Full Width at Half Maximum
(FWHM) size of the beam. The beam’s spot size without the telescope’s influence is
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approximately 18 ym, while with the telescope, it increases to about 21 ym.
Using the convolution rule for two Gaussian functions, the FWHM of the telescope’s point
spread function (PSF) can be estimated as follows:

FWHMpgp = V20.762 — 17.942ym ~ 10.5um. 4.5)

This value closely aligns with the geometrical RMS radius of the spot, which is 10.85 ym
as per the OSLO raytracing results. While the comparison is not exact, due to the double
transmission through the telescope in the autocollimation setup and the general limitations
of the setup introduced by the pixel size of the camera (5.2 ym) and possible nonlinearities
in the intensity measurement, the similarity of the results indicates that the constructed
telescopes are in good agreement with our theoretical calculations. For comparison: The
aperture in the detection bench has a size of 100 ym, only approximately nine times the
theoretical RMS radius of the spot. This is why this measure is of such importance.
Apart from the verification of the OSLO calculations, the autocollimation setup is used for
the quality control of the individual telescopes and to set the focus points of the telescopes
to infinity. For the final MultiFOV upgrade 6 lens telescopes (4 final, two spares) were
build and tested, with all of them showing similar quality.
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Figure 4.4. Results of the autocollimation measurement for the telescope with serial number
SN1. left: Images of the beam, when focussed onto the camera. On the top is the image as
produced by only the laser beam, on the bottom the image produced by the laser beam after
being transmitted twice through the telescope. right: Gaussian fits through the normalised
intensity profiles of the spots, together with the calculated FWHM size of the spot. The cut
through the spot which is used for the intensity profile is indicated by the red lines in the left
panel.

4.4 Beam Switching

For the multi field of view upgrade of the VAHCOLI instrument, a rapid and efficient
method for transitioning between different fields of view is crucial. Given the alexandrite
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Figure 4.5. Schematic drawing of the beam switching as done by the laser. For readability
only two of the four tilted telescopes are shown. The beam switching of both the detection
bench and the laser beam is done via the combination of a 2-axis galvanometer scanner and
the distribution terminal (grey). In the bottom left panel the switching between two fields of
view is shown, as measured with two photodiodes and an oszilloscope.

ring laser’s repetition rate of 500 Hz and atmospheric measurements extending up to 150
km (corresponding to approximately 1 ms of travel time for light), there is only a 1 ms
window available for beam switching. Any delay beyond this window could result in lost
pulses, potentially distorting the measurement data and risking damage to parts of the
system not designed to withstand laser impact. To address this, a two-axis galvanometer
scanner has been implemented. Its performance, including switching speed, accuracy,
long-term stability, and oscillation behavior, was extensively tested in a laboratory setting
to ensure its efficacy for the task.

During the evaluation, the scanner demonstrated its ability to meet the switching speed
requirements efficiently, showcasing stable oscillation behavior. It accomplished the tran-
sition between two fields of view in approximately 0.4 ms, as depicted in the bottom left
panel of Figure 4.5, with minimal oscillations of 1.2 mrad—equivalent to about one field
of view post-telescope beam widening. These oscillations were dampened by a factor of
0.5 within 0.3 ms. Moreover, the tests revealed no significant long-term drift in the scan-
ner’s pointing accuracy, ensuring its reliability for extended atmospheric measurement
campaigns.

The scanner has been integrated into the core unit of the VAHCOLI system, as shown in
Figure 4.6 and 4.8. It is responsible for switching both the field of view of the detection
bench and the laser. The distribution of laser beams to the individual telescopes is facili-
tated by additional mirrors located in the core unit and the MultiFOV upgrade, a schematic
drawing of this distribution is shown in Figure 4.5. Control of the scanner is directly man-
aged by the unit’s measurement PC, through two analogue signals ( 8; & 6, in Figure 4.5)
generated by the measurement cards. This setup ensures precise synchronization of the
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scanner’s movement with the laser firing, with the additional capability to optimize over-
shooting of the scanner during switching via optimized control signals generated every 66
ns.

Integrating the scanner and additional optics into the emission compartment of the core
unit necessitated a substantial redesign of the system’s emission section. Due to space
constraints on the original breadboard, the scanner was positioned above the initial optical
plane. During this redesign process, a motorized mount for the 1/4 plate was incorporated,
facilitating automated polarization/depolarization measurements.
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Figure 4.6. Image of the beam switching section as implemented in the VAHCOLI 1 & 2 units.
The beam enters the section through the PBS is then diverted upward through the motorised
A/4 plate and into the scanner. The scanner steers the beam via an elliptical 1-inch mirror
onto the different positions of the distribution terminal.

4.5 MultiFOV Housing

The housing for the MultiFOV upgrade of the VAHCOLI instrument was designed using
a combination of OpenSCAD and SolidWorks as 3D modeling programs. The L-shaped
housing is mounted to the northeast of the core unit, with the telescopes pointing towards
north, south, east and west. Its main structural components are two integral telescope
holders, one of which is shown in Figure 4.7, each capable of holding two telescopes in
an angle of 30° off zenith. These holders are produced using large-scale 3D printing as
monolithic parts, eliminating the need for additional assembly steps and thus ensuring the
precise positioning of the telescopes once mounted. The telescope holders are affixed to
the sides of the core unit, utilizing the existing mounting points originally designed for
the system’s side panels. For enhanced structural stability, the holders are interconnected
using 12 M6 bolts.
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Figure 4.7. Image of one of the monolithic telescope holders of the MFOV upgrade, with one
of the lens telescopes installed in the right telescope bay. The 95x28x72 cm piece is 3D printed
in 16 days using 17 kg of thermoplastics (BigRep PLX).

The base of the telescope holders is reinforced with two 3 cm thick, 3D printed base-
boards, which serve as the mounting platform for the optics responsible for beam distri-
bution. The upper section of the MultiFOV housing is sealed with additional 3D printed
panels, equipped with motorised hatches. Surrounding the MultiFOV housing, 3D printed
cassettes filled with 2.5 cm thick Basotect insulation material are mounted on all sides for
thermal management.

The design of the MultiFOV housing also accommodates space for various additional sen-
sors, such as a weather station, an ADSB antenna for air safety, and extra temperature
sensors. To mitigate the risk of overheating during summer conditions, a 120 mm fan is
installed on the north side panel. This fan not only cools the housing, but is also strate-
gically positioned to disrupt air turbulence over the telescopes, providing a steady airflow
across the front lenses. For use in colder weather, heating strips have been added to the
telescope mounts to avoid fogging of the telescope lenses.

Figure 4.8 displays the MultiFOV upgrade as mounted on the VAHCOLI 1 unit, as seen
in the left panel. The insulation panels enveloping the entire housing of the upgrade have
been fabricated from white PETG, chosen for its high reflectivity. This material choice is
critical in minimizing the heating of the housing due to solar radiation. Positioned atop
the MultiFOV housing are the additional weather station and ADSB antenna, as depicted.
The right panel of Figure 4.8 offers a clear view of the telescope configuration within
the housing. The telescopes are oriented at a 30° angle off zenith, with the beams from
the north and south, and the east and west beams intersecting. The CAD representation
illustrates the laser beams at the center of the lens telescopes. However, during actual
operation, the beams exit the lens telescopes off-axis. This off-axis emission is necessi-
tated by the secondary mirror of the vertical telescopes, which would otherwise obstruct
an on-axis emission.
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Figure 4.8. Image and CAD drawing of the Instrument with the attached MultiFOV upgrade.
left: Photograph showing the VAHCOLI 1 unit with the mounted MultiFOV upgrade. In
the background the VAHCOLI 0 prototype unit is shown, which lacks the MultiFOV upgrade.
right: CAD drawing showing the configuration of the MultiFOV upgrade. The position of
the scanner is marked. Parts of the core unit, all walls, and the integral telescope holders are
hidden for visibilty.

4.6 Further Modifications

The MultiFOV upgrade significantly enhances the VAHCOLI lidar system, yet additional
modifications beyond this upgrade have also improved the system’s functionality and per-
formance. This section outlines key design changes from the VAHCOLI 0 prototype,
which, while not part of the MultiFOV upgrade, have positively impacted the develop-
ment of the VAHCOLI 1 and VAHCOLI 2 units.
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4.6.1 Telescope Temperature Management

<~ cooling channel. £

Figure 4.9. Parts of the telescope temperature management system. top: Tube of the central
telescope with the cooling solution installed. bottom-left: Macro photography of the black
PETG insert, with a cooling channel visible on the left side. bottom-right: Macro photography
of a piece of the clear PETG telescope wall, showing the rifled microstructure.
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In the VAHCOLI O prototype, significant thermal challenges were encountered, particu-
larly under summer daylight conditions. The vertical telescope tube experienced tempera-
tures exceeding ambient by over 40 K, leading to a substantial reduction in signal strength.
This was primarily attributed to the formation of turbulence inside and above the telescope
tube and the resultant deterioration in seeing conditions within the field of view. Address-
ing this issue was crucial for the development of future systems, necessitating measures
to mitigate the excessive heating of the telescope tube by sunlight. While an initial con-
sideration was to change the material used for the telescope’s construction to reduce the
absorption of sunlight, subsequent laboratory testing indicated that telescope walls with
integrated cooling air channels were far more effective in reducing the thermal impact.
In response to the thermal challenges identified in the VAHCOLI 0 prototype, a new de-
sign for the telescope tube insert was developed, integrating additional insulation with air
cooling capabilities for the telescope walls. This design consists of an inner wall layer
made of BASOTECT insulation, secured by a structural component. The structural part,
3D-printed from black PETG, incorporates one of the two cooling channels, as illustrated
in the bottom left panel of Figure 4.9. The second cooling channel is formed by plac-
ing a thin-walled tube of clear PETG inside the insert, where 3D-printed spacers ensure
separation between the clear and black PETG layers. The clear PETG wall is engineered
with a distinctive riffled microstructure, illustrated on the right side of Figure 4.9, aimed
at reflecting the majority of incoming sunlight back towards its source. This is achieved
by alternately shifting the 0.8 mm thick walls by 0.2 mm radially inwards and outwards for
every 0.4 mm layer. Consequently, the surface of the cylinder features riffles each with a
depth and width of 0.4 mm. This configuration allows the sunlight entering the telescope
tube to be either reflected by the rifled clear PETG or transmitted through it, minimizing
energy deposition into the material. Light that is transmitted is then absorbed by the black
PETG layer behind the clear wall, reducing stray light infiltration. The black PETG layer,
which absorbs solar radiation, is cooled by the dual air channels on both sides, effectively
dissipating heat and preventing the heating of the clear inner wall of the telescope, thus
mitigating turbulence generation.

To prevent the formation of hotspots on the telescope wall, considerable emphasis was
placed on ensuring the uniformity of the cooling air stream. This objective was achieved
through optimization of the airflow in the Smm wide cooling channels, using computa-
tional fluid dynamics (CFD) simulations. These simulations were conducted with HELY X-
OS and OPENFOAM software. Various wall configurations were evaluated until a con-
figuration that yielded a sufficiently homogeneous airflow was identified, as depicted in
Figure 4.10. Post-construction of the VAHCOLI 1 unit, the uniformity of the airflow was
verified using a hot wire anemometer. Measurements indicated wind speeds within the
cooling channels ranging from 0.6 to 1 m/s, achieved using two radial fans to facilitate air-
flow. Subsequent testing in summer conditions demonstrated that the redesigned telescope
wall for the vertical field of view reduced temperatures over ambient by 75%.
Additionally, the tilted lens telescopes of the MultiFOV upgrade have been fitted with this
thermal control solution to mitigate turbulence, particularly between the front lens and
the middle group. This is crucial for the south-facing telescope, which is at risk of direct
exposure to the sun. Without adequate cooling, such exposure could potentially cause the
3D printed body of the telescope to melt.



3D-lidar observations: Vertical Telescope Optimisation 48

Figure 4.10. Output of HELYX-QOS, displaying the results of the OpenFOAM CFD simulations.
left: Airflow through the double walls without any additional measures taken to generate a
homogeneous flow. right: Airflow through the double walls with additional nozzles for the
homogenisation of the flow.

4.6.2 Vertical Telescope Optimisation
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Figure 4.11. Results of the FEM simulations using the simulation suite of SOLIDWORKS 2023
left: Mirror deformation when using the old mirror support right: Mirror deformation when
using the new mirror support.

In the VAHCOLI 1 & 2 units, several improvements have been made to the vertical point-
ing telescope compared to the VAHCOLI O prototype. Alongside the introduction of the
turbulence mitigation insert, as detailed in the previous section, the design of the telescope
was further refined. The number of spokes holding the secondary mirror and the focus as-
sembly was reduced from four to three, aiming to minimize the obstruction of the primary
mirror, as can be seen in Figure 4.9.

Separately, the support structure of the primary mirror was re-evaluated due to concerns
identified in the VAHCOLI O telescope. In the original design, the support mechanism for
the primary mirror was suspected of causing signal loss, potentially due to the mechanical
stress it imposed on the mirror. To address this issue, the SOLIDWORKS 2023 simulation
suite, utilizing finite element methods (FEM), was employed to analyze the deformation of
the primary mirror within its support. FEM simulation results (Figure 4.11) indicated that
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the initial support caused a deformation in the primary mirror of approximately 325 nm,
about half the wavelength of the laser. Based on these findings, a new support design was
developed using FEM simulations, successfully reducing mirror deformation to 35 nm,
which is less than one twentieth of the laser wavelength. This improved level of deforma-
tion is considered acceptable for telescope operation and was thus incorporated into the
construction of the VAHCOLI 1 & 2 units.

4.6.3 Alexandrite Laser and Cooling

For the VAHCOLI 1 & 2 units the design of the alexandrite ring laser has been changed,
compared to the two different laser designs which were tested with the VAHCOLI 0 pro-
totype and are described in Froh (2021) and Liibken and Hoffner (2021). The changes to
the design include the use of a new diode pump module and a significant redesign of the
laser oscillator and are detailed in Munk et al. (2023). These changes result in an increased
laser power of 1.5 W and 2.4 W respectively in the new lidar units, which translates to an
increase of 70% and 174% compared to the 0.875 W generated by the laser last used in
the prototype unit, while retaining the excellent spectral properties and the beam quality.
The increase in performance in the VAHCOLI 2 laser was accompanied by an increase in
the repetition rate from 500 Hz to 750 Hz, which increases the demands on the switching
speeds of the scanner. The new lasers utilise water cooling for the temperature control of
the alexandrite crystal, and thus the demands on the cooling system of the units is also
increased. An active cooling solution is employed using a customised Termotek P802
cooler, which is not only used for the cooling of the laser components, but for the cool-
ing of the entire housing, replacing the previous air cooling solution and resulting in an
improved thermal stability inside the unit housing.

4.6.4 Software and Control System Updates

The data acquisition and control software for the new VAHCOLI lidar units has under-
gone a comprehensive redevelopment, transitioning from RAD Studio 10.3 Rio (DEL-
PHI), which was used in the VAHCOLI O prototype, to the Julia programming language
(Bezanson et al., 2017). Julia provides notable advantages in terms of usability and perfor-
mance, on par with languages like C or Rust, making it especially advantageous for scien-
tific computing thanks to its rich package ecosystem for advanced data analysis. This shift
has led to a significantly more efficient codebase, reducing the volume of required coding
by roughly a factor of five while achieving a twentyfold increase in processing speed for
data acquisition and system control. The revamped software is tasked with managing the
inputs and outputs of the system’s three fast measurement cards from Spectrum Instru-
mentation, in addition to facilitating real-time data analysis and overseeing closed-loop
controls for stabilizing the laser and filters. It’s engineered for minimal latency, essential
for synchronizing system components, and boasts a response time of 1 ms for closed-loop
control actions. To maintain this rapid response in closed-loop operations, the system
processes 1.2 GB/sec of data, utilizing complex numerical algorithms to control the lidar,
ultimately generating 114 MB/s of data in real-time. The software measures or gener-
ates approximately 25 signals, including the two analogue signals for the scanner, with
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all system signals synchronized to within a few nanoseconds. Beyond its core real-time
functionalities, the software also manages over a dozen auxiliary instruments integral to
the lidar’s infrastructure, such as weather stations and motors for roof operation, ensuring
24/7 control and system automation.

The updated software now facilitates beam switching for the MultiFOV upgrade, coordi-
nating seamlessly with the power laser’s frequency scanning. It oversees a frequency scan
cycle that spans 400 frequencies in 0.8 seconds. Following this cycle, the scanner transi-
tions to the next field of view within 1 ms, just in time for the emission of another power
laser pulse into the newly targeted field of view. Moreover, the software has been expanded
to incorporate data from additional sensors introduced with the MultiFOV upgrade, such
as the ADSB antenna, weather station, and camera.

The new software is also tailored towards automatic and unattended operation. Using the
data from the weather station on the MultiFOV upgrade, the system can decide indepen-
dently to start a measurement and to stop it, when the weather conditions prohibit further
operations. During operation, the position of nearby planes is continuously monitored us-
ing the transponder signals received with the ADSB-antenna and the vertical pointing air
safety camera. In case of a plane detected in a radius of 10 km around the instrument, the
laser is immediately pointed to a beam dump inside the system using the galvanometer
scanner, in order to block the laser and thus prevent any danger by laser radiation for the
planes pilots and passengers, while keeping the laser itself running. Once the plane clears
the danger area, the laser is automatically released into the sky again.

4.7 Instrument Setup

In preparation for measurements the system is setup up on the test range in Kiihlungsborn.
The whole system has to be turned around the vertical axis until the instruments north
telescope is pointing exactly towards north. This is done using the systems wheels and
a compass initially and can be verified by targeting polaris under clear sky conditions at
night. For accurate measurements, especially of vertical winds, it is important to ensure
the vertical pointing of the telescope. This is done by using an internal 2-axis inclinometer
(Posital ACS-080), mounted to the top layer of the instruments frame, and adjustable feet.
The feet are then adjusted using a wrench until the inclinometer indicates, that the instru-
ment is perfectly levelled. After the setup, the alignment and levelling of the instrument
can be verified using the vertical pointing air safety camera, by taking a picture of the night
sky and, from the position of the stars, calculate the orientation of the camera and thus the
instrument, using a plate solving software, such as Tetra3 or Astrometry.NET. The used
inclinometer provides an accuracy of 0.1° for the vertical pointing and the accuracy of the
instruments orientation from plate solving is estimated to be better than 0.2°, based on the
pixel size of the camera and the used lens. Since the telescopes themselves are mounted
directly in monolithically 3D-printed holders, their pointing accuracy is on the same order
as the accuracy of the 3D-printer, which is estimated to be ~2 mrad.

Figure 4.12 shows the system on the test range in Kiihlungsborn in operation, after being
successfully aligned to north and levelled. The laser beam emitted along the five fields of
view is clearly visible.
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Figure 4.12. Full spectrum photography of the VAHCOLI 1 unit with the mounted MultiFOV
upgrade in operation. © Fraunhofer ILT, Aachen / Ralf Baumgarten*



5 3D-Wind Measurements Based on
Mie-scatter

This chapter is based on the publication Mense et al. (2024).

5.1 Methodology

5.1.1 Retrieval of Horizontal and Vertical Winds from the Lidar Data

VAHCOLI is a frequency scanning lidar, which measures the spectra of the backscattered
signal (von Zahn and Hoftner, 1996; Hoffner et al., 2021; Liibken and Hoftner, 2021).
For the measurements presented in this chapter, the Mie channel of the system has been
used. Mie scattering provides the best wind measurements up to 25 km due to its very
narrow spectrum, but is limited in the lower stratosphere by the decreasing concentration
of aerosols. Above typically 25 km, the aerosol density drastically drops, giving an upper
altitude limit for the use of this method.

For data processing the individual pulse raw data, produced by the system with a time reso-
lution of 2 ms and an electronic altitude resolution of 1 m, are first converted to backscatter
spectra with an integration time of 2 minutes and a height resolution of 1 m for each indi-
vidual field of view. The laser pulse itself has a length of approximately 165m (full width
at half maximum) in the atmosphere. In order to improve the statistics for the analysis,
these spectra are then integrated in time and altitude with a floating window to the wanted
final resolutions of the data. Unless stated otherwise, an integration window of 2 hours
and 1000 m is used, which is moved in 2 minute and 100 m steps to take measurements up
to 25 km. A shorter integration results in a reduced altitude coverage. Winds are derived
from the Mie backscatter spectra by fitting a Voigt-function with a linear background to
each height channel, with an example of this fit shown in Figure 5.1. The addition of the
linear background in the fitting routine is important, since the background in each altitude
channel is not primarily given by the solar radiation or dark count rate of the detectors, but
by the altitude dependent Rayleigh backscatter. The laser’s spectral shape was determined
to be close to a Voigt function with a spectral width of * 3 MHz (FWHM) through lab
measurements (Munk et al., 2023). The detection filter employed for Mie scattering is a
confocal etalon and thus features an airy function as a filter curve, which close to the peak
can be estimated by a Lorentzian. The atmospheric broadening, corresponding to wind
fluctuations, is simply assumed to follow a Gaussian distribution. Hence, the convolution
of a Voigt function, a Lorentzian function, and a Gaussian function yields another Voigt
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Figure 5.1. Example of the spectrum measured from 9.25 km to 10.25 km with an integration
time of 20 minutes in the north field of view, together with the fitted Voigt function in
clear air (left) and in a cirrus cloud (right). Corresponding signal-to-noise ratios (SNR =
PeakSignal /Background) and errors in frequency offset and winds derived from the fits are
shown in the inlets. It is important to note, that the main contributor to the background
is Rayleigh scattering and not the solar radiation, due to the strong suppression of the solar
background by the confocal etalon.

function. Notably, the instrumental properties such as confocal etalon and laser line shape
are measured in parallel to the atmospheric measurements with high accuracy. The analy-
sis can be therefore assume theoretical line shapes as discussed and validate them against
the spectra measured in parallel.

From the Doppler-shift, A f, given by fitting a Voigt function to the measured spectra, the
line of sight wind can be derived by rearranging the Doppler-shift equation to v;5g =
Af/(2fy) - c with ¢ the speed of light and f, the fundamental frequency (e.g. the laser
frequency). This line of sight wind can be decomposed into a vertical and a horizontal
component using vy gg = Uy - €08(30°) + vy, - sIn(30°). Since both the vertical and
four off-zenith line of sight winds are measured simultaneously, we can solve for the hor-
izontal component under the assumption, that the vertical wind in the tilted fields of view
is the same as in the vertical field of view. This approach is valid for the longer inte-
gration times used (=2 h). It is important to note, that the wind measurement using Mie
scattering is based on a relative measurement of the Doppler-shift. This is done by com-
paring the measured backscatter spectrum to the reference spectrum within the system, as
described by Liibken and Hoffner (2021). Due to the instruments’ capability to do res-
onance measurements, the laser wavelength of 769.898 nm is known from the usage of
potassium saturation spectroscopy as an absolute wavelength reference, even though the
Mie-Doppler measurements do not strictly require this precise knowledge of it.

The error estimate for the line of sight winds (o,,) 1s derived from the error estimate of
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the Doppler shift (6, s) using the propagation of uncertainties (o, = 657 - ¢/(2f))). oay
is a product of the fit routine, which uses the least square fitting of the spectrum, with the
standard deviation of each fit parameter being the square root of the corresponding diag-
onal element of the covariance matrix (Hansen et al., 2013). This requires an estimate
for the error of the photon counts, (n), in each frequency bin of the spectrum. For this,
a Poisson distribution with a width of ¢, = \/; is assumed. The precision of the result
of the fit benefits from the very narrow spectral shape of the received Mie signal and its
high edge steepness which facilitates precise determination of the Doppler shift. Together
with the suppression of the background Rayleigh signal, the number of needed photons
is significantly reduced to achieve acceptable wind errors compared to traditional DWL
systems (Hoffner et al., 2021).

Figure 5.2 shows this connection between the measured spectrum of the Mie scattering,
the calculated line of sight wind and the error estimate. A change of the peak position in
the measured spectrum (top left) results in a change in the calculated wind (bottom left).
Black lines in the background of the spectrum correspond to the presence of cirrus clouds,
which significantly increase the signal to noise ratio of the spectrum and thus reduce the
calculated error of the measurement. This leads to a double distribution of the wind error
visible in the bottom right of Figure 5.2. With one peak around 0.15 m s~! produced by
measurements with cirrus clouds and one peak around 1.15 m s~! from measurements
without cirrus clouds. Figure 5.1 shows an examples of each of these cases. The clear air
case shows a low signal to noise ratio of 4.2, resulting in an error estimate of the Doppler-
shift of 1.6 MHz and thus a wind error of 0.6 m s~!. In the case of a cirrus cloud the signal
to noise ratio drastically increases by more than an order of magnitude, resulting in an error
estimate of the Doppler-shift of 0.2 MHz and thus a wind error of less than 0.1 ms™!. In
cirrus clouds and other strong aerosol loads the integration in time and altitude can be

significantly reduced, while maintaining wind errors below 1 m s~!.

5.1.2 ECMWF and Aeolus Winds

In this work ECMWF winds are utilised in two distinct approaches. Firstly, the ECMWF
winds interpolated to the instrument’s location are directly (see Fig. 5.4, 5.5 and 5.6). Sec-
ondly, to achieve a more comprehensive comparison with the individual fields of view, the
ECMWF winds were interpolated and sampled along simulated beams of the lidar mea-
surement (see Fig. 5.2, 5.7 and 5.8). This interpolation and sampling process is very
important due to the increasing horizontal distance between the beams at higher measure-
ment altitudes. At a height of 20 km, the separation between two opposite fields of view
reaches 23 km, exceeding the ECMWF horizontal resolution of about 9 km. In both cases
an observational filter is applied to match the lidars altitude and time resolution.

The Aeolus data has been reprocessed using the Aeolus processing baseline 2B15 and
regridded to an altitude resolution of 1 km, as in Banyard et al. (2021). Only Rayleigh-
clear winds are used due to the scarcity of Mie-cloudy winds. It is worth noting here, that
Aeolus winds and ECMWF winds are not necessarily independent, since Aeolus data was
assimilated into ECMWF on a regular basis.
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Figure 5.2. Connection between measured spectra, calculated wind and wind error. top left:
Example of an atmospheric spectrum measured between the 16th and 18th of December 2022
with the north-facing telescope integrated from 9.25 km to 10.25 km, a gridded time resolu-
tion of 2 minutes and an integration time of 20 minutes. The purple and black regions in the
spectrum plot represent background, comprising mostly Rayleigh scattering. The black corre-
sponds to the cirrus clouds seen in Fig. 5.3 which result in a higher SNR value. centre left:
Signal-to-noise ratio (SNR) calculated from the spectrum above. bottom left: Calculated
lidar average wind speed (blue), based on fitting a Voigt function and a linear background
to the spectrum, together with the wind error estimate (orange), which most of the time at
line strength of the wind speed. The corresponding ECMWF-IFS wind time series is shown
for reference (green). A significant deviation of the measured wind and the ECMWF wind is
visible at the 18th December around 8:00 UT, probably caused by the much higher smoothing
in ECMWEF. bottom right: Histogram of the error estimate for the wind from measurements
with high (blue) and low (orange) aerosol loading.

5.2 Measurement Campaign Description

To acquire the measurements presented in this section, the VAHCOLI 1 instrument was
placed outside on a paved and fenced-in area, as described in Section 4.7. During the
measurement, the local weather conditions were monitored by a weather station situated
roughly 50 m away from the instrument. Over the course of the measurement, the air pres-
sure increased from 1000 hPa to 1024 hPa, the ground temperature was between -2 °C and
-8 °C and the relative humidity was high with values ranging between 75 and 100 %.

At the beginning of the measurement, the signal strength of all four oblique fields of view
was about a factor of 3 to 4 less than that of the vertical field of view (see Figure 5.3).
This is expected due to the smaller size of the lens telescopes. The signal intensity in the
meridional fields of view remained relatively stable throughout the measurement period,
whereas the zonal fields of view exhibited a pronounced decline in signal strength. This
signal decrease was due to icing and condensation occurring on the two zonal pointing tele-
scopes, caused by the cold temperatures and high relative humidity. An internal heating
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element was switched on for de-icing around 12:00 UT on the 17th, leading to an increase
in the signal of both telescopes. The signal in the westward pointing telescope only recov-
ered to 13 % of its initial value. As a result, our westward zonal winds have a lower top
altitude than our eastward zonal winds and both have a significantly reduced performance
with more data gaps compared to the meridional telescopes. During this measurement,
the planar etalon discussed in section 3.4 was not installed, leading to a slight increase in
the daylight background. Despite this, no significant performance drops connected to this
daylight background were observed.

Except for the icing problem, the system and the MFOV upgrade performed well with
no major problems or interruptions, even under these harsh winter conditions close to the
Baltic Sea. After this initial measurement campaign, the VAHCOLI 1 system remained in
operation and, as of June 2023, has accumulated more than 600 hours of measurements,
of which 85 hours were done in multi field of view mode.
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Figure 5.3. Backscatter signal of the vertical field of view (left) and backscatter signal at 5 km
in each of the five fields of view (right) from 16 December 2022 12:00 UT to 18 December
2022 12:00 UT. The data is smoothed by the 2 hours and 1 km integration window which
is shifted in 2 minutes and 100 m steps. The data is then converted to units of counts per
time per altitude. The signal increase at approximately 7-11 km at 00:00 on December 18th
is caused by the presence of cirrus clouds, which effectively improves the capability to measure
winds with the lidar. Due to a larger aperture the signal from the vertical FOV is generally
larger compared to the horizontal FOVs.

5.3 Results

5.3.1 Horizontal Winds

The horizontal winds from all four off-zenith lidar directions are shown in Figure 5.4, as
well as the corresponding wind time series from the ECMWF integrated forecast system
(ECMWE-IFS) interpolated to the location of the lidar. In the meridional wind, a large
change during the measurement is observed, which corresponds to small-scale wind vari-
ations associated with the edge of a developing high-pressure region, visible in weather
maps of this time period. While at the beginning of the measurement, the meridional
winds above 5 km are between 10 m s~! and 20 m s~! (northward), a wind reversal in the
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tropopause region is observed, with the winds exceeding -40 m s~! (southward).

In the zonal winds, the previously discussed signal losses are clearly visible as gaps in
the top measurement height. Despite the gaps, it was still possible to retrieve zonal wind
up to 15 m s™! or higher using the eastward-facing telescope during the majority of the
measurement. Here the wind peak in the tropopause region is also visible at the end of the
measurement, with winds reaching 40 m s~

A first qualitative comparison to the winds from ECMWF-IFS shows the same features in
zonal and meridional winds with similar amplitudes. A more quantitative comparison is

presented in section 5.3.3.
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Figure 5.4. Horizontal winds measured between December 16th 12:00 UT and 18th 12:00 UT
in the in the north/south/west/east fields of view (see plot titles) using a vertical integration
of 1000 m and an integration time of 2 hours. The corresponding meridional and zonal winds
from ECMWEF are shown in the two right-most panels. The integration window was shifted
in 100 m and 2-minute steps. Winds with a line of sight wind error of more than 2 m s~!
are masked. Meridional winds show a clear transition around the tropopause from mainly
southward winds at the beginning of the measurement to strong northward winds at the end
is visible. Gaps in the zonal wind FOVs are caused by reduced signal strength due to icing,
affecting especially the higher altitudes.

5.3.2 Vertical Winds

The vertical winds measured are shown in Figure 5.5. Overall, the measured vertical
winds show absolute wind speeds of 1 m s™! or less, with a clear separation in the be-
haviour between the troposphere and the stratosphere. While above approximately 11 km
the winds fluctuate due to the passage of gravity waves, below a constant background flow
of descending air can be observed. A possible influence of the horizontal winds due to
pointing errors will be discussed in Section 5.4. When comparing the measured vertical
winds with vertical winds from ECMWEF, differences are immediately apparent. ECMWF
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underestimates the vertical wind fluctuations by approximately an order of magnitude,
which is especially visible in the stratosphere. Additionally, ECMWF does not show the
same clear separation between the troposphere and stratosphere.
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Figure 5.5. Measured vertical winds (left) and the corresponding vertical winds from the
ECMWEF (right). The vertical winds in ECMWF are underestimated by approximately an order
of magnitude. In the upper troposphere a constant background flow of descending air can be
observed in the measured winds.

5.3.3 Comparison of Lidar Winds with ECMWF and Aeolus

The comparison of the mean winds during the measurement with the time-averaged ECMWF
data over the 48 h of the measurement (see Figure 5.6) shows good agreement of the
ECMWEF data with the measurement in the meridional direction.

The qualitative comparison presented in Fig. 5.4 shows that the wind pattern observed is
similar to the ECMWF zonal wind pattern. In the vertical winds the behaviour discussed
in section 5.3.2 is clearly visible, with downward winds in the lower part of the measure-
ments.

The comparison of the meridional winds measured along the north and south field of
view (see Fig. 5.7, top left) shows a systematic difference between the two fields of view,
with the winds in the north field of view being larger than in the south field of view.
This effect increases with altitude. The column mean of the time-averaged difference is
1.32 m s~! with a standard deviation of 0.88 m s~!. The same analysis of the interpolated
and beam-sampled ECMWF winds shows a similar trend, but much less pronounced (see
Fig. 5.7, top right), with a column mean of the time-averaged difference of 0.32 m s~! and
a standard deviation of 0.36 m s~.

The direct comparison of the time-averaged field of view difference in Fig. 5.8 highlights
this. In both the lidar measurements and the ECMWF data, differences of similar altitude
dependence are visible, but the difference between the north and south field of view is
much more pronounced in the lidar measurements.

The comparison of the meridional winds from the lidar measurement and ECMWF along
the individual fields of view (see Fig. 5.7, bottom) reveals a similar pattern. Along the
north field of view, the meridional winds measured with the lidar are slightly higher on
average than the winds in ECMWF but show excellent agreement in general. The column
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Figure 5.6. Meridional (left) and vertical (right) wind profiles measured (dashed grey lines),
together with the calculated mean (thick black line) from 16th 12:00 UT to 18th 12:00 UT, the
individual wind profiles from the ECMWF data set (dashed green lines) and the time average
ECMWEF wind profile (thick green line). The individual wind profiles indicate the variability of
the wind during the measurement period, with the highest variability in the meridional winds
around the tropopause region.

mean of the difference between lidar and ECMWF winds in the north field of view is
0.30 m s~! with a standard deviation of 0.36 ms™!. Along the south field of view, the lidar
measured winds are on average lower than the ECMWF winds, with a column average of -
0.93 m s~! with a standard deviation of 0.73 m s~!, and differences are more pronounced in
the time resolved heatmap. Especially in the stratosphere, the differences show an altitude
dependence, associated with the increase in horizontal distance between the fields of view
with altitude. Around the tropopause region, significant deviations are also observable.
For an additional comparison to a Doppler wind lidar, measurements from the Aeolus
satellite are used. The closest overpass occurred on 16 December 2022 at 16:40:55 UT
over the coordinates (54.615°N, 12.1785°E), so approximately 64 km from the VAHCOLI
test site. For the comparison, the VAHCOLI measurements were down-sampled, to match
the altitude resolution of Aeolus. The measured wind components were combined and pro-
jected to the horizontal line of sight of Aeolus. The distance between the Aeolus position
and the location of VAHCOLI 1 has been compensated by a time lag of 96 minutes, based
on the observed drift of wind features through the multiple field of view of the VAHCOLI
instrument. The comparison (see Figure 5.9) shows good agreement between the projec-
tion of the Aeolus HLOS measurement and the projection of the VAHCOLI measurements.
Using the 16:40:55 UT profile from Aeolus for statistical analysis of the deviation, like be-
fore, results in a standard deviation of 3.31 m s~! and a mean deviation of -0.12 m s~ !,
with the biggest differences occurring in the stratosphere. The average error estimate of
1.3 m s~! for the projected VAHCOLI wind is by a factor of 2.5 lower than the average
error estimate 3.3 m s~! for the Aeolus HLOS wind.
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Figure 5.7. Difference in meridional winds (Av) between 3 and 25 km altitude from 16th
December 12:00 UT to 18th December 12:00 UT, with altitude-dependent mean and standard
deviation up to 21 km. Top left: Lidar's north and south field-of-view difference (Av =
vlidar,north — vlidar,south). Top right: ECMWF's north and south FOV difference (Av =
vecmwf,north — vecmwf,south). Bottom left: Lidar vs. ECMWF north FOV difference (Av =
vlidar,north — vecmwf,north). Bottom right: Lidar vs. ECMWF south FOV difference (Av =
vlidar,south — vecmwf,south).
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Figure 5.8. Comparison of time-averaged differences between lidar measurements and ECMWF
winds along the north and south fields of view from 16th December 12:00UT to 18th December
12:00UT. Blue and orange lines depict mean difference, with shading indicating standard
deviation. The lidar data display altitude-dependent asymmetry in meridional winds between
the two fields of view.
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Figure 5.9. left: Comparison of the winds measured by Aeolus using Rayleigh scattering (blue
and orange line) and Mie winds measured by the VAHCOLI 1 lidar system (red line) together
with the winds from ECMWEF (green line). The difference of the lidar measurement and
the B profile from Aeolus is —0.12 +3.31 m s~ on average, with the best agreement below
15 km. The average error for the VAHCOLI winds (1.3 m s7!, red) and the Aeolus winds
(3.3 m s7!, blue) are marked. right: Map showing the integration areas for the two Aeolus
profiles (orange & blue boxes) together with the VAHCOLI beams (red lines) up to a height
of 25 km. (Map: © OpenStreetMap contributors 2023. Distributed under the Open Data

Commons Open Database License (ODbL) v1.0.)



3D-lidar observations: Discussion 62

5.4 Discussion

The lidar measurements during the period from the 16th December 2022 12:00 UT to
the 18th December 2022 12:00 UT, were successful with the system operating for more
than 48h. The measured winds in the two meridional fields of view show the same wind
pattern. The same is true for the zonal fields of view, despite the gaps in altitude coverage.
The pointing accuracy of the system’s field of views is estimated to be better than 0.5°,
based on the internal sensor and the accuracy of the 3D-printed construction. Due to this
and the narrow field of view (<30 mrad) a possible contamination of the vertical wind by
the horizontal wind components is expected to be less than 0.8% of the horizontal wind
speed. This is supported by the vertical winds in the stratosphere above 13 km, which are
zero on average, as expected.

Albeit the measured horizontal winds show convincing similarity to the winds reported by
ECMWEF, both qualitatively and quantitatively, a significant asymmetry of the wind field
in meridional direction is observed, which is not well represented in ECMWF. The effect
is too large to be caused by a pointing error since for a wind difference of this magnitude
between the fields of view a tilting error of 6° is required, which is much larger than our
estimated tilting precision of 0.5°. More likely, a true gradient in the wind field above the
lidar is observed, associated with the small-scale dynamics at the edge of a developing
high-pressure region. ECMWF maps of the meridional wind for the period indicate the
presence of such a gradient. It can be concluded that the ECMWF model is underesti-
mating the gradient in the wind field due to its 9 km grid spacing. This highlights the
importance of the multi-FOV Doppler lidar to measure variations in the transition region
between mesoscale and microscale (103 — 10* m horizontally). The assimilation of higher
quality, real-time wind measurements, as provided by a network of ground-based lidar
systems, will presumably improve the forecast capabilities of high-resolution numerical
weather prediction models, by providing information about these typically inaccessible
small-scale processes.

In the vertical winds, there are significant differences between measured and ECMWF
winds, with higher fluctuations and systematic deviations, especially in the troposphere.
As discussed before it is not likely that a contamination of the vertical winds by the hori-
zontal winds is the cause for these systematic deviations. Additionally, the negative verti-
cal winds in the troposphere are in agreement with the increase in air pressure measured at
ground level, discussed in section 5.2. The larger fluctuations in the vertical wind measure-
ments are expected since lidar measurement volume is much smaller than the model cell
size (about 9 km x 9 km in this case) and thus captures smaller scale dynamics that are not
captured in the model. The different sizes of the sounding volume and the model volume
might also explain other differences between the measured data and ECMWF data. This
underestimation of vertical wind speeds in ECMWF has also been previously reported and
discussed (Preusse et al., 2014).

The comparison to one profile of Aeolus winds shows a good agreement to our measure-
ments with an average deviation of —0.12 +3.31 m s~!. These values are well within
the values discussed previously by Martin et al. (2021) for the Aeolus measurements. In
general, the aerosol-based wind profiles from the VAHCOLI 1 instrument cover a larger
altitude range than the Rayleigh winds from Aeolus. The VAHCOLI instruments have
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been purposefully designed to integrate seamlessly into a European lidar network in the
foreseeable future. Even though IAPs goal for this network is to observe crucial dynami-
cal processes in the middle atmosphere (10-100 km), such as gravity waves and stratified
turbulence with sufficient temporal, vertical, and horizontal sampling and resolution, it
is also exceptionally well-suited to complement forthcoming Aeolus successor missions
(Litbken and Hoffner, 2021). While the satellites acquire top-down measurements and
sparsely sample multiple locations, the VAHCOLI instruments adopt an Eulerian refer-
ence frame, observing the atmosphere from the ground up and offering continuous mea-
surements. The assimilation of both the global wind measurements from satellites and the
ground-based lidar network measurements into forecast models such as ECMWF promises
significant enhancements to their capabilities, owing to the inherent complementarity of
these datasets.



6 Observation of Aerosol Properties

Aerosols play a crucial role in the physics and chemistry of the atmosphere. In the strato-
sphere, sulfate aerosols are generally considered the primary contributors to aerosol load.
These aerosols impact the Earth’s radiative balance, influencing atmospheric dynamics
by inducing a negative radiative forcing, which leads to surface cooling (Robock, 2000;
Timmreck, 2012). Stratospheric sulfate aerosols are also significant for atmospheric chem-
istry as they provide surfaces for heterogeneous chemical reactions and act as nuclei for the
formation of polar stratospheric clouds (PSCs). These clouds are critical in the depletion
of stratospheric ozone during winter and spring at high latitudes (Tritscher et al., 2021b).
A relatively new field of research is the effect of spacecraft reentry on aerosols in strato-
sphere and mesosphere. When spacecraft or other debris re-enters the atmosphere, they
produce metal vapours which condense into aerosols, adding anthropogenic material to
meteoric smoke particles (MSP). Already today, measurements show that about 10% of
the aerosol particles in the stratosphere contain anthropogenic material (Murphy et al.,
2023). The effect of this is still unknown. Together with the ever rising amount of rocket
launches, this calls for long term observations of aerosol properties.

For temperature measurements using Rayleigh-lidar, precise knowledge of aerosol contri-
butions to the overall backscatter is required, as uncorrected aerosol influence can signif-
icantly bias temperature readings, as demonstrated in Chapter 7. It is thus of high interest
to measure different aerosol properties using lidar.

6.1 Methodology

6.1.1 Retrieval of the Mie to Rayleigh Backscatter Ratio

For the retrieval of aerosol properties, such as the Mie to Rayleigh backscatter ratio (BSR),
from lidar measurements, it is necessary to distinguish between backscatter originating
from molecules and from aerosols. The VAHCOLI instruments accomplish this task by
leveraging the spectral properties of the two distinct scattering mechanisms, utilizing the
optical splitting method as described in Section 3.4.2. Examples of the resulting spectra
on detectors APD1 and APD?2 are depicted in Figure 6.1.

The spectra measured with APD1 contain both the Mie-signal and Rayleigh-signal trans-
mitted through the confocal etalon, along with the signal from the dark count rate of the
APD. Due to the ultra-narrowband filtering of this channel, the solar background is sig-
nificantly lower than the dark count rate and is thus negligible. As discussed in Froh
(2021), the spectral filters are tailored to the spectral properties of the scattering processes,

64
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Figure 6.1. Spectra measured with APD1 (left) and APD2 (right) in 10£0.5 km altitude on the
8th of February at 0:00 UTC. The estimated contributions of Mie- and Rayleigh-scattering are
color coded. Here the background is negligible, since the signal is high and the measurement
was done at night.

such that the Rayleigh-signal transmitted onto APD1 forms a frequency-independent back-
ground. This background is highlighted in green in the left panel of Figure 6.1.

The spectra measured with APD?2 consist of the signal from Mie-scattering and Rayleigh-
scattering as reflected on the confocal etalon, the dark count rate, and, depending on the
use of a solar suppression filter, the solar background. When aerosols are present, a spike
in the spectrum measured on APD1 is visible, corresponding to a dip at the same wave-
length in the spectrum of APD2, as illustrated in the right panel of Figure 6.1. Due to
the theoretical maximum transmission of 50% through the confocal etalon, this dip has a
depth of about half the total aerosol signal in one frequency bin. Since the Rayleigh signal
is much stronger on APD2, this effect can only be observed under strong aerosol loads.

In general, the aerosol load can be determined by comparing the peak signal with the signal
in the wings of the spectrum measured with APD1. In the absence of aerosol load, the
spectrum appears flat with only the frequency-independent Rayleigh background. Every
significant peak observed on top of this background can be attributed to Mie-backscatter.
For an increased altitude coverage, the routine for retrieving the BSR uses both measured
spectra from APD1 and APD2, with the constant background from the APDs’ dark count
rate and the solar background removed. Figure 6.2 shows the steps from the initial altitude-
dependent spectrum to the BSR.

First, a Mie-signal and a Rayleigh-signal are extracted from the APDI1 spectrum using
three windows, as shown in the bottom left panel of Figure 6.2. These windows are chosen
based on the results of the Voigt-fit, previously performed for the wind measurements.
The width of the center window is selected to be twice the average FWHM of the peak,
thus containing approximately 96% of all photons received from Mie-backscatter. All
photons within the center window are summed up to give the signal P, .. For the outer two
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windows, all photons are summed up, and the resulting signal is corrected for the different
spectral widths of the windows, giving P; g,,. The difference of these two signals contains
the majority of the Mie-backscatter contribution to the spectrum of APD1:

Py pie = Prec = PiRay (6.1)

As visible in green in the centre panel of Figure 6.2, the Rayleigh signal from APDI1
(Py Rqy) drops off typically above 20 km, due to the strong blocking of the Rayleigh sig-
nal by the confocal etalon, which results in the removal of the Rayleigh signal together
with the background from the APDs’ dark count rate. To calculate the BSR higher up,
the signal from the APD?2 is used, since on this detector, the Rayleigh backscatter is not
blocked, resulting in a significantly higher signal and thus better statistics. Spectrally, not
the whole APD2 spectrum is summed up for the signal, but only the previously defined
outer windows, to avoid the dip shown in Figure 6.1. The signal from APD?2 is scaled to
Py R,y at an altitude of 15 km to yield P, ;-
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Figure 6.2. Connection between the measured spectra and the retrieved BSR. top left: Ex-
ample of an atmospheric spectrum measured using APD1 of VAHCOLI 1 on 28 February 2023
between 19:30 UT and 22:30 UT with the vertical pointing telescope. A vertical integration
window of 1 km was used, which was shifted in 200 m steps. bottom left: Spectrum measured
on APD1 in 15.340.5 km. The windows used for the retrieval of the Mie and the Rayleigh
signal is marked in orange and green. centre: Signals used for the calculation of the BSR.
right: Calculated BSR profile.
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Traditionally, the BSR is defined as:

PRay PRay

where Pg,, and Py, represent the Rayleigh and Mie components of the backscatter, re-

spectively, and P, is the sum of these components.

For the two channel VAHCOLI instrument R, is initially estimated in the processing

routine using:

e 1 6.3)
P 2,total ¢-n

Two correction factors, ¢ and #, are required for an accurate estimation of the BSR. ¢ is

determined by the ratio of Rayleigh suppression in the spectra measured with APD1, and

can be determined either numerically or experimentally (to be discussed later). # is based

on the ratio between the peak height of the Mie peak and P, j;,,, and is calculated by the

processing routine using the fit results and the window width of the Mie window. While

the typical value for 7 is 0.5, effects such as spectrum broadening or changes in the window

size can significantly alter it.

Given that the BSR is estimated using P, Which includes both Rayleigh and Mie

components of the backscatter, the BSR is systematically underestimated. By rearranging

the definition of BSR to

Ry

P, total
P2,Ray = R—A 6.4)
it is evident that P, can be corrected with the estimated BSR and then used again
to calculate the BSR. By repeating these steps, the estimations for BSR and the clean
Rayleigh signal converge towards the correct BSR and clean Rayleigh signal after a few
iterations (less than 10). The resulting BSR is illustrated in the right panel and the cleaned

Rayleigh signal in the center panel of Figure 6.2 in blue.

Numerical determination of ¢

The correction factor ¢ is given by the differential peak transmission through the con-
focal etalon of Mie-scattering and Rayleigh-scattering. For the spectrally narrow Mie-
scattering, the transmission can be determined numerically by convoluting the laser’s
Voigt profile with the filter’s Airy function. For the transmission of the spectrally broader
Rayleigh scattering, the periodicity of the confocal etalon’s transmission curve must be
considered, as the spectral width of the Rayleigh-scattering spans multiple free spectral
ranges of the confocal etalon. Utilizing the precise measurements of the spectral shapes
of the filter curves and the laser obtained during lidar operations, the transmission of Mie-
and Rayleigh-scattering can be accurately determined using a numerical simulation, and
hence ¢ can be calculated from their ratio. The theoretical foundation of the numerical
simulation is discussed in great detail in Froh (2021).

Figure 6.3 presents the result of the numerical simulation using typical parameters mea-
sured during the operation of the VAHCOLI 1 instrument. Displayed in green are the
resulting spectral transmission curves through the confocal etalon. The total transmission
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Figure 6.3. Example of the numerical method used to determine ¢.

is determined by integrating these curves. From the simulation of the Mie-transmission
depicted in the top panel of the figure, a transmission of ¢,,;, = 73.2% is found. From the
simulation of the Rayleigh-transmission, a value of 7g,, = 1.18% is determined. Thus,
¢ is the ratio of the two, { = 7, /tg,, = 62.2. This result can also be interpreted as a
suppression of the Rayleigh-signal in the Mie-channel by a factor of 62.2.

Experimental determination of ¢

For the experimental determination of ¢, the property of Rayleigh-scattering being pro-
portional to the air density is exploited. Air density decreases with altitude exponentially
as given by

zZ

p(z) x e M (6.5)

which implies that the Rayleigh signal must exhibit a similar shape, with only minor devia-
tions attributable to temperature variations. This characteristic facilitates a straightforward
approach to determine ¢. The initial step is to use a profile P, from a measurement
that includes aerosols, such as thin cirrus clouds, ensuring to select aerosol loads that do
not saturate the APD, i.e., with count rates less than 1 MHz. The pure Rayleigh signal is
then calculated using equations 6.2 and 6.4, iteratively adjusting { until the curvature of
In (P, r,y) is minimized. An example of this method is illustrated in Figure 6.4.

In this case, a { value of 60 yields an effective correction of the visible aerosol contribution
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Figure 6.4. Example of the experimental method used to determine {.

to the APD2 signal. Based on several independent retrievals of { using this method, a value
of { = 60 + 5 is estimated, which aligns well with the results obtained from the numerical
method.

This experimental method for retrieving ¢ has the advantage of incorporating instrumental
effects that are challenging to assess numerically, such as alignment discrepancies in the
filters.

Regardless of the chosen method for estimating ¢, the same value can be applied to sub-
sequent measurements as long as the system configuration remains unchanged.

6.1.2 Calculation of Aerosol Backscatter Coeflicients

Utilizing the Mie to Rayleigh Backscatter Ratio, the backscatter coefficient of Mie scat-
tering is determined using

Prmie(z: A) = Pray(z, 4) - (Ry(2) = 1), (6.6)

where B, ,(z, 4) represents the backscatter coefficient of Rayleigh scattering. The backscat-
ter coefficient for Rayleigh scattering, fg,,(z, 4), can be derived for dry air from a number
density profile n(z) and the molecular backscattering cross-section 65(/1), which is calcu-
lated using Equation 2.7.
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Hence, the backscatter coefficient is given by

Pray(z. A) = n(z) - o X(1) (6.7)

(Measures, 1984, p.42). The number density, n(z), can be obtained from an external
source, such as radiosonde measurements or an atmospheric model, or best directly from
the pure Rayleigh signal of the lidar measurement, adjusted to match a reference density
profile. In this study, densities from ECMWF were employed to mitigate biases introduced
by the correction of the overlap function, as elaborated in section 7.1.

6.2 Measurement Campaign Description

The data used for the results discussed in this chapter were primarily collected during
the December 2022 campaign, as elaborated in Section 5.2. Additionally, the chapter in-
cludes observations from February 2023, a period during which the VAHCOLI instrument
was predominantly configured for observations in the vertical field of view. Notably, the
system operated largely autonomously during this time, automatically initiating and con-
cluding measurements based on the assessment of favorable weather conditions. Despite
this advanced operational mode, the measurement efforts were occasionally compromised
by less-than-ideal weather conditions, including the frequent presence of cirrus clouds and
other tropospheric cloud formations, which intermittently obstructed the data collection
process.

Despite the imperfect conditions, the measurements from February are particularly note-
worthy due to the occurrence of exceptionally low temperatures (below 190 K) around
20 km altitude during this period. These low temperatures can lead to the formation of
Polar Stratospheric Clouds (PSCs), making the observations from this time period espe-
cially valuable.

6.3 Results

6.3.1 December 2022 Campaign

Mie to Rayleigh Backscatter Ratio

The Mie to Rayleigh backscatter ratio (BSR) calculated for the vertical field of view is
presented in Figure 6.5 for two consecutive nights between the 16th and 18th of December.
An integration time of 12 hours has been applied, allowing the BSR values to be interpreted
as the nightly average. A vertical integration window of 1000 m, shifted every 200 m, was
employed. The calculated BSR profiles for both nights are similar above 12 km, exhibiting
a local maximum in the stratosphere at around 20 km altitude. Minor differences are noted
in the slope above 20 km, where the first night displayed a more gradual slope compared
to the second night. In the troposphere, the largest deviations between the two profiles
were observed. On the first night, a minimal BSR of less than 1.025 was recorded at
approximately 8 km altitude, whereas on the second night, the presence of a cirrus cloud
induced a pronounced maximum in BSR, reaching 2.8 at this altitude. Below 5 km, the
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Figure 6.5. Mie to Rayleigh backscatter ratio measured on the nights of 16th-17th December
2022 (left) and 17th-18th December 2022 (right), integrating over 12 hours with a vertical
integration window of 1000 m, shifted every 200 m. The occurrence of a cirrus cloud around
8 km on the second night is clearly visible. In the stratosphere, the backscatter ratio peaks
around 20 km.

BSR increases again with decreasing altitude, with several local maxima indicating the
presence of layered structures within this altitude range. Below 2 km, the system’s chopper
is fully closed, and thus, no BSR measurement is available.

Figure 6.6 illustrates the temporal evolution of the BSR using an integration window of 3
hours and 1000 m, which is shifted in 1-hour and 200 m increments. Similar to the nightly
averages, the local maximum of the BSR in the stratosphere is visible as a band around
20 km. The temporal evolution exhibits significant variability at this altitude, with BSR
fluctuating between 1.16 and 1.3. High BSR values appear as patches drifting through
the field of view, with the temporal mean BSR at 20 km height being 1.21 + 0.03. The
vertical extent of this band, with a BSR above 1.15, shows considerable variability. In the
troposphere, a region of low BSR is observed at the beginning of the measurement period
between 5 and 9 km. Subsequently, the emerging cirrus clouds are distinctly visible within
this altitude range. The BSR of these cirrus clouds exceeds 1.3, rendering their structure
indistinguishable in this plot.

Aerosol backscatter coefficient

Utilizing the BSR calculated previously, the backscatter coefficient for Mie scattering
(BSC) was derived as outlined in Section 6.1.2.

Figure 6.7 displays the BSC for the vertical field of view over the course of two nights, from
the 16th to the 18th of December. An integration time of 12 hours was applied, rendering
the BSC values representative of the nightly average. A vertical integration window of
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Figure 6.6. Mie to Rayleigh backscatter ratio measured from 12:00 UT on December 16th to
12:00 UT on December 18th, with an integration time of 2 hours and a vertical integration
window of 1000 m, shifted every 40 minutes and 200 m. The peak of the backscatter ratio
around 20 km is consistently visible throughout the measurement period. Cirrus clouds are
notably present in the night from the 17th to the 18th of December.

1000 m, adjusted every 200 m, was utilized. Unlike the BSR, the BSC does not exhibit a
well-defined maximum around 20 km for either night. Instead, the BSC remains relatively
constant between 10 and 20 km, averaging 7.01 +0.53 x 107% km~'sr~! on the first night
and 6.12 +0.74 x 1079 km~'sr~! on the second night. Above 20 km, the BSC rapidly
decreases, reaching values in the order of 10~7 km~1sr! at altitudes above 25 km, where
reliable BSC calculations were not possible. The orange curve in Figure 6.7 represents
the October-December average of the aerosol backscatter coefficient provided by James
Brooke, as computed using the WACCM-CARMA model (Brooke et al., 2017). Given the
variability of stratospheric aerosols, the model data reasonably match our measurements,
with the most notable difference being the slope above 22 km. On the second night, the
appearance of a cirrus cloud around 8 km is evident as a peak with a maximum BSC of
2x 10~* km~!sr~! and a vertical extent of +1 km.

Figure 6.8 depicts the temporal evolution of the aerosol backscatter coefficient from 12:00
UT on December 16th to 12:00 UT on December 18th. An integration window of 3 hours
and 1000 m, shifted in 1-hour and 200 m increments, was employed. During the initial 24
hours, the aerosol layer in the stratosphere exhibited minimal disturbances, but after this
period, a band of air with a lower backscatter coefficient formed, ascending from around
8 km to reach approximately 15 km after 48 hours by the end of the measurement. This
phenomenon seems to coincide with the transition from positive to negative meridional
wind, as suggested by Figure 5.4. In the first 24 hours, lower backscatter coefficients
were observed between 5 and 8 km, which dispersed after about 24 hours, leading to an
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Figure 6.7. Aerosol backscatter coefficient for the nights of 16th-17th December 2022 (left) and
17th-18th December 2022 (right), with an integration time of 12h and a vertical integration
window of 1000 m, shifted every 200 m. The second night clearly shows a cirrus cloud
around 8 km. The backscatter coefficient remains nearly constant between 10 and 20 km and
declines above this range. The orange line represents the October-December mean backscatter
coefficient calculated with the WACCM model.

increase in the measured backscatter coefficient by an order of magnitude. After 36 hours,
the emergence of a cirrus cloud at roughly 8 km, followed by a second cloud around 10 km,
was noted. The orange line marks the highest altitude of the stratospheric aerosol layer
with a backscatter coefficient of 1.5 x 1076 km~!sr™!, illustrating the acrosol layer’s height
variation throughout the 48-hour measurement period. The maximum altitude for this BSC
ranged between 22.3 km and 25.5 km, with an average height of 23.63 km and a standard
deviation of 0.74 km.

6.3.2 February 2023 Campaign

In February 2023, a detailed case study on aerosols was conducted, with notable observa-
tions captured during the nights of the 7th to 8th and on the 11th. Figure 6.9 illustrates the
Mie to Rayleigh backscatter ratio (BSR) for these specific dates, showcasing the distinct
atmospheric phenomena encountered. In the first night an integration time of 12 h has
been used and the BSR can be interpreted as a nightly mean, while on the 11th an integra-
tion time of 30 minutes was used due to the presence of a lot of tropospheric clouds with
only short gaps.

The observation from the first night indicates a BSR in the stratosphere akin to those
seen in December, featuring a local maximum around 20 km and a shallow slope above.
Exceptional signal strength allowed for BSR retrieval up to 30 km without gaps. Below
14 km, the presence of dense cirrus clouds prevented BSR calculation due to the strong
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Figure 6.8. Aerosol backscatter coefficient between 12:00 UT on December 16th and 12:00 UT
on December 18th, with an integration time of 2 hours and a vertical integration window of
1000 m, adjusted every 40 minutes and 200 m. Cirrus clouds were notably present in the night
from the 17th to the 18th of December. The orange line indicates the altitude at which the
backscatter coefficient falls to 1.5 x 1076 km~! sr™!.

signal overloading the APDs. Conversely, the measurement from the 11th of February
exhibits a pronounced increase in the local BSR maximum around 21 km, attributable
to a polar stratospheric cloud (PSC), with BSR values reaching 2.75. This represents an
approximate 6.5-fold increase in the Mie backscatter fraction compared to the previous
night’s maximum BSR of around 1.27. Beyond 21 km, the BSR declines sharply, and
above 24 km, reliable retrieval is hindered by low signal strength due to extensive cirrus
and additional cloud cover below 5 km, not depicted in Figure 6.9.

Figure 6.10 presents the computed average aerosol backscatter coefficient (BSC) in the
stratosphere for both nights. The comparison with the January-March mean backscatter
coefficient from the 2015 WACCM-Karma model shows good agreement, particularly in
the slope above 22 km during the first night. The sole vertical measurement configuration,
compared to the December data, led to an enhanced signal strength, enabling BSC mea-
surement up to 30 km with the lowest measured value being 2 x 10-8%km~!sr=!. On the
evening of the 11th of February, the emergence of the PSC markedly increased the BSC
above 20 km, nearly tenfold, peaking at 1.8 x 10~ km~'sr! at an altitude of 21 km. The
presence of strong cirrus and other tropospheric clouds led to diminished signal strength,
as evident from increased measurement errors and gaps in BSC retrieval above 24 km.
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6.4 Discussion

The findings presented in this chapter demonstrate the VAHCOLI 1 unit’s ability to accu-
rately measure aerosol parameters, specifically the Mie to Rayleigh backscatter ratio (BSR)
and the Mie backscatter coefficient (BSC). Utilizing a spectral method, this lidar system
facilitates BSR measurements using essentially a single wavelength, notably at 770 nm.
This approach contrasts with other systems that necessitate backscattering comparisons
across multiple wavelengths via an intermediate color ratio step. The BSR measurements
reveal atmospheric aerosol features, including tropospheric aerosols observable down to
3 km, cirrus clouds at the tropopause, and stratospheric aerosols within the Junge layer.
A distinct peak in the BSR, observed around 20 km, aligns with typical lidar observa-
tions of stratospheric aerosols as documented in Langenbach et al. (2019) and Khaykin
etal. (2017). This peak, however, is attributed not to an elevated number density of strato-
spheric aerosols but to the disparate altitude dependencies of Mie and Rayleigh scattering
signals. While the Rayleigh scattering signal diminishes with the exponentially decreasing
molecular density, aerosol backscattering exhibits a divergent pattern.

This observation becomes particularly evident when examining the aerosol BSC results.
The BSR measurements display a pronounced peak at approximately 20 km in the De-
cember data, yet this peak is notably absent in the calculated BSC, suggesting a more ho-
mogeneous vertical distribution of the Junge layer. Remarkably, the Whole Atmosphere
Community Climate Model (WACCM) BSC results show a good correspondence with
the lidar-derived BSC measurements, especially in the night from the 7th to 8th February.
This concordance is noteworthy, especially considering that the WACCM results represent
three-month averages for the year 2015, and aerosols are inherently variable in nature.
The variability of stratospheric aerosols is particularly evident in the heatmaps presented.
During the approximately 48-hour measurement period in December, the BSR at an al-
titude of around 20 km exhibited values ranging from 1.15 to over 1.3, indicating fluc-
tuations in the aerosol load of more than 100%. In terms of the aerosol BSC, the top of
the Junge layer—arbitrarily defined at a BSC value of 1.5 x 107° km~! sr~!—varied be-
tween 25.5 and 22.3 km during the same measurement period. Over longer durations,
even more substantial variations are expected. To capture rapid fluctuations in aerosol
load, very short integration times and narrow vertical integration windows are essential.
Currently, the system’s lack of sufficient signal strength prevents such measurements. This
deficiency also constrains the sensitivity for stratospheric aerosols to BSC values exceed-
ing 1077 km~! sr~!, even with extended integration times. It is important to note, that the
system used for the measurements was not optimised for the maximal signal strength and
used preliminary optics. It is thus expected that in the future a higher sensitivity can be
achieved.

A higher signal strength is also required to measure aerosols in the tilted fields of view. For
the placement of the spectral windows, which the method presented in this chapter is based
on, it is required to precisely know the frequency at which the peak occurs, together with
the width of the Mie-peak. For the vertical pointing field of view, this is relatively easy,
since the winds and thus the Doppler-shift is small. The position and the width of the peak
can thus be determined in altitudes with good signal strength, with a very high precision,
and used to set the windows over the whole altitude range. For the tilted fields of view,
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this is not possible, due to the much larger Doppler-shifts introduced by the horizontal
winds. A higher signal strength, and thus a more reliable fit, would give the knowledge of
the peak position up to higher altitudes and thus enable aerosol measurements in the tilted
fields of view.

In addition to the anticipated observations of stratospheric and tropospheric aerosols, a
polar stratospheric cloud (PSC) was detected, which is an extremely rare event for this lat-
itude, especially in February. The observation marks the very first lidar measurement of
a PSC at Kiihlungsborn. The presence of substantial tropospheric and cirrus clouds sug-
gested that atmospheric conditions were suboptimal for lidar observations. Nonetheless,
the ability of the system to operate autonomously enabled the observation of the PSC dur-
ing a brief 30-minute window when cloud coverage was reduced. As noted by Tritscher
et al. (2021a), the occurrence frequency of PSC at the location of the IAP is consider-
ably less than 5%. This instance underscores the value of an autonomous lidar network
in capturing such infrequent phenomena. Under the prevailing weather conditions, a con-
ventional lidar operator, particularly one focusing on the middle atmosphere, would likely
not initiate observations. However, the automated capabilities of the VAHCOLI 1 system
facilitated the documentation of this rare event.

The observations and analyses presented in this chapter not only underscore the VAHCOLI
1 unit’s capability in autonomously measuring aerosol parameters but also highlight the
feasibility of the instrument design and methodology of the analysis. The successful ob-
servation of phenomena such as polar stratospheric clouds, under conditions traditionally
considered suboptimal for lidar operations, illustrates the unit’s potential to significantly
contribute to our understanding of atmospheric aerosols, especially when deployed in a
network. These observations reinforce the value of autonomous lidar systems in capturing
rare atmospheric events, suggesting a direction for future research focused on enhancing
observational technologies.



7 Rayleigh-Temperatures in the Pres-
ence of Aerosols

7.1 Temperature Retrieval

For the retrieval of temperatures the signal from elastic Rayleigh-scattering can be used.
For this the lidar equation (2.1) can be simplified to

7(2)ny(2)

P(z)=C > ,
z

(7.1)
where C combines all atmosphere and system parameters, 7(z) is the altitude dependent
transmission and n,(z) is the number density of air molecules. Due to the absence of
significant absorption or extinction in the middle atmosphere for the wavelength of 770 nm
the transmission is often assumed to be not altitude dependent in the middle atmosphere.
Between 10 and 30 km this assumption holds in most cases, but not in the presence of
strong aerosol loads. Aerosols are a significant factor to look out for in this altitude range.
While above 30 km, the presence of Aerosols can often be neglected in lidar temperature
measurements, below they can lead to a significant bias of the calculated temperatures. To
handle this problem, traditional RMR-lidars use a Raman channel which detects inelastic
rotational or vibrational Raman scattering on nitrogen molecules, which is not affected by
aerosols and thus can be used for measurements below 30 km. Due to the smaller scattering
cross section of Raman-scattering, the signal strength on the Raman channel is typically
reduced by three to four orders of magnitude, which makes this approach only usable
on lidars with exceptionally high laser power and large telescopes. On other (shorter)
wavelength, ozone absorption also needs to be taken into account.

For VAHCOLI this receiver design is not feasible. Instead for the temperature measure-
ments below 30 km the aerosol influence can be corrected using the backscatter ratios as
presented in Chapter 6.1.1. Another challenge for temperature retrievals in the UTLS is
presented in the form of the systems overlap function. As presented in Chapter 4.3 the
overlap function for the VAHCOLI System is dominated by the defocussing of the Tele-
scopes at lower altitudes. Since the focus point of the telescopes is not precisely known
the overlap function can only be determined experimentally. For this, a simplified overlap

function in the form of o
_zn

(z)=1—-e (7.2)

is assumed. This assumption is a first order correction based on the comparison of the
measurements to theoretical Rayleigh profiles and was empirically found to sufficiently
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correct the overlap. A better calculation of an overlap function based on equation 7.2
is in principle possible, but was not deemed necessary at this point. Using the Hauch-
corne method presented later and a reference pressure profile the two parameters p; and
p, are iterated until the calculated pressure profile is in good agreement with the reference
pressure profile. The overlap estimation can remain the same, as long as the system con-
figuration remains unchanged. Similarly the opening of the chopper in the lowest part of
the measurement can be corrected.

With the overlap and the aerosol influence corrected, and the constant background of the
APD removed, it is assumed that the corrected photon count profile (P,,,,) is proportional
to the air number density.

P(2) Copopiap() 272 = Py = Py (2) x ny(2) (7.3)

When additionally assuming hydrostatic equilibrium it is possible to derive a temperature
profile from the measured Rayleigh backscatter profile. Two different approaches are used
for this. The more straight forward density gradient method, also referred to as the hydro-
static integration method (HSI), and the pressure gradient method, which introduces an
intermediate step calculating the pressure.

orr

Density gradient method

The pressure differential between a height z, and a height z is given by the weight of the
column of air between these two heights.

dp=—-g-p-dz (7.4)
An altitude dependent relation for the temperature 7'(z) can then be derived by inserting
the ideal gas law (p = nkT):

T(z)= % (no Ty — % /Z n(z) - dz) (7.5)

with ny = n(zy) and Ty = T(zy). T, is the so-called seed temperature at the top inte-
gration altitude z, which is taken as apriory knowledge from an atmospheric model such
as ECMWEF. Note, that any constant factor of the number density n(z) is reduced in this
equation and thus the corrected lidar signal P, ,,.(z), instead of the actual density, can be
used. An iterative expression for the temperature can now be derived with z the top of
the temperature retrieval and Az the altitude resolution of the lidar measurement:

1 gm Pcorr(zi) + Pcorr(zi+1)
— (P ) -T(z..)—2— . A 7.6
Pcorr(zi) < corr(zt+1) (Zl+1) k Z 2 ( )

In our temperature retrieval z; is chosen in a way, that the ratio between the count rate
and the mean background is two at that altitude. The temperature error at each altitude is
then given by applying Gaussian error propagation. Here the impact of the seeding on the
temperature error or(z) diminishes exponentially with altitude, since

T(z;) =

Z—2z

or(z) xe H op(z,) (7.7)

with H the atmospheric scale height (Khanna et al., 2012; Schoch et al., 2008; Chen et al.,
2004).
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Pressure gradient method

The pressure gradient method was first presented in Hauchecorne and Chanin (1980) and
is thus also referred to as Hauchecorne—Chanin method (HC). It is the standard algo-
rithm of the international Network for the Detection of Atmospheric Composition Change
(NDACC) for the retrieval of Rayleigh temperatures (Leblanc et al., 2016). In this algo-
rithm the photon count profile is normalized to the density at a fixed height of a reference
density profile and can thus be treated as a density profile p;;,,,(z). For this the density
from ECMWEF in 30 km at the day of the measurement is utilised. Air pressure (p(z)),
density (p(z)) and Temperature (7'(z)) are related by:

_ Ro(2)T(z)

p(z) ™

(7.8)

with R the universal gas constant and M the molecular Mass. Combining Eq. 7.4 and Eq.

7.8 leads to:
dp(z) Mg

p(z)  RT(2)

dz = d(In(p(z))) (7.9)

Using the assumption, that within one height bin of the lidar profile the temperature is con-
stant one arrives at an iterative expression for the generation of a pressure and temperature
profile:

p(z; —Az/2) MgAz

Pz +Az/D) T { RT(z) } (7.10)
_ Plidar(2:)8A2)

XD = v azD) .1

TG) = mis (7.12)

RIn(1+ X(z;))

For this routine a seeding pressure for the top layer is required, which is taken from
ECMWF-IFS. When iterating downwards the statistical standard errors are then given by:

or(z;) _ ox(z;) (7.13)
T(z)  (1+X(z))-In(1+X(z))
with
<ax(z,~)>2 _ <0p(zi)>2+ (M)Z (7.14)
X(z,) p(z;) p(z; + Az/2)
o)z +Az/2)% = (0,(z9 + A2/ + Y, (80,(2))A2)? (715

j=it+l

Like for the seeding temperature in the density gradient method the contribution of the er-
ror of seeding pressure ¢,(z + Az/2) on the calculated pressures and temperatures below
decreases rapidly. (Hauchecorne and Chanin, 1980; Wing et al., 2018)
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7.2 Measurement Campaign Description

For the results presented in this chapter, nightly averaged measurements from the Decem-
ber 2023 campaign, which is described in detail in Section 5.2, and from the February
measurements described in Section 6.2, are used.

7.3 Results

The result of the temperature retrieval, as described in section 7.1, can be seen in figure
7.1. The left panel shows the corrected and scaled Rayleigh signal measured in the night
from the 16th Dec 18:00UT until the 17th Dec 6:00UT, together with the density pro-
file from ECMWEF. Until an altitude of roughly 6 km the lines are almost superimposed,
thanks to the correction of overlap and aerosols. Below the Rayleigh signal starts to di-
verge from the ECMWF density, due to the full closure of the chopper. The center panel
shows the assumed functions for the overlap and the closing chopper, which are used for
the correction, together with the ratio of the calculated pressure from the Hauchecorne-
Chanin method and the ECMWF pressure. The pressure ratio is close to one in all altitudes
above 6 km, which indicated a good correction, especially of the overlap function. For the
overlap parameters p; and p, as defined in equation 7.2 values of 15 km and 10 km were
chosen for this measurement. The right panel shows the calculated temperatures from the
Hauchecorne-Chanin method and the direct hydrostatic integration together with the re-
spective statistical error estimates and the ECMWF temperature. The temperatures using
the combination of the Hauchecorne-Chanin method and the ECMWF densities are plot-
ted as an additional reference here (later referred to as HC reference). The temperature
retrieval starts at a seeding altitude of 47.5 km. In this case both integration methods re-
sult in almost indistinguishable temperature profiles, with the biggest differences showing
in the different handling of the statistical error. The density gradient method is seeded
with a temperature of 255 K and the pressure seeding of the Hauchecorne-Chanin method
equates to a temperature of 262 K. With decreasing altitude the temperature also decreases,
following the HC reference. The lowest temperature of approximately 200 K is reported
around 28 km altitude, which is five degrees higher than the ECMWF temperature, but two
degrees colder than the HC reference. Below 28km the temperatures from both methods
exhibit a wavy pattern, oscillating between the ECMWF temperatures and the HC refer-
ence, until an altitude of approximately 17 km is reached. In lower altitudes the calculated
temperatures follow ECMWF temperatures and the HC reference. A larger deviation from
the ECMWF temperatures is visible below 8 km until the chopper closes in an altitude of
6 km disturbs the measurement. The start of the aerosol correction below 28 km is visible
as an increase in the statistical error, caused by the statistical uncertainty with which the
backscatter ratio is determined and the propagation in quadrature of it.

The importance of the aerosol correction is highlighted in figure 7.2. Here, the results
of the temperature retrievals with different levels of aerosol correction are shown. With
a partial correction of the aerosols, the calculated temperatures change drastically below
28 km. The lowest temperature is now calculated in an altitude of 22 km, 2 km above
the peak in the BSR as shown in figure 6.5. The calculated temperatures are 15 K lower
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Temperature retrieval: Dec. 2022, 16th 18:00 UT - 17th 6:00UT
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Figure 7.1. Retrieval of the nightly average temperature on the night from the 16th to 17th
December 2022. left: The measured Rayleigh profile (blue) scaled to the ECMWEF density
profile (orange), with all corrections applied. Below 5km the Rayleigh signal suddenly drops,
due to chopper closing. This altitude is marked in all plots with a transparent orange box,
to indicate the disturbance of the temperature measurement. center: Ratios used for the
correction of overlap (orange) and chopper curve (green), together with the ratio of the result-
ing pressure profile from the Hauchecorne-Chanin method to ECMWF pressure (blue). right:
Temperature results from the Hauchecorne-Chanin method (blue) and the simple hydrostatic
integration (orange) together with the ECMWF temperature (green, dashed) and the resulting
temperature when applying the HC method to the ECMWF density (red, dashed).

than the reported ECMWF temperature for 50 % aerosol correction case and 30 K lower in
case of no aerosol correction. Below 22 km, calculated and reference temperatures start
converging, but at 17 km the calculated temperatures overshoot and the cold bias turns
into a warm bias. Around 10 km altitude, the calculated temperatures are 10-15 K above
the ECMWF temperatures when no aerosol correction is applied.

Figure 7.3 shows additional measurements of nightly average temperatures for the nights
from the 17th to 18th December 2022, 7th to 8th February 2023 and 14th to 15th February
2023. The night from the 17th to 18th December shows a temperature structure similar
to the previous night, shown in figure 7.1, with a temperature minimum around 27 km.
The seeding approaches of both methods lead to similar temperature at the seeding alti-
tude. Small remaining differences between the methods quickly vanish below the seeding
altitude of 47 km. The wavy pattern visible in the night before below the temperature
minimum is less pronounced, but still visible during this night. The night from the 7th
to 8th February was done with only the vertically pointing telescope, resulting in a better
signal compared to the measurements with the 5 fields of view in December, since the
laser power is not distributed over the different fields of view, resulting in a high seeding
altitude of almost 51 km. The temperatures calculated from this measurement exhibit a
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Figure 7.2. Comparison of the temperature results for the night from the 16th to 17th De-
cember 2022 when using different strength of aerosol correction. Results of the Hauchecorne-
Chanin method (blue) and the hydrostatic integration method (orange) are shown together
with the ECMWF temperatures (green, dashed) and the resulting temperature when apply-
ing the HC method to the ECMWF density (red, dashed) for reference. left: Aerosols fully
corrected. center: Only half of the aerosols corrected. right: Aerosols not corrected.

significant difference from the ECMWF temperature and the HC reference temperature
of 15 K and 7.5 K respectively in an altitude of 30 km. The temperature minimum ex-
tends from around 20 km to below 18 km with a temperature of 205 K. Below 14 km the
measurement is disturbed by strong cirrus clouds.

A temperature calculated one week later for the night from the 14th to 15th February
shows less deviation from the HC-reference, which it follows from 36 km to approximately
24 km. Between 36 km and the seeding altitude of close to 52 km, significant deviations
from the references are visible. At 23 km and 20 km, two temperature dips as low as 187 K
are visible in the calculated temperatures, which coincide with the two peaks of the polar
stratospheric cloud observed on the 11th of February (see figure 6.9 and 6.10). Below these
dips, the calculated temperature is in good agreement with the ECMWF temperature, until
at 11 km the chopper disturbs the temperature measurement. Similarly to the measurement
presented in the center column, the system measured only in the vertical field of view
resulting in a higher seeding altitude of approximately 46 km.

All three measurements presented in figure 7.3 show differences between the Hauchecorne-
Chanin method and the hydrostatic integration method as a result of the different seeding
methods. Below the seeding altitude, the two methods converge until the difference be-
tween them becomes negligible, typically below 30 km when seeding altitudes between
40 and 46 km are used.

For the four nights previously discussed, measurements from IAP’s RMR-lidar are avail-
able for comparison, as shown in Figure 7.4. For the December measurements, continuous
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Figure 7.3. Comparison of the temperature results for three additional nights of continuous
measurements between 17:00UT and 5:00UT, with an integration time of 12h and a vertical
integration window of 1000 m shifted in 200 m steps. For each night the results of the
Hauchecorne-Chanin method (blue) and the hydrostatic integration method (orange) are shown
together with the ECMWF temperatures (green) and the resulting temperature when applying
the HC method to the ECMWF density (red) for reference. left: Nightly average for the night
from the 17th to 18th December 2022, during which the system measured along 5 fields of
view. center: Nightly average for the night from the 7th to 8th February 2023. Here only the
system measured only along the vertical field of view, three days prior to the observed PSC.
right: Nightly average for the night from the 14th to 15th February 2023. Here the system
measured only along the vertical field of view, three days after the observed PSC.

coverage throughout the nights is not available; hence, the RMR profile closest to mid-
night is selected for comparison. The December measurements utilize the RMR-lidar’s
Raman channels, enabling measurements below 25 km and in the presence of aerosols. In
both December nights, temperatures measured with the RMR-lidar align well with those
measured by VAHCOLI. The undulating feature observed in the VAHCOLI temperatures
around 25 km during the first December night is similarly present in the RMR measure-
ments, though with a slightly altered configuration.

In the second December night, discrepancies between the RMR temperatures and our
temperature retrievals are apparent in altitudes between 30 and 40 km, exceeding ¢ but
remaining within 3. The most significant differences are observed just below the seed-
ing altitudes. For the February nights, RMR-lidar measurements are limited to altitudes
above 25 km due to issues with the Raman channels. In the first February night, the RMR
measurements correlate closely with the VAHCOLI 1 temperatures, particularly between
25 and 40 km. Above 40 km, larger deviations are noted up to the seeding altitude. A
slight discrepancy is noted around 30 km, where the VAHCOLI system accounted for a
detected aerosol layer.
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Figure 7.4. Comparison of the temperature results for the four nights to measurements of
the RMR2 lidar in Kiihlungsborn (black). For VAHCOLI 1 an integration time of 12h and a
vertical integration window of 1000 m shifted in 200 m steps is used. The temperatures of
the RMR lidar are sampled with an altitude resolution of 1 km and use an integration time of
120 minutes, if available the nightly average is used. left: Nightly average for the night from
the 16th to 17th December 2022 for VAHCOLI 1 compared to the temperature measured with
the RMR system at 19:30 UT +60 min. center-left: Nightly average for the night from the
17th to 18th December 2022 for VAHCOLI 1 compared to the temperature measured with the
RMR system at 19:45 UT +60 min. center-right: Nightly averages for the night from the 7th
to 8th February 2023. right: Nightly averages for the night from the 14th to 15th February
2023. For the nights in February the Raman-channel of the RMR lidar was inoperable and
thus no measurements are available below 25 km.

A similar discrepancy around 30 km is also observed on the second February night, albeit
less pronounced. Aside from this, the VAHCOLI temperatures and the RMR temperatures
are in close agreement up to 36 km. Above this, deviations of several tenths of a Kelvin
are observed up to the seeding altitude of the VAHCOLI lidar indicating a problem, with
the removal of the non-linear background.

While the signal strength is highest in the vertical field of view, the tilted telescopes can
also be used to calculate temperatures. Since no good quality aerosol measurements are
possible along the oblique fields of view as discussed in chapter 6, one must assume ho-
mogeneity and use the aerosol measurements from the vertical field of view for the aerosol
correction. The resulting temperatures for the night from the 16th to 17th December 2022
are shown in figure 7.5. Due to the reduced signal strength from the tilted telescopes com-
pared to the vertical pointing FOV, the seeding altitude is also significantly decreased to ~
35 km in the north FOV and ~36 km in the south FOV. In general, the temperature profiles
measured in the tilted fields of view are comparable to the temperature profile from the
vertical field of view. After an altitude range with stronger temperature oscillations from
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the seeding altitude to ~10 km below, the tilted temperature profiles exhibit the same
features visible in the vertical temperature profile. A small systematic temperature shift
between the individual fields of view was observed, most likely caused by uncertainties of

the overlap correction for the different telescopes.
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Figure 7.5. Comparison of the nightly average temperature in the night of the results for three
different fields of view, with an integration time of 12h and a vertical integration window of
1000 m shifted in 200 m steps. For each field of view the results of the Hauchecorne-Chanin
method (blue) and the hydrostatic integration method (orange) are shown together with the
ECMWEF temperatures (green) and the resulting temperature when applying the HC method to
the ECMWEF density (red) for reference. left: Temperature profile calculated from the vertical
pointing 50 cm telescope. center: Temperature profile calculated from the 25 cm telescope
tilted 30 degree of zenith towards north. right: Temperature profile calculated from the 25 cm
telescope tilted 30 degree of zenith towards south.

7.4 Discussion

The temperature results presented in the previous section underscore the VAHCOLI instru-
ment’s ability to measure temperatures within the stratosphere and troposphere effectively.
The process of retrieving temperatures is reliable, showing that the lidar temperatures are
in acceptable agreement with those reported by ECMWE. The aerosol correction, utiliz-
ing the Mie to Rayleigh backscatter ratio as outlined in the preceding chapter, proves ad-
equate for determining lower stratospheric and tropospheric temperatures. This assertion
is supported by a comparison with Raman-temperatures from IAP’s RMR lidar, which
highlights undulating features absent in ECMWF temperature profiles.

Particularly under the favourable conditions observed in February 2023, VAHCOLI’s en-
hanced sensitivity to aerosols enables accurate correction for aerosol influences on tem-
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peratures, even at altitudes typically considered free of aerosols. The discrepancy between
VAHCOLI and RMR temperatures around 30 km serves as a prime example, suggesting
that VAHCOLI may correct for a possible aerosol layer not accounted for by the RMR
lidar.

The derived temperatures from the tilted telescopes further demonstrate the MultiFOV de-
sign’s strength in providing 3D atmospheric parameter measurements with a single instru-
ment. Assuming aerosol concentration homogeneity is effective over a 12-hour integration
period. For significantly shorter integration periods, however, a method for independent
aerosol detection in the tilted fields of view is necessary and possible with better signal
strength, as discussed in Section 6.4.

The current limitation in signal strength restricts the system’s application for high-resolution
studies of gravity waves in the middle atmosphere over short integration times. Yet, the
ability to measure temperatures reliably up to 40 km, and with potential up to 50 km, show-
cases the system’s overall capability for middle atmospheric temperature measurements.
Enhancing laser power and detection efficiency could facilitate higher time resolution.



S Discussion

8.1 Interpretation of the Results

The focus of this thesis was the development of a method, which allows three-dimensional
coverage with a single lidar. With the design of the MultiFOV upgrade for the VAHCOLI
instruments, this goal was successfully achieved. The measurements of wind and temper-
ature in multiple fields of view presented in Section 5.3 and 7.3 highlight this. Especially
the described observations of a meridional wind gradient found when comparing the mea-
surements of meridional wind in the north and south field of view, demonstrate the utility
of employing five fields of view with such an instrument.

In general, the horizontal wind measurements performed with the MultiFOV upgrade are
very promising, with the winds of ECMWF and Aeolus in good alignment with the ob-
servations. The discrepancy between lidar and ECMWEF vertical wind shows the benefit
of lidar observations. The vertical winds measured with VAHCOLI show unprecedented
accuracy, thanks to the spectral measurement method. These precise measurements of
vertical winds are valuable on their own, as they allow for more precise gravity wave stud-
ies, since no background wind has to be considered, as well as give an insight into vertical
coupling and mixing of the atmosphere.

Albeit limited to vertical measurements by the current status of the data processing and
system performance, the measurements of the aerosol load in the atmosphere in form of the
aerosol backscatter ratio and backscatter coefficient provide a valuable insight. The struc-
ture of the Junge layer reported in Section 6.3 is well in line with the structure typically
reported by other backscatter ratio studies, and the WACCM-CARMA backscatter coef-
ficients compared well to the measured backscatter coefficients. The, to our knowledge,
first lidar observation of a Polar stratospheric cloud in Kiihlungsborn is a great achieve-
ment and highlights the unique qualities of the VAHCOLI instruments, when it comes to
aerosol sensitivity and autonomous operation.

This sensitivity for aerosol allows the measurement of temperatures in the troposphere
and stratosphere even under relatively significant aerosol loads, without the need for ad-
ditional Raman-channels. Only strong aerosol loads in the form of thick cirrus clouds
can be a problem, since they overload the detector. The temperatures calculated along the
tilted field of view are in good agreement with the vertically measured temperatures, as it
is expected for the long integration time of 12 hours. Differences in the temperature be-
tween the individual fields of view, as they would be caused by the propagation of gravity
waves through the fields of view, are only expected when higher temporal resolutions are
available with higher signal strength.
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The measurements of wind, aerosols, and temperatures mark completely new methods,
only possible in the presented form due to the novel, spectral measurement technique ap-
plied in the VAHCOLI instruments. Since the measurement technique is unique, large
parts of the data processing methods had to be developed from scratch. The demonstrated
results from the new methods and the comparison of select cases to ECMWEF, WACCM-
CARMA, Aeolus and RMR-lidar data, indicate that our goal, to establish a robust data
processing pipeline, was successful.

Overall, the reliability of the instrument between the initial measurement campaign and
June 2023 was good, with more than 600 hours of measurements. Of these measurements
85 hours were done in MultiFOV mode, due to the higher complexity of setting the system
up for multi field of view measurements and the experimental nature of the MultiFOV
upgrade. Based on presented results and the measurements of the signal strength during
the operation in MultiFOV mode, the calculations which presented in Chapter 4 for the
design of the lens telescopes were confirmed. The telescopes performed in the lidar system
as expected from the calculations and the laboratory measurements, and can thus be used
without any restrictions in future systems.

8.2 Limitations and Future Improvements

The biggest limiting factors for the systems performance is its low signal strength. One of
the highest signal measurements done in February 2023 showed count rates on APD2 of
only ~1.4% of the value used in Liibken and Hoffner (2021) for the theoretical evaluation
of the estimated performance. The laser used in the VAHCOLI 1 unit generates pulse en-
ergies of less than 3 mJ instead of the 6 mJ assumed for the calculations in the publication,
and thus the overall detection efficiency of the system can be estimated to be on the order
of 0.5 to 1%. While this is already an improvement compared to the VAHCOLI 0 proto-
type, the changes to the telescopes’ temperature management and the optimisation of the
vertical mirror telescope, did not provide the anticipated improvements, probably due to
still unidentified optical issues in the detection bench. An improvement of the systems’
detection efficiency to 10% or more, as reported for the IAP’s mobile potassium lidar is
realistic and even values of 30% detection efficiency, as used for the theoretical calculation
of the estimated performance in Liibken and Hoffner (2021), are feasible. Thus, an im-
provement of the signal strength by a factor of 10 to 30 in the future can be achieved with
careful optimisation of the detection bench, which will lead to a significant improvement
of vertical and temporal resolution and a better altitude coverage. Since the laser used in
VAHCOLI 1 was the very first laser of its kind, it still has margins left in regards to is
tuning. In the future, tuning the laser and increasing its repetition rate to 750 Hz, as done
for the laser in VAHCOLI 2, will roughly double the laser power, without any hardware
changes. When combining this laser update with the optimisation of the currently still
preliminary design of the detection bench, an increase in signal strength by a factor of 20
to 60 seems feasible.

The instrument’s low signal strength is also connected to the confinement of the mea-
surement of aerosol BSR and BSC to the vertical pointing field of view. This limitation
stems from the retrieval method for these parameters, as outlined in Chapter 6, which ne-
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cessitates knowledge of wind-induced Doppler shifts and Doppler broadening from wind
fluctuations. In tilted beams, these effects are significantly exacerbated by larger hor-
izontal winds, necessitating the use of a Voigt function fit to the observed spectrum—a
method viable only at altitudes with adequate signal strength. For future temperature stud-
ies leveraging tilted fields of view, a revised method for aerosol BSR retrieval is necessary
to accurately correct for aerosols in tilted fields of view, when higher time resolutions are
used and thus aerosol homogeneity across the fields of view can not be assumed.

A key limiting factor for the usage of multiple fields of view during measurement is the
long time stability of the multi field of view upgrade. While the upgrade does hold
its alignment when mounted to the side of the VAHCOLI core unit over the course of
weeks, allowing for long, autonomous observations, some realignment is still required
every month or too, which makes the current design not stable enough for long term au-
tonomous operation, as it is required for a network instrument. For future implementations
of the MultiFOV technique this stability needs to be improved, by either strengthening the
MultiFOV housing or incorporate the multi field of view approach into the design from
the beginning on, as it is done for the instruments in the follow up projects EULIAA and
LidarCUBE. These projects rely on the lens telescope design developed for this work and
will further improve their performance, by swapping the uncoated optics with coated ver-
sions and using custom lenses.

8.3 Comparison with Existing Lidar Systems

VAHCOLI instruments, alongside the data analysis methods developed throughout this
thesis, establish a universal platform for measuring a variety of atmospheric parameters
with a relatively simple and compact optical setup. This marks a significant departure
from traditional DWL systems, which are generally larger and more narrowly focused on
wind observation alone. For instance, systems utilizing the double edge technique, such as
OHP and OPAR, are not capable of simultaneously measuring temperature and wind due
to limitations highlighted by Khaykin et al. (2020). Conversely, systems using the DORIS
technique, such as ALOMAR, can measure both wind and temperature simultaneously,
but are very sensitive to aerosol interference (Baumgarten, 2010). This leads to the need
for extensive corrections in the presence of aerosols.

In contrast, the VAHCOLI system can simultaneously measure wind, temperature, and
aerosols without the accuracy of wind and temperature measurements being compromised
by aerosol backscatter—in fact, the presence of aerosols enhances the system’s wind de-
tection capabilities.

Traditional DWL lidars still hold advantages in terms of temporal resolution and the extent
of altitude coverage—with wind measurements in this thesis extending up to 25 km and
temperature readings averaged nightly up to 50 km. However, anticipated improvements
in signal strength are expected to extend both the temporal resolution and altitude reach
of our measurements. Furthermore, the incorporation of Doppler-Rayleigh and Doppler-
resonance measurements, which require no hardware modifications to the system, will
potentially expand the altitude coverage beyond that of all currently operational DWL
systems.



9 Conclusion

The objective of this thesis was to advance the VAHCOLI instruments, with a particu-
lar focus on the accurate measurement of three-dimensional wind patterns. This was done
with the intention of enhancing our understanding of atmospheric dynamics. The develop-
ment and implementation of the MultiFOV upgrade have proven instrumental in achieving
this goal, offering a new perspective on atmospheric observation.

9.1 Achievement of Research Objectives

1. Three-Dimensional Atmospheric Coverage: The successful development of a
methodology allowing for partial three-dimensional atmospheric coverage using
a single lidar system marks a significant milestone. The MultiFOV upgrade has
shown its efficacy in measuring wind and temperature across multiple fields of view,
addressing the objective of observing horizontal scales crucial for studying atmo-
spheric phenomena.

2. Observation of Horizontal Scales: Significant progress has been made in the cov-
erage of horizontal scales, extending from the microscale to the mesoscale. This
is an essential aspect for the observation of gravity waves and stratified turbulence.
The meridional wind gradient analysis underscores the system’s capability in cap-
turing atmospheric dynamics across these scales.

3. System’s Network Application and Cost Efficiency: The design of the MultiFOV
upgrade, focusing on the system’s network application and cost efficiency, enables
a comprehensive collection of atmospheric data, aligning with the goal of extensive
atmospheric monitoring. The upgrade itself was realised in a cost effective manner,
drastically increasing the measurement capabilities of an individual instrument, with
only a slight increase in cost.

4. Robust Data Processing Pipeline: A robust data processing pipeline has been de-
veloped to convert the spectral raw data into data products usable for atmospheric
studies. This includes winds up to 25 km, aerosol backscatter ratio and backscatter
coefficient up to ~30 km and temperatures below 50 km.
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Additional Achievements

While the main aim of the work done for this thesis was the measurement of three-dimensional
winds, in the process of achieving this goal additional atmospheric parameters, such as
aerosol backscatter ratio and coefficient and temperature, were measured. The analysis of
these parameters is beyond the initially set goal, but highlights the capability of the up-
graded system. Thanks to the combination of the autonomous observation capabilities and
the aerosol sensitivity of the instrument, a polar stratospheric cloud over Kiihlungsborn
was measured. An event which is highly unlikely to capture with a lidar.

The capability to measure temperatures also goes beyond the initially set goals for the
project and has the additional benefit of validating the measured aerosol parameters, since
without the correct measurement of the aerosol BSR, the measured temperatures would de-
viate significantly from the temperature profiles reported by ECMWF and the IAPs RMR-
lidar.

These additional achievements highlight the general concept of the VAHCOLI instruments
to be universal lidars. As they cover a wide altitude range, have (now) multiple fields of
view and are able to do measurements of Mie-, Rayleigh- and resonance-scattering, they
are able to provide diverse measurements of atmospheric parameters, by using completely
new methods for measurements and data analysis.

9.2 Future Directions

The primary challenge facing the system is its low signal strength, limiting aerosol param-
eter measurements and affecting resolution. Future improvements aim at optimising the
detection bench to enhance signal strength significantly, a crucial step for high-resolution
atmospheric studies. Also the alexandrite laser used for the measurements, which are pre-
sented in this thesis, was the first of it’s kind and not fully optimised. It is expected that the
usage of a new laser with higher average power, operating at 750 Hz will further increase
the signal strength.

The measurement techniques presented in this thesis will find broad usage in the future,
especially in the follow up projects to VAHCOLI and more in-depth atmospheric studies.

Follow up projects

Two follow up projects have started, which are partly based on the technologies presented
in this thesis.

The first one is EULIAA which stands for European Lidar Array for Atmospheric Cli-
mate Monitoring. This EU-funded project aims to develop a lidar array measuring au-
tonomously and continously the atmospheric wind and temperature from 5 km to 50 km.
The lidar units developed for this project leverage the multi field of view techniques pre-
sented in this thesis, first using three fields of view with an option to use five. The in-
struments will use a novel, frequency doubled version of the alexandrite ring laser oper-
ating at 386 nm in a deep Fraunhofer line, for better daylight coverage. A next generation
UV-laser based on alexandrite with the necessary parameters has been demonstrated by
Scheuer et al. (2024).
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The second project is LidarCUBE, which is funded by Germanys Federal Ministry of
Education and Research. In this project the technology transfer to a consortium of research
institutes and small and medium-sized enterprises is prepared, with the ultimate goal to
foster production capabilities for middle atmosphere universal wind lidars in the industry.
The instruments developed in this project are bases on a simplified and optimised design
derived from the VAHCOLI instruments.

Both of the projects will make use of an updated design of the lens telescope, which were
developed for this thesis, as can be seen in Figure 9.1. These will leverage the higher
quantities of required optics in the project, to replace the uncoated lenses in the telescope
design with custom coated lenses and thus increase the performance of the lens telescopes
further.

Figure 9.1. CAD renderings of the instruments developed in the follow up projects. left: CAD
drawing of the preliminary instrument design for the EULIAA project. center & right: CAD
drawings of the preliminary instrument design for the LidarCUBE project (LiCuSpace, 2024).

Future atmospheric studies

Future atmospheric studies will include prolonged studies or campaigns for the validation
of the instruments’ measurement capabilities. These studies will either be done with the
instruments build for and discussed in this thesis or at latest as part of the EULIAA project.
The multi field of view techniques presented in this thesis can not only be applied to
measurements of temperature and wind, but also to other atmospheric parameters such
as aerosol and metal densities. With sufficiently increased signal strength, the compari-
son of aerosol measurements in multiple fields of view can increase our knowledge of the
aerosol distribution and homogeneity in the stratosphere. Similarly, studies of the homo-
geneity of the mesospheric metal layers are possible with the multi field of view approach.
Figure 9.2 shows preliminary results for potassium densities measured during the Decem-
ber 2022 campaign in three different fields of view, highlighting, the capability to observe
resonance scattering even with the smaller lens telescopes. Future systems with higher
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signal strength will thus also be able to do temperature and wind measurements in the
mesosphere.
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Figure 9.2. Preliminary measurements of potassium densities done in December 2022. An
integration time of 12h and a vertical integration window of 1000 m shifted in 200 m steps
was used left: Nightly average for the night from the 16th to 17th December 2022. right:
Nightly average for the night from the 17th to 18th December 2022.

With unique sensitivity for aerosols of the VAHCOLI instruments, future measurement
campaigns will contribute to the O-MSP-Li project, which focuses on observations of
meteor smoke particles in the middle atmosphere with lidar.

In conjunction with the observations for O-MSP-Li, a comprehensive investigation into
vertical winds is planned. High-resolution vertical winds will be analysed together with
the Doppler broadening of the Mie spectrum. The objective is to utilise the Doppler broad-
ening measurement provided by the instrument to quantify turbulence in the atmosphere.



A Autocollimation setup

As discussed in 4.3, the optical quality of the telescopes represents a significant factor in
the performance of a lidar system. Consequently, an autocollimation setup was employed
to assess the optical quality of the telescopes designed and constructed for the multi-field of
view upgrade. A schematic and an image of this setup can be found in Figures A.1 and A.2,
respectively. The camera in the setup is employed to rapidly assess the optical quality of
the telescope and identify the focus point of the telescope. The combination of a pinhole
in front of a photo diode is utilized to more accurately gauge the telescope’s impact on
system efficiency. The time resolved signal of the photo diode can also be utilized to assess
the effect of turbulence on signal strength in a laboratory setting. Following assembly,
each lens telescope is focused and tested using the image on the camera. This ensures the
performance of the lidar and significantly reduces the time required to identify the optimal
focus point for lidar measurements when conducting atmospheric measurements.
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Figure A.1. Schematic sketch of the autocollimation setup. A Thorlabs RC12 reflective colli-
mator is employed as the source of a beam of linearly polarised collimated light with a diameter
of 12 mm. The light is then directed through an optical isolator comprising a polarising beam
splitter and a 4/4 plate into the telescope. A flat mirror with a diameter of 300 mm reflects
the beam back through the telescope and the optical isolator, where it is deflected into a
beam splitter by the polarisation rotation. The split beam is directed onto the camera and the
pinhole with an attached photodiode via focusing lenses.
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Figure A.2. Image of the autocollimation setup on the optical bench, with one of the lens
telescopes for the multi field of view upgrade installed. The 300 mm flat mirror is mounted in
a 3D-printed holder, which allows for adjustment of the mirror's angle.
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