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Abstract

There is a need for improvement of observational capabilities with respect to wind measure-

ments in the atmospheric boundary layer (BL). This work is dedicated to the commissioning

of a new airborne Doppler lidar (ADL) system, which provides wind measurements inside the

turbulent BL at highest resolution up to date. To assess the potential of such measurements and

address new challenges presented by them, a two-step approach based on virtual observations

and real-world measurements is employed.

As a first part of this work, a novel large eddy simulation (LES)-based airborne Doppler lidar

simulator (ADLS) is developed. In the ADLS, simulated measurements are conducted based on

LES wind fields, which provides the advantage of knowing the 3-D wind field along the lidar

measurement curtain. In a first step, the ADLS is used to assess the error in ADL retrieved wind

profiles, due to the violation of the flow homogeneity assumption postulated in the retrieval, for

a common system setup and retrieval strategy. In a second step, the ADLS is used to identify

preferable system setups and to quantify retrieval strategy limits beyond which ADL wind pro-

filing becomes unreliable. Additionally, the ADLS is used to validate a proposed data-driven

uncertainty estimation method, offering new possibilities for wind profile accuracy assessment.

In the second part of this work, real-world measurements obtained on four research flights

with a new prototype ADL system are presented. In data processing, the motion correction

accuracy, time synchronization, beam alignment and lidar signal quality control is evaluated. It

is shown that the measured ground return velocities allow for a flight state dependent assessment

of error in the inertial navigation system, which is used for motion correction. A refined ground

return based motion correction procedure is demonstrated to be beneficial for measurement

accuracy. The results show that reliable measurements are possible even when the aircraft

is flying inside the turbulent BL. Thus, in combination with the ADLS results, the accuracy

of the retrieved wind profiles is assessed. Further, it is shown that the vertical wind mean

and variance, and their associated uncertainties, can be quantified from ADL measurements by

taking into account the fixed-beam geometry, lidar pulse averaging effects, as well as random

and systematic uncertainties due to the finite measurement lengths. Finally, the analysis of three

application studies demonstrates that the prototype system provides substantial new insight into

flow and turbulence characteristics of the BL.





Summary

The Earth’s ever changing atmosphere requires observations to enable understanding and pre-

diction of processes relevant for weather forecasts and climate projections. The atmospheric

boundary layer (BL) is the part of the atmosphere in which everyday life takes place, and which

drives exchange processes between the surface and the free troposphere. Hence, the BL is of

great relevance for atmospheric science. As such, a core dynamic variable inside the BL is

the wind, which is also of general importance for process understanding and model evaluation.

Despite its relevance, the BL is still regarded as under-sampled with respect to vertical profiles

of basic atmospheric variables such as wind, temperature and humidity. Therefore, the develop-

ment of new observational capabilities is required. In this respect, the development of airborne

Doppler lidar (ADL) systems for high resolution BL wind measurements is deemed important,

as they can advance current observational capabilities.

ADL can provide valuable information by allowing for spatially resolved and targeted mea-

surements of atmospheric flow phenomena. Often, ADL systems are used to retrieve spatially

resolved vertical profiles of the horizontal wind through the airborne velocity azimuth display

technique (AVAD). Another important application are investigations of the vertical wind by

means of direct nadir stares. The majority of existing ADL systems are implemented on fast-

flying aircraft. Thus, their spatial resolution is coarse (e.g. the most utilized system has an

along-track resolution of 5 km for wind profiling and 200 m for nadir measurements), limiting

their applicability for BL studies. Only three case studies using high resolution ADL wind

profiling systems on slow-flying medium-range turboprop aircraft are available up to date, il-

lustrating the potential and necessity of high resolution ADL measurements for BL research.

This work introduces a new prototype ADL system onboard a slow-flying Dornier 128-6 medium-

range turboprop research aircraft (call-sign D-IBUF) to extend the observational capabilities

available for BL research and show their added value. High resolution ADL observations in the

turbulent BL present new challenges, both for wind profiling and nadir measurements. Hence,

this work is structured into two parts. In the first part, to address these challenges and provide

a link between theory and measurements, a novel large eddy simulation (LES)-based airborne

Doppler lidar simulator (ADLS) is presented. In the ADLS, simulated measurements are con-

ducted based on LES wind fields, considering the coordinate and geometric transformations ap-



plicable to real-world measurements. The ADLS provides added value as the three-dimensional

wind field along the lidar measurement curtain is known exactly, which is nearly impossible in

real-world situations. Thus, valuable insight can be gained into measurement system character-

istics and retrieval strategies. In the second part of this work, real-world ADL measurements

from four research flights are analyzed in-depth. An extensive data processing and quality con-

trolling scheme is applied, which quantifies the measurement accuracy of high resolution ADL

measurements in the BL. Thereby, in combination with the ADLS results, the retrieval of wind

profiles in the turbulent BL is enabled. The retrieved wind profiles facilitate the presentation of

spatially resolved nadir measurements of the vertical wind in the BL at unprecedented resolu-

tion. Finally, the added value of ADL measurements for BL research is illustrated through three

application studies.

In the first part of this work the ADLS enables an in-depth investigation of ADL wind profiling

characteristics. For commonly used AVAD retrieval techniques, flow homogeneity is assumed

throughout the retrieval volume, a condition which is violated in turbulent BL flow. Assuming

an ideal measurement system, the ADLS allows to isolate and evaluate the error in the retrieved

wind profiles which occurs due to the violation of the flow homogeneity assumption. Overall,

the ADLS demonstrates that wind profiling is possible in turbulent wind fields with errors that

allow for meaningful measurements.

In a second step the ADLS is used to investigate the influence of varying system setups and

retrieval strategies on wind profiling error. Thereby, it is possible to identify preferable system

setups and quantify retrieval strategy limits beyond which ADL wind profiling becomes unre-

liable. It is shown that quality control of the retrieved wind profiles with the condition number

allows for identification of unreliable retrievals, e.g. due to clouds blocking sectors of the scan.

Based on these results, an optimized system setup and retrieval strategy is presented, which

allows for high resolution and high accuracy wind profiling in the turbulent BL.

Additionally, the ADLS is used to validate a data-driven uncertainty estimation method in a

third step. The proposed method consists of a covariance matrix based uncertainty estimation,

which uses the residual radial velocity variance, obtained from the least-square fit used for

AVAD retrieval, as a proxy for the unknown data variance. Although this procedure has been

suggested by theory and previous studies, its applicability has not been vetted systematically

before, because knowledge of the input truth is unavailable in real-world ADL measurements.

Results show that the retrieval error caused by flow inhomogeneity smaller than the scanned

volume can be conservatively estimated based on the measured data through using the effective

sample-size corrected residual radial velocity variance. However, the retrieval error due to flow

inhomogeneity in the order of and larger than the scanned volume cannot be quantified from the



measurements. Hence, a parameterization of this contribution is developed based on BL and

ADL system parameters available in real-world measurements. In combination, the data-driven

uncertainty estimation method is shown to yield reliable, conservative results for a wide range

of system setups and retrieval strategies under varying atmospheric conditions.

In the second part of this work, real-world measurements obtained with a new prototype ADL

system based on four research flights conducted in the vicinity of Brunswick (Germany) in July

2019 are presented. The measurement accuracy of real-world ADL measurements inside the BL

is analyzed and quantified. To this end, existing procedures from a number of previous studies

are combined, refined and extended, leading to an in-depth data processing and quality con-

trolling scheme. Besides the conducted time synchronization, beam alignment and lidar signal

quality control, a focus is put on the evaluation of the motion correction accuracy. It is shown

that the measured ground return velocities allow for a flight state dependent assessment of er-

ror in the inertial navigation system used for motion correction. A refined ground return based

motion correction procedure is introduced and demonstrated to be beneficial for measurement

accuracy. The results show that reliable measurements are possible even when the aircraft is

flying inside the turbulent BL.

Combining the accuracy estimates and the ADLS developed data-driven uncertainty estimation

method, the uncertainty in the ADL retrieved vertical profiles of the horizontal wind is then

assessed. Following this, the quality controlled wind profiles are used to enable high resolution

nadir retrievals of the vertical wind. The slower aircraft speed and higher lidar measurement

frequency provide a one order of magnitude higher along-track resolution than with previously

existing systems. Thereby, taking into account the fixed-beam geometry, lidar pulse averaging

effects as well as random and systematic uncertainties due to the finite measurement lengths,

this work shows for the first time that a quantification of the vertical wind variance and its

associated uncertainties is possible from ADL measurements inside the BL.

Finally, the analysis of three application studies demonstrates that the prototype system provides

substantial new insight into flow and turbulence characteristics in the BL. In the first application

study the prototype ADL is used for a showcase retrieval of vertical wind statistics in a clear

section of a turbulent BL topped with shallow cumulus humilis elsewhere. Added value is

provided as the ADL is able to retrieve the vertical wind statistics at all levels simultaneously

with reasonable uncertainty. In a second application study the potential of the prototype ADL

system to provide spatially resolved measurements of both the horizontal and vertical wind in

moderately complex terrain is utilized. Thereby, both the temporal and spatial development of

the BL as well as its link to meso-scale orographic features can be captured. A third application



study analyzes differences in BL turbulence characteristics observed between across- and along-

wind sampling.

In conclusion, this work highlights the potential and importance of high resolution ADL mea-

surements for extending the observational capabilities available for BL research. A new contri-

bution to the theoretical study of ADL systems is introduced through the ADLS, which allows

for previously inaccessible insight into the wind profiling retrieval process. The real-world

ADL measurements at highest resolution up to date present a step towards flexible and accurate

measurements of flow phenomena in the atmospheric BL under a wide range of conditions.



Zusammenfassung

Die ständigem Wandel unterliegende Erdatmosphäre erfordert Beobachtungen, um die für Wet-

tervorhersagen und Klimaprojektionen relevanten Prozesse zu verstehen. In der Erdatmosphäre

ist die atmosphärische Grenzschicht (BL) von großer Bedeutung, da sie Austauschprozesse

zwischen der Oberfläche und der freien Troposphäre antreibt und da sich das tägliche Leben

in ihr abspielt. Folglich ist das BL-Windfeld eine wichtige dynamische Größe und damit von

Bedeutung für Prozessverständnis und Modellevaluation in der Atmosphärenforschung. Trotz

ihrer Relevanz kann die BL hinsichtlich der vertikalen Profile grundlegender atmosphärischer

Größen wie Wind, Temperatur und Feuchte immer noch nicht ausreichend durch Messun-

gen erfasst werden. Daher ist die Entwicklung neuer Beobachtungssysteme erforderlich. In

dieser Hinsicht stellt die Entwicklung von flugzeuggetragenen Doppler-Lidar Systemen (ADL)

für hochauflösende BL-Windfeldmessungen einen wichtigen Baustein für die Erweiterung der

vorhandenen Beobachtungskapazitäten dar.

ADL kann wertvolle Informationen liefern, indem es räumlich aufgelöste und gezielte Mes-

sungen atmosphärischer Strömungsphänomene ermöglicht. Häufig werden ADL-Systeme ver-

wendet, um räumlich aufgelöste Vertikalprofile des horizontalen Winds durch die flugzeugge-

tragene Geschwindigkeits-Azimut-Methode (AVAD) zu erhalten. Eine weitere wichtige An-

wendung sind Untersuchungen des Vertikalwinds mittels direkter Nadir-Messungen. Mit Aus-

nahme von zwei Fallstudien, die das Potenzial von hochauflösenden ADL-Windprofil-Mess-

ungen auf langsam fliegenden Turboprop-Flugzeugen veranschaulichen, sind alle existierenden

ADL-Systeme auf schnell fliegenden Flugzeugen installiert. Daher besitzen sie nur eine grobe

räumliche Auflösung für Windprofil- und Nadir-Messungen, was ihre Anwendbarkeit für BL-

Studien einschränkt.

Diese Arbeit stellt den Prototyp eines neuen ADL-Systems an Bord eines langsam fliegenden

Turboprop-Forschungsflugzeugs (Dornier 128-6, Rufzeichen D-IBUF) vor, um die für die BL-

Forschung verfügbaren Beobachtungskapazitäten zu erweitern und den Mehrwert des neuen

Messsystems aufzuzeigen. Hochauflösende ADL-Beobachtungen in der turbulenten BL stellen

neue Herausforderungen dar, sowohl für Windprofil- als auch für Nadir-Messungen. Daher

ist diese Arbeit in zwei Teile gegliedert. Um die Herausforderungen zu überwinden und eine

Verbindung zwischen Theorie und Messungen herzustellen wird im ersten Teil ein neuarti-



ger LES (Grobstruktursimulations)-basierter Flugzeug-Doppler-Lidar-Simulator (ADLS) vor-

gestellt. Im ADLS werden simulierte Messungen auf der Grundlage von LES-Windfeldern

durchgeführt, wobei alle in der Realität anzuwendenden Koordinatensystem- und geometrischen

Transformationen berücksichtigt werden. Der ADLS erlaubt neue Einblicke, da die zur Simula-

tion der Messungen verwendeten Windfelder exakt bekannt sind, was in realen Messsituationen

nahezu unmöglich ist. Auf diese Weise kann wertvolles Verständnis über die Eigenschaften

des Messsystems und die Messmethoden gewonnen werden. Im zweiten Teil dieser Arbeit

werden reale ADL-Messungen aus vier Forschungsflügen eingehend analysiert. Es wird ein

umfangreiches Datenverarbeitungs- und Qualitätskontrollschema angewandt, das die Messge-

nauigkeit von hochauflösenden ADL-Messungen in der BL quantifiziert. Dadurch wird in Kom-

bination mit den ADLS-Ergebnissen die Messung von Windprofilen in der turbulenten BL er-

möglicht. Die gemessenen Windprofile wiederum ermöglichen die Prozessierung von räumlich

aufgelösten Nadir-Messungen des Vertikalwinds in der BL mit bisher unerreichter Auflösung.

Schließlich wird der Mehrwert der neuen ADL-Messungen für die BL-Forschung durch drei

Anwendungsstudien veranschaulicht.

Im ersten Teil dieser Arbeit ermöglicht der ADLS eine genaue Untersuchung der Eigenschaften

von ADL-Messverfahren zur Gewinnung von Windprofilen mittels AVAD. Häufig angewen-

dete AVAD-Messverfahren setzen Homogenität der Strömung im Messvolumen voraus. Diese

Bedingung ist in turbulenter BL-Strömung verletzt. Unter der Annahme eines idealen Messsys-

tems ermöglicht der ADLS die Isolierung und Bewertung des Fehlers, der bei der Messung von

Windprofilen mittels AVAD aufgrund der Verletzung der Annahme der Strömungshomogen-

ität verursacht wird. Insgesamt zeigt der ADLS, dass die Gewinnung von Windprofilen in

turbulenten Windfeldern mit akzeptablen Fehlern behaftet ist die aussagekräftige Messungen

ermöglichen.

In einem zweiten Schritt wird der ADLS verwendet um den Einfluss unterschiedlicher Sys-

temkonfigurationen und Messverfahren auf den Fehler in den gewonnenen Windprofilen zu un-

tersuchen. Dadurch ist es möglich, bevorzugte Systemkonfigurationen zu identifizieren und die

Grenzen der Messmethoden zu erkennen, jenseits derer die Gewinnung von BL-Windprofilen

unzuverlässig wird. Es wird gezeigt, dass die Qualitätskontrolle der generierten Windprofile mit

der Konditionszahl die Identifizierung unzuverlässiger Windprofile ermöglicht. Basierend auf

diesen Ergebnissen wird eine optimierte Systemkonfiguration und angepasstes Messverfahren

vorgestellt, welches die Gewinnung von Windprofilen mit hoher Auflösung und Genauigkeit

auch in der turbulenten BL erlaubt.

Zusätzlich wird der ADLS in einem dritten Schritt zur Validierung einer datenbasierten Un-

sicherheitsschätzmethode verwendet. Die vorgeschlagene Methode nutzt eine auf der Kovari-



anzmatrix basierende Unsicherheitsschätzung, bei der die Residual-Varianz der Radialgeschwin-

digkeit aus der AVAD-Messanpassung (Methode der kleinsten Quadrate) als Proxy für die un-

bekannte Datenvarianz verwendet wird. Obwohl dieses Verfahren aus der Theorie bekannt ist

und in vorhergehenden Studien vorgeschlagen wurde, konnte seine Anwendbarkeit bisher noch

nicht systematisch überprüft werden, da die Kenntnis der Eingangswahrheit bei realen ADL-

Messungen nahezu unmöglich ist. Die Ergebnisse zeigen, dass der Fehler im gewonnenen

Windprofil, der durch Strömungsinhomogenität auf Skalen kleiner als das Messvolumen verur-

sacht wird, anhand der gemessenen Daten konservativ geschätzt werden kann. Dazu muss

die Residual-Varianz der Radialgeschwindigkeit aus der AVAD-Messanpassung für die effek-

tive Probengröße korrigiert werden. Der Fehler im generierten Windprofil aufgrund von Strö-

mungsinhomogenität auf der Skala des gescannten Volumens und größer kann jedoch aus den

Messungen nicht quantifiziert werden. Daher wird eine Parametrisierung dieses Beitrags auf

der Grundlage von BL- und ADL-Systemparametern entwickelt, die in realen Messungen ver-

fügbar sind. In Kombination wird gezeigt, dass die datenbasierte Unsicherheitsschätzmethode

zuverlässige, konservative Ergebnisse für ein breites Spektrum von Systemkonfigurationen und

Messverfahren bei unterschiedlichen atmosphärischen Bedingungen liefert.

Im zweiten Teil dieser Arbeit werden reale Messungen vorgestellt, die mit einem neuen Proto-

typ ADL-System während vier Forschungsflügen in der Nähe von Braunschweig (Deutschland)

im Juli 2019 durchgeführt wurden. Die Messgenauigkeit von realen ADL-Messungen innerhalb

der BL wird analysiert und quantifiziert. Zu diesem Zweck werden bestehende Methoden aus

einer Reihe von früheren Studien zusammengeführt und erweitert, die somit eine umfassende

Datenverarbeitung und Qualitätskontrolle erlauben. Neben der durchgeführten Zeitsynchroni-

sation, der Ermittelung der Strahlausrichtung und der Qualitätskontrolle des Lidarsignals wird

ein Schwerpunkt auf die Bewertung der Genauigkeit der Bewegungskorrektur gelegt. Es wird

gezeigt, dass die mittels ADL gemessenen Bodengeschwindigkeiten eine Bewertung der Fehler

des für die Bewegungskorrektur verwendeten Trägheitsnavigationssystems in Abhängigkeit des

Flugzustands ermöglichen. Ein erweitertes Bewegungskorrekturverfahren wird vorgestellt und

als vorteilhaft für die Messgenauigkeit demonstriert. Die Ergebnisse zeigen, dass zuverlässige

Messungen auch dann möglich sind, wenn das Flugzeug innerhalb der turbulenten BL fliegt.

Durch Kombination der Genauigkeitsschätzungen und der im ADLS entwickelten datengetriebe-

nen Unsicherheitsschätzmethode wird sodann die Unsicherheit in den mittels ADL gewonnenen

horizontalen Windprofilen bewertet. Im Anschluss daran werden die qualitätskontrollierten

Windprofile verwendet, um hochauflösende Nadir-Messungen des Vertikalwinds zu ermöglichen.

Im Vergleich zu bisher existierenden Systemen wird dabei aufgrund der langsameren Flug-

geschwindigkeit und höheren Lidar-Messfrequenz eine Erhöhung der Auflösung (in Flugrich-



tung) um eine Größenordnung erreicht. Dadurch ist unter Berücksichtigung der unbeweglichen

Strahlausrichtung, der Lidar-Mittelungseffekte im Messvolumen sowie der zufälligen und sys-

tematischen Unsicherheiten aufgrund der endlichen Messlängen eine Quantifizierung der Vari-

anz des Vertikalwinds und der damit verbundenen Unsicherheiten möglich.

Schließlich zeigt die Analyse von drei Anwendungsstudien, dass das Prototyp ADL-System

wesentliche und neue Informationen über Strömungs- und Turbulenzeigenschaften der BL liefert.

In der ersten Anwendungsstudie wird der ADL-Prototyp für eine Studie des Vertikalwinds in

einem wolkenlosen Abschnitt einer andernorts mit flachen Cumulus humilis bedeckten BL

verwendet, Der Mehrwert des ADL-Prototyps besteht in der gleichzeitigen Verfügbarkeit der

statistischen Kenngrößen des Vertikalwinds auf allen Ebenen, so z.B. der Varianz, bei akzept-

abler Unsicherheit. In einer zweiten Anwendungsstudie wird das Potential des Prototyp ADL-

Systems genutzt, um räumlich aufgelöste Windmessungen des Horizontal- als auch des Ver-

tikalwinds in mäßig komplexem Gelände zu liefern. Dadurch können sowohl die zeitliche

und räumliche Entwicklung der BL als auch deren Verknüpfung mit meso-skaligen orographis-

chen Merkmalen erfasst werden. Eine dritte Anwendungsstudie analysiert Unterschiede in den

beobachteten BL-Turbulenzcharakteristika für Flüge quer und längs zur vorherrschenden Win-

drichtung.

Abschließend unterstreicht diese Arbeit das Potenzial und die Bedeutung hochauflösender ADL-

Messungen für die Erweiterung der Beobachtungskapazitäten in der BL-Forschung. Ein neuer

Beitrag zur theoretischen Untersuchung von ADL-Systemen wird durch den ADLS einge-

führt, der bisher unzugängliche Einblicke in den Messprozess ermöglicht. Die realen ADL-

Messungen mit höchster Auflösung stellen einen Schritt in Richtung flexibler und präziser Mes-

sungen von Strömungsphänomenen in der atmosphärischen BL unter einer großen Bandbreite

von Bedingungen dar.
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1. Introduction 1

The atmospheric boundary layer (BL) is of great relevance for atmospheric science as it pro-

vides the stage for exchange processes between the surface and the free troposphere. The BL

state is challenging to adequately capture in observations and represent in numerical modeling

because the turbulent processes present cover a wide range of scales. Thus, to facilitate pro-

cess understanding and model evaluation, high resolution observations of the BL are important.

The wind is a core dynamical variable in the atmosphere. Flow in the atmosphere can exhibit

strong spatial and temporal variability and is thereby challenging to measure, a problem which

is intensified further in the BL where flow is generally turbulent. Despite the great variabil-

ity and importance, the majority of wind observations conducted by operational networks and

for research purpose are limited to the surface and therefore do not capture the vertical struc-

ture of the wind field adequately. Additionally, almost all observations are conducted as point

measurements and hence struggle to capture the spatial variation of atmospheric flows.

Operational weather observation strongly relies on radiosondes for the routine observation

of vertical profiles of the horizontal wind (also called wind profiles in the following). Ad-

ditional wind information is provided by aircraft measurements on-board regular passenger

flights, satellite-based atmospheric motion vectors from cloud tracking (Deutscher Wetterdi-

enst, 2020b). Despite the various observation systems, up to date the atmospheric wind field is

regarded as strongly under-sampled, especially in the vertical dimension (Baker et al., 2014, and

references therein). This under-sampling is even more severe with respect to the BL, where very

localized flow phenomena and turbulent flow are present. To capture the spatial heterogeneity

and high frequency changes of BL flow, measurements at highest resolution are necessary, re-

quiring the development of new measurement capabilities (Emeis et al., 2018; Geerts et al.,

2018).

Throughout the last decades, Doppler lidar technology has emerged which enables active re-

mote sensing of atmospheric winds in clear air (Weitkamp, 2005). Today, the Doppler lidar

technology has achieved maturity and the integration of ground-based Doppler lidar into ob-

1The introduction is adapted from the publication: Gasch, P., Wieser, A., Lundquist, J. K. and Kalthoff, N.,
2020: An LES-based airborne Doppler lidar simulator and its application to wind profiling in inhomogeneous flow
conditions. Atmospheric Measurement Techniques, 13(3), 1609-1631.
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servational networks is beginning. For research purposes, multiple Doppler lidar systems have

been combined to allow for a spatially resolved measurement of atmospheric flow at fixed lo-

cations (Träumner et al., 2015; Fernando et al., 2019; Adler et al., 2020a). Recently, the first

satellite-based Doppler lidar has been deployed to space (European Space Agency, 2018). Due

to its unique capabilities, its data is already being assimilated into operational weather models

(Deutscher Wetterdienst, 2020c), while still undergoing validation (Witschas et al., 2020).

Airborne Doppler lidar (ADL) systems can provided important additional information for the

measurement of flow phenomena by enabling spatially resolved (De Wekker et al., 2012; Chouza

et al., 2016a; Witschas et al., 2017), as well as targeted observations with rapid deployment

(Weissmann et al., 2005b; Zhang et al., 2018). Further, ADL can serve as a testbed and vali-

dation tool for upcoming and existing space-based Doppler lidar systems (Paffrath et al., 2009;

Lux et al., 2018; Baidar et al., 2018; Tucker et al., 2018; Witschas et al., 2020).

The most utilized task of ADL systems is spatially resolved wind profiling (Weissmann et al.,

2005b; De Wekker et al., 2012; Bucci et al., 2018). Wind profiling describes the indirect mea-

surement (also called retrieval, the applied technique is discussed below) of wind profiles in

retrieval volumes along the flight path. Further, some ADL systems also allow for observation

of the vertical wind by means of nadir stares (Kiemle et al., 2007, 2011; Chouza et al., 2016b;

Witschas et al., 2017). The development of new observational capabilities, especially with re-

spect to ADL, has been identified as a cornerstone for the improvement of current observational

capabilities to adequately capture the BL state (Geerts et al., 2018).

Up to date, most existing ADL systems are based on fast (and typically high) flying aircraft.

Due to the fast aircraft speed, the spatial resolution of the measurements is challenging for BL

studies. For example, the most utilized ADL system based on a Falcon 20 aircraft is able to

retrieve a wind profile every 6 km along the flight path (Weissmann et al., 2005b; Witschas

et al., 2017). This resolution is very coarse for BL studies, where flow phenomena on much

smaller scales are present. The same ADL system also allows for measurements of the vertical

wind by means of nadir stares with a lidar measurement frequency of 1 Hz. Thus, at a typical

aircraft speed of 200 ms−1, measurements of the vertical wind can be obtained every 200 m
(Kiemle et al., 2011; Chouza et al., 2016b; Witschas et al., 2017), which is also coarse for

BL studies. Besides the coarse resolution, limitations also exist in the applicability of fast

aircraft for measurements inside the BL due to airspace restrictions, as their operation under

visual flight rules (VFR) is often problematic. Nevertheless, two studies have been conducted

using the above system (Kiemle et al., 2007, 2011), with promising results motivating further

application of ADL for BL studies.
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The only reported BL studies of ADL measurements based on slow (and typically low) flying

aircraft are given by De Wekker et al. (2012), Godwin et al. (2012) and Schroeder et al. (2020).

The ADL system presented by De Wekker et al. (2012) and Godwin et al. (2012) is limited to

wind profiling with a resolution of 1.5−2km along the flight path. Hence, meso-scale flow phe-

nomena (e.g. flow across the Salinas valley in California) are investigated in a case study. The

study by Schroeder et al. (2020) does present wind profiling and nadir measurement geometries

for flights around a wildfire. However, the study lacks an analysis on the achieved measurement

accuracy as well as the potential of the measurements, as it is focused on the technical system

description and thereby only provides quicklooks of the acquired data. Hence, up to date, an

investigation of the potential for high resolution analysis of the vertical wind inside the BL by

means of nadir staring ADL is missing.

Most currently used airborne wind profiling approaches apply the airborne velocity azimuth

display technique (AVAD) or closely related retrieval techniques to estimate vertical profiles of

the horizontal wind in the retrieval volume (Leon and Vali, 1998). Therein, scanning in conical

circles along the flight path is conducted at a constant off-nadir angle. During each scan, a

portion of the horizontal wind is projected into the radial velocity measurement in dependence

of the azimuth viewing direction. Thus, the azimuth variation of the radial velocity can be used

to infer the underlying average horizontal wind. AVAD approaches assume homogeneous flow

conditions throughout the retrieval volume (e.g. no turbulent deviations from the mean flow).

Especially in turbulent environments such as the BL, this flow homogeneity assumption is rarely

fulfilled, which introduces error in the retrieved wind profiles. Consequently, wind profiling at

high spatial resolution remains challenging (Leon and Vali, 1998; Guimond et al., 2014; Tian

et al., 2015). The problem is further intensified by the fact that many airborne wind profiling

systems use high scan elevation angles (closer to nadir). Reasons for doing so include constraint

of the measurement footprint, hardware and range limitations or signal attenuation. As a result,

the measured radial velocity is strongly influenced by variations of the vertical wind along the

scan circle. Thereby, the effect of violations of the homogeneous flow assumption is intensified,

causing in non-negligible errors in the retrieved wind profiles (Tian et al., 2015; Bucci et al.,

2018).

A common method to assess the reliability of AVAD retrieved wind profiles is by comparison to

wind profiles obtained using other measurement systems, most commonly dropsondes released

from the same aircraft. However, this comparison is expensive to conduct and suffers from

co-location problems of the measurements (Weissmann et al., 2005b; Witschas et al., 2020, and

references therein). This difference often makes a direct comparison of the results challenging,

as it is difficult to determine if the observed errors occur due to the differing sampling volumes
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and characteristics, violation of the flow homogeneity assumption or other instrument errors.

The discussed problems are worsened in turbulent BL flow, where rapid changes in flow occur

on small scales and the violation of the flow homogeneity assumption is expected to be non-

negligible.

Due to these challenges, theoretical study through idealized simulations of Doppler measure-

ment systems can be useful. Idealized simulations based on known input wind fields provide

detailed insight into the capabilities and limitations of the airborne measurement and retrieval

process, they have progressed with the availability of more computer power for higher resolu-

tion over the years (Schröter et al., 2000; Frehlich, 2001; Sühring and Raasch, 2013). Reite-

buch et al. (2001), Leike et al. (2001), Lorsolo et al. (2013) and Guimond et al. (2014) show

the importance of model-based simulator studies for airborne Doppler systems, while relying

on coarser resolution model output and focused on errors introduced due to the measurement

system errors. For a simulation-based investigation of the wind profiling retrieval process in the

turbulent BL, high resolution atmospheric wind fields (O(100 m)) are required in order to repre-

sent BL turbulence characteristics adequately. Despite the progress, a simulation of an airborne

wind profiling system with complex scanning geometries, based on high resolution atmospheric

wind fields, was missing before the work presented here.

This work is dedicated to the commissioning of a new ADL system which extends the obser-

vational capabilities available for BL research. The new ADL system is implemented on the

slow-flying, medium-range turboprop Dornier 128-6 research aircraft (call-sign D-IBUF). As

outlined above, high resolution ADL measurements in the turbulent BL environment pose a

number of previously unaddressed challenges, both for wind profiling and nadir measurements.

Therefore, this work evolves around the question whether accurate and meaningful ADL mea-

surements are possible inside the BL using the new system, despite the challenges presented

by the turbulent wind field. More specifically, the research objectives addressed with respect to

wind profiling at highest resolution inside the turbulent BL flow in the first part of this thesis

are:

1. To determine the impact of the violated flow homogeneity assumption used in AVAD on

wind profiling error.

2. To find preferable system setups and retrieval strategies which minimize wind profiling

error for measurements at highest resolution.

3. To evaluate whether a data-driven uncertainty assessment of the retrieved wind profiles is

possible.
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In order to address these problems, a novel large eddy simulation (LES)-based airborne Doppler

lidar simulator (ADLS) is introduced by Gasch et al. (2020) as a part of this work. The ADLS

enables analysis of AVAD wind profiling error through simulation of an idealized ADL mea-

surement system. In the ADLS, distillation of the wind profiling error due to violation of

the AVAD flow homogeneity assumption in the turbulent BL is possible, because the three-

dimensional wind field along the lidar measurement trajectory (also called input truth in the

following) is known exactly, which is near-impossible in real-world measurements.

In the second part of this thesis, real-world BL measurements conducted with a prototype ADL

system are analyzed. The research objectives associated with the commissioning of this new

system are as follows:

4. To develop a data processing and quality controlling scheme which provides insight into

the achieved measurement platform accuracy.

5. To obtain accuracy estimates both for retrieved wind profiles and nadir measurements.

6. To demonstrate the added value of the new high resolution measurement system through

a number of showcase application studies.

This work employs a distinction between the terms error, uncertainty and accuracy based on

ISO 5725-1:1994 and JCGM 100:2008, which is detailed in Appendix A.1.

Alongside these research objectives, this work is organized as follows: In Chap. 2 existing

ADL systems are presented, the new system is introduced and existing studies dealing with the

accuracy estimation of Doppler lidar retrieved wind profiles are discussed. Chap. 3 presents

the theory underlying ADL wind measurements as well as an associated proposed uncertainty

estimation method for AVAD wind profiling. The chapter ends with a description of LES theory,

which poses the foundation of the ADLS. The ADLS and its operation are introduced in Chap.

4, further, the simulation strategy for statistical analysis of wind profiling error is outlined.

In Chap. 5 statistical results on wind profiling error obtained using the ADLS are discussed,

a system setup and retrieval strategy optimization is performed and the applicability of the

proposed data-driven uncertainty estimation method is vetted. In Chap. 6 the measurements

obtained with the prototype ADL system are analyzed and a thorough data processing and

quality control scheme is developed. Then, the measurement system accuracy is assessed and

three application studies are conducted to show the added value of the new ADL system. Finally,

Chap. 7 provides the conclusions and gives recommendations for future work.
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2. Remote sensing of atmospheric boundary layer winds by
means of airborne Doppler lidar

The atmosphere is a gaseous fluid which surrounds the planet Earth. As such, the atmosphere

exhibits distinct layering, characterized by changes in the gradient of the vertical temperature

profile (Seinfeld and Pandis, 2006). An ubiquitous layer inside the troposphere is the BL. The

BL can be characterized as the layer of the atmosphere which is directly influenced by processes

at the surface on time scales of about an hour or less (Stull, 1988). It provides exchange between

the surface below and the free troposphere above. The BL is also the place where everyday life

take places, emissions occur and through which the impact of the weather and climate is felt by

society. Thus, its importance in atmospheric science cannot be understated.

The BL is often capped by a distinct temperature inversion, separating it from the flow of the

free troposphere above (e.g. flow free from the influence of surface friction). The BL height zi

is an important parameter in the characterization of the BL. However, it is not always easy to

identify and many definitions for its determination exist (e.g. based on the temperature profile,

sensible heat flux profile or turbulence state, Träumner, 2010). Typical BL depths over land

range from a few hundred meters to a few thousand meters, while it is considerably more shal-

low over oceans (Stull, 1988). Under the presence of synoptic high pressure systems the BL

above land features a distinct diurnal cycle. Typically, after sunrise a rapid growth of the BL

through the residual layer from the previous night is observed, with a slower subsequent growth

during the rest of the day. Towards the night, the net radiation balance of the surface becomes

negative and a shallow nocturnal BL forms below a strong nocturnal inversion, with the residual

layer above (see Stull, 1988, for an illustration). In contrast to the diurnal cycle in high-pressure

systems, in the ascending air-mass regions of a low pressure system or in thunderstorms it is

not easy to identify or clearly state the extent of the BL. Often, the cloud bottom is defined as

the BL height in such situations. The BL possesses an internal structure which can be further

distinguished. Close to the ground a surface layer exists (O(10 m)) in which fluxes are within

10% of their surface value and in which often a super-adiabatic temperature profile is present

(Stull, 1988; Kraus, 2008). The surface layer is where most ground-based measurements are

conducted. Above the surface layer comes the mixed layer which exhibits a constant potential

temperature with height, distinct turbulent flux profiles and still a sub-geostrophic wind speed
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2. Remote sensing of atmospheric boundary layer winds by means of airborne Doppler lidar

according to idealized theory. The mixed layer is capped by an inversion of varying intensity,

through which exchange processes with the free troposphere occur by entrainment and detrain-

ment (see Träumner, 2010, for an overview). It should be noted that adjacent to the ground a

very thin (O(1 mm)) viscous sublayer exists in which transport occurs through molecular pro-

cesses (Kraus, 2008).

Fig. 2.1.: Schematic illustration of BL variability and measurement systems capable of vertical profiling.
Figure not to scale.

The BL height and structure can exhibit strong spatio-temporal variability (Fig. 2.1). For

example, in mountainous terrain the BL height is not uniform but follows the terrain instead

(De Wekker and Kossmann, 2015; Pal et al., 2016; Lehner and Rotach, 2018). Further, multi-

scale advective processes by thermal wind systems play an important role besides the usual

convective transport inside the mountainous BL (Weissmann et al., 2005b). Rotor circulations,

hydraulic jumps and gravity waves can add further complexity to the flow field (Strauss et al.,

2015; Kalthoff et al., 2020). The BL over flat terrain is also not necessarily homogeneous, e.g.

due to the super-position of meso-scale flow features (Maurer et al., 2016). Further, intense

localized flow features such as thunderstorms can lead to a rapidly changing and heterogeneous

BL structure. Prominent examples are cold-pool outflows from meso-scale convective systems,

which can travel over hundreds of kilometers and are sometimes associated adverse weather

effects such as dust storms (Gasch et al., 2017), besides their high wind speeds (Kuchera and

Parker, 2006) and role in convective organization (Tompkins, 2001).

This BL heterogeneity can make ground-based measurements challenging due to representa-

tiveness problems, with large observed differences between close-by stations (Maurer et al.,
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2.1. Flow in the atmospheric boundary layer

2016). Further, the reliance of ground-based measurements on the background wind speed for

advection often makes the characterization of turbulence problematic (Adler et al., 2019). In

summary, the BL complexity and heterogeneity creates a strong need for spatially resolved and

targeted observations, especially with respect to the three-dimensional flow field.

2.1. Flow in the atmospheric boundary layer

Processes associated with three-dimensional flow (also called wind, represented by the vector

vvv = [u,v,w] or ui = [u1,u2,u3] = [u,v,w] in component wise notation) in the atmosphere are

described by the Navier-Stokes (NVS) equations (Etling, 2008, besides others):

∂ui

∂t
+uk

∂ui

∂xk
= −

1
ρa

∂p
∂xi
− δi3g− εi j k f juk + ν

∂2ui

∂x2
k

. (2.1)

In the above, p is the pressure, ρa is the density of dry air and g is the gravitational accelera-

tion. Further, fi = [0,2Ωg cos(φg),2Ωg sin(φg)] is the Coriolis parameter with the Earth’s angular

speedΩg and the geographic latitude φg and ν is the kinematic viscosity coefficient. Summation

over repeated indices is implied, δi,3 is the Kronecker delta and εi j k is the Levi-Civita symbol.

The left-hand side terms in the NVS equations describe the local change of momentum and

its advection by the mean wind. The right-hand side terms describe the effects of the pressure

gradient, gravitation, Coriolis-effect and viscosity causing friction. While the NVS equations

present a complete description of the atmospheric flow they are not analytically solvable up to

date.

A distinct difference between the flow in the free troposphere and the BL exists: Whereas flow in

the free atmosphere is typically laminar (except during localized events such as thunderstorms

or gravity wave breaking), flow in the BL is turbulent. In contrast to laminar flow, turbulent

flow describes a flow state in which three-dimensional vortices on a range of scales are super-

imposed on the background flow. Turbulent motion is chaotic and cannot be forecast over

extended periods or domains. Chaotic in this respect means that while the NVS equations are

deterministic, the flow is nevertheless unpredictable (Lorenz, 1963). This behavior is caused by

the non-linear term (e.g. products of velocities) in the equations, which leads to a susceptibility

to small disturbances in the initial conditions and associated rapid error growth in forecasting.

Reynolds averaging

The NVS equations are valid in all flow conditions. However, their numerical treatment re-

quires a consideration of the relevant process scales, as turbulent processes are too small to be
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2. Remote sensing of atmospheric boundary layer winds by means of airborne Doppler lidar

resolved by coarse numerical weather prediction (NWP) models (whose grid cannot be refined

indefinitely, discussed in Sec. 3.7). In order to enable numerical treatment of the NVS equations

different simplifying approaches based on scale analysis are used (Etling, 2008). A common

approach to introduce a scale separation into the NVS equations is the so-called Reynolds av-

eraging (others are discussed in Sec. 3.7). Reynolds averaging splits the variables in the NVS

equations into averages and deviations therefrom (e.g. the averaged grid-scale quantities can be

resolved by NWP models, whereas the turbulent fluctuations cannot). As an example, for the

vertical wind w = u3, this reads as:

w = w+w′, (2.2)

where the overline denotes an average and the prime denotes fluctuations. The appropriate

choice of an averaging length is discussed below. Applying the Reynolds averaging to all terms

in the NVS equations results in (Etling, 2008):

∂ui

∂t
+uk

∂ui

∂xk
= −

1
ρa

∂p
∂xi
− δi3g− εi j k f juk + ν

∂2ui

∂x2
k

−
∂u′ku′i
∂xk

. (2.3)

Thus, Reynolds averaging of the non-linear advection term introduces a new term which con-

tains the covariance of the velocity fluctuations. In analogy to the viscous friction, the co-

variance term represents a friction introduced due to turbulence. However, its contribution is

orders of magnitude larger than the viscous friction term, therefore it needs to be represented

adequately in models. Because of the inability to simulate the turbulent fluctuations directly

in NWP, its representation is accomplished through parametrization schemes. Parametrization

schemes attempt to represent the covariance contributions (unresolved subgrid-scale processes,

e.g. the transfer of momentum, heat and moisture due to turbulence) through relating them to

resolved grid-scale variables. To achieve parametrization, a description of turbulence based on

bulk properties is employed, characterizing its overall transport efficiency and effect on the at-

mospheric flow field and energy budget. A short introduction to the properties of turbulence and

their measurement is provided in the following to enable a meaningful description and identify

relevant bulk properties.

Properties of turbulence

Turbulence accomplishes the transport of mass, momentum, latent and sensible heat as well as

other scalar quantities (e.g. aerosols or trace gases) through non-random mixing in the presence

of gradients, termed turbulent flux in the following (Stull, 1988; Etling, 2008). Flow in the BL

is turbulent due to the high transport efficiency needed for energy exchange processes in the BL.
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Due to the mixing, which induces drag, turbulence constantly dissipates energy into heat and

thus requires a constant energy supply for its maintenance. The generation of turbulence can

be distinguished by its generating force. Mechanical turbulence is generated in stable stratified

flow, e.g. due to gradients of the wind speed. A prominent example is the night-time BL where

mechanical turbulence is generated close to the surface (as momentum is transported from the

atmosphere to the surface). Convective turbulence is present if density differences of the air

cause buoyancy forces. A prominent example is the day-time BL in summer, where energy

transport processes at the surface create buoyancy forces through temperature and humidity

fluctuations. Of course, co-existence of the two turbulence generating mechanisms is the usual

case.

Characterization of turbulence

Because of the inability to predict (and measure) turbulent flow in all its three-dimensional

detail, current description and prediction resorts to the characterization of the turbulent flow

through bulk statistical parameters. These parameters allow for a characterization of the flow,

e.g. its ability to transport energy, without full three-dimensional knowledge about the flow

present. Thus, the description of turbulence can be simplified from a four dimensional problem

to a one or two dimensional problem. An important parameter characterizing turbulent flow is

the turbulent kinetic energy (TKE), given as (Stull, 1988):

e =
1
2

(
u′2+ v′2+w′2

)
. (2.4)

As before, primes denote velocity fluctuations and overlines denote averages. Two things be-

come clear from this formulation: First, the process of calculating bulk statistical properties

requires averaging over a time or space interval. Second, any observation must allow for high

enough resolution to resolve the turbulent deviations in detail. The specification of an adequate

averaging time interval and required measurement resolution are discussed below.

An important contribution to the TKE is given through the variance of the vertical wind w′2.

Thus, insight into the TKE and thereby turbulence characteristics can be gained through study-

ing the vertical wind variance and its associated spectrum, which is therefore an important

parameter in BL research. Further, if turbulence is isotropic this implies that u′2 = v′2 = w′2

and thereby e = 3
2w
′2. However, BL turbulence can only be assumed to be isotropic at small

scales (O(10 m), termed ’local isotropy’), as the presence of the ground and capping inversion

lead to a non-random orientation of the vortices for larger scales (Kaimal et al., 1972). Im-

portance is also bestowed on the vertical wind variance through its contribution in the methods
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used to parameterize turbulent fluxes. In these methods, fluxes are calculated through combi-

nation of the vertical wind variance with the gradient of a scalar component as a proxy for the

unknown covariance, e.g. the water vapor mixing ratio and potential temperature for latent and

sensible heat, respectively (Kraus, 2008). Similarly, direct measurements of the turbulent fluxes

using the eddy-covariance method require the highly resolved vertical wind fluctuations w′ as

a contribution to the covariance (Kiemle et al., 2007). Due to it’s importance, the vertical wind

and its variance have been studied for decades. Early studies use aircraft observations (Kaimal

et al., 1976; Lenschow et al., 1980, besides others), while later Doppler radar (Kropfli, 1986;

Eymard and Weill, 1988, besides others) and Doppler lidar (Eberhard et al., 1989; Lenschow

et al., 2000; Hogan et al., 2009; Lothon et al., 2009, besides others) became available.

The statistical bulk parameters describing turbulence can only be calculated with the assump-

tion of horizontally homogeneous turbulence (for aircraft measurements, stationary turbulence

for ground-based measurements) and Taylor’s hypothesis (mathematical insight into their de-

termination from ADL measurements is provided in Sec. 3.4). Homogeneous turbulence de-

scribes the invariance of the turbulence properties to spatial translation. It must be noted that

the homogeneous turbulence referred to here is to be distinguished from the frequently used

homogeneous/inhomogeneous flow (conditions) used with respect to wind profiling: inhomo-

geneous flow with respect to wind profiling simply refers to the presence of turbulence, not

the inhomogeneity of the turbulence. If homogeneous turbulence is addressed it is specifically

referred to as such in this work. Also note that homogeneous turbulence is only assumed in the

horizontal, as it is never present in the BL with respect to the vertical due to the presence of the

ground and capping inversion.

The assumption of Taylor’s hypothesis for the calculation of statistical properties implies that

the characteristics of the turbulent vortices do not change while they are being sampled (it

is also called ’frozen turbulence’ assumption therefore). This assumption is fulfilled much

better for aircraft than for ground-based measurements, because aircraft speeds are typically an

order of magnitude larger than the wind advection speed (Lenschow and Stankov, 1986; Adler

et al., 2019). Aircraft measurements are time-based and conducted with a true air speed T AS.

Employing Taylor’s hypothesis (Taylor, 1938), the observed frequency f of flow features in the

time series measurement can be related to a spatial wavelength λ (the distance covered by the

flow feature) through:

f =
T AS
λ

. (2.5)
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With these concepts in mind, the appropriate averaging length for the calculation of bulk statis-

tical properties for turbulence still needs to be determined. In order to do so, the spectrum of

turbulence allows for helpful insight.

The spectra of turbulence

The spectrum of turbulence provides the frequency-resolved variance contribution to the overall

variance based on Fourier analysis (its determination is discussed in Sec. 3.4). In the case of

atmospheric turbulence spectra, a 4-D spectral tensor is underlying the 1-D (in-situ, 3 compo-

nents) or 2-D (ADL, 1 component) measurements of wind component spectra (Kristensen et al.,

1989). Thereby, the investigated spectrum provides only a limited excerpt of the real turbulence

at hand. Nevertheless, spectra reveal important information about the investigated time series

and underlying turbulence.

Fig. 2.2.: Aircraft measured energy spectra of the
vertical wind variance at three heights in
the BL from Hasel (2006).

The theoretical assumptions about BL tur-

bulence entail the existence of three distinct

regimes, which can be detected from the spec-

tra (Fig. 2.2). For the vertical wind inside

the BL, a spectral peak (maximum variance

contribution) is expected to exist at low fre-

quencies (long wavelengths, using Taylor’s

hypothesis for conversion). The peak is as-

sociated with the mechanical and convective

production of variance by turbulence at or be-

yond the scale of the BL (hundreds of me-

ters to kilometers). Consequently, the largest

scale is called production range and the spec-

tral peak wavelength λm is another important parameter in BL research. The energy produced

at the largest scale is expected to cascade down towards the smallest scales (millimeters to

sub-millimeter), where it is dissipated into heat. Consequently, the smallest scale is called dis-

sipation range. In between production and dissipation range lies the inertial subrange. In the

inertial subrange, energy is neither produced nor dissipated, as an equilibrium between produc-

tion at the largest scale and dissipation at the smallest scale is assumed. Thereby, in the inertial

subrange, the turbulent eddies are solely produced through the decay of larger eddies and decay

themselves into smaller eddies again until the dissipation range is reached. According to theory,

if the process of turbulence decay is fully developed, a characteristic decay of the spectral lev-
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2. Remote sensing of atmospheric boundary layer winds by means of airborne Doppler lidar

els towards higher frequencies is expected in the inertial subrange of the spectrum (also called

Kolmogorov′s law, a -5/3 slope in the case of log S( f ) vs. log f display, a -2/3 slope in the

case of log [ f S( f )] vs. log f display).

An important effect occurs in the spectra for wavelengths larger than the production range. In

this region (>O(10 km), >O(1 h)), often a drop-off in the spectral energy level of turbulent fluxes

is observable, which is also termed spectral gap (Fiedler and Panofsky, 1970). The spectral gap

exists because the next major contributors to energy input into the atmosphere through turbulent

fluxes are the diurnal cycle of the atmosphere and synoptic systems, but these provide their

input at scales very much larger than the production range. Hence, an intermediate range exists

where lower values of energy input by turbulent fluxes can be observed. As outlined and shown

by Lenschow and Sun (2007), it must be noted that the spectral gap is present for turbulent

fluxes, but not necessarily in the spectra of the wind components (especially the horizontal

components) or scalar values. Further, a variety of meso-scale flow phenomena exist which can

prevent the drop-off in the spectra (e.g. terrain height variations, gravity waves, longitudinal

rolls, cellular convection, dynamical effects induced by clouds and shading of the ground).

Nevertheless, the spectral gap provides an approach to separate turbulent flow from mean flow,

based on spectral analysis of the energy input provided to the atmosphere through turbulent

fluxes.

The choice of an appropriate averaging interval and measurement frequency

Knowledge of the spectra and assumptions used in the determination of bulk statistical proper-

ties now allows to identify an appropriate averaging interval and measurement frequency. For

reliable variance measurements, the measurement system must enable resolution of all rele-

vant variance contributions from the production range down to the end of the inertial subrange.

Thus, a spatial resolution on the order of meters needs to be achieved (requiring a high sampling

frequency for fast aircraft measurements). A slightly insufficient measurement resolution (e.g

O(10 m)) does not automatically imply useless measurements, as theoretical models describing

the behavior of the turbulent spectra for small wavelengths allow for a reconstruction of the lost

variance to some extent (Sec. 3.1 and 6.2.VII).

Defining an appropriate averaging interval is slightly more complicated. On the one hand, the

averaging interval must be short enough to allow for the valid assumption of homogeneous

turbulence and Taylor’s hypothesis. On the other hand, the averaging interval must be long

enough to capture the contributions of the largest vortices to the spectrum of turbulence reli-

ably. Thus, the averaging interval depends on the turbulence present. It is therefore helpful to
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define a measure when neighboring observation become independent. This is achieved through

definition of the integral scale T, which is another important measure in BL research as it

characterizes the memory of the flow (its calculation is discussed in Sec. 3.4). Typically, an

averaging interval which extends beyond the spectral maximum (towards the spectral gap) and

covers hundreds of times the integral scale to allow for an adequate statistical basis is seen as

appropriate (Lenschow et al., 1994). Even if an appropriate averaging interval is chosen, uncer-

tainties remain because the desired ensemble average has to be approximated by the temporal

or spatial average available through measurements (discussed in Sec. 3.4 and the associated

Appendix A.9). For example, an appropriate averaging interval typically only allows for sam-

pling of a few of the largest vortices, whose contribution to the overall variance is very large,

thus introducing statistical uncertainty.

In summary, this section motivates and describes the concept behind observations of the BL

wind field, consisting of two main tasks:

1. Measurement of the mean flow and

2. Characterization of the statistical properties of turbulence.

The first requires reliable identification of the mean flow despite the presence of turbulence.

The second requires the same to begin with, but then further the capability for high resolution

observations to capture the turbulent deviations in detail across a wide range of scales. Then,

the state of the BL turbulence can be characterized through observation of the BL height zi and

the vertical profiles of the vertical wind variance w′2, the spectral peak wavelength λm and the

integral scale T. Due to the high accuracy and resolution needed, observations of the turbulent

BL wind field are challenging to execute, an overview on existing approaches and systems is

provided in the next section.

2.2. Vertically resolved wind observations

Wind observations aspire to capture the current flow state of the atmosphere through measure-

ments, with the following discussion focused on the BL. Associated with the different scales

of flow, a variety of observing systems exists which utilize different technologies. While many

observations are made at or close to the surface by meteorological ground stations and tow-

ers (which are not discussed here for the sake of brevity), a few observation system are able

to provide vertically resolved profiles of the wind throughout the BL. Even fewer can provide

vertically and spatially resolved observations. Of these, yet even fewer have the ability to re-

solve turbulent processes. Up to date, no technology exists which is able to capture the full

15



2. Remote sensing of atmospheric boundary layer winds by means of airborne Doppler lidar

Fig. 2.3.: Global radiosonde observation network from Ingleby et al. (2016). The location of stations
for which radiosonde wind reports were processed at the European Centre for Medium-Range
Weather Forecasts in the time interval 1–31 Dec 2015 is indicated through circles, triangles
and crosses. The color code is non-relevant for the analysis conducted here. © American
Meteorological Society. Used with permission.

three-dimensional flow in the atmosphere in turbulent conditions (e.g. three wind components

in three dimensions).

Observations of the mean flow

Vertical profiles of the horizontal wind obtained with radiosondes are a backbone of routine op-

erational weather observation for the prediction of the global atmospheric circulation (Ingleby

et al., 2016). However, due to the high operational cost the radiosonde network is limited, with

almost no observations in remote regions (Fig. 2.3). Additional wind information is provided

by aircraft measurements on-board regular passenger flights (Moninger et al., 2003). However,

these observations are only conducted along flight routes and vertical information is only avail-

able during ascent and descent. Satellite-based AMVs are able to provide wind information

also in remote regions and with high temporal resolution (Holmlund, 1998), but their vertical

and spatial availability is limited by the required presence of trackable clouds or water vapor

features. Radar and sodar based wind profilers offer another way for ground-based remote

sensing of atmospheric winds up to the stratosphere. However, they are expensive, e.g. DWD

currently only operates four such systems (Deutscher Wetterdienst, 2020b). Operational precip-

itation radar can also provide winds through radial velocity measurements. These observations

require hydrometeors for scattering as well as assumptions about their fall velocity. If sufficient
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2.2. Vertically resolved wind observations

signal coverage and overlap is available, the combination of multiple radars allows for construc-

tion of a three-dimensional mean flow field, as is done over France for example (Bousquet and

Tabary, 2014). Sondes flying on tethered balloons are also sometimes used to provide vertical

information on the wind, e.g. during research measurement campaigns (Ivey et al., 2014). A re-

cent technology under development is the observation of winds using unmanned aerial vehicles

(Barbieri et al., 2019).

Through the last decades, Doppler lidar technology has emerged which enables active remote

sensing of atmospheric winds also in clear air (Weitkamp, 2005). Today, the Doppler lidar

technology has achieved maturity and the assimilation of Doppler lidar data into operational

NWP models is beginning (Kawabata et al., 2014; Sawada et al., 2015). The most common

way to infer the horizontal wind from measurements by a single lidar is through scanning in

conical circles. The projection of the horizontal wind into the lidar measured radial velocity is

then a function of the azimuth angle. Thus, inversion of the measurement knowing the beam

pointing-angle allows for retrieval of the horizontal wind (which is hence termed velocity az-

imuth display, VAD technique, Browning and Wexler, 1968). For research purpose, multiple

ground-based lidar systems have been combined in so-called dual- or multi-Doppler retrievals

to allow for spatially and vertically resolved observations of the mean flow field (Röhner and

Träumner, 2013), also in complex terrain (Fernando et al., 2019; Adler et al., 2020a). Another

recent technique is presented by Mauder et al. (2020) in the form of a bistatic lidar. The bistatic

lidar consists of one laser source but three spatially separated receiving units, it thus allows for

simultaneous measurement of all three wind components in a probe volume by lidar. Recently,

the first Doppler lidar (Aeolus) has been launched into space by the European Space Agency af-

ter more than 20 years of development (Paffrath et al., 2009; Lux et al., 2018; European Space

Agency, 2018). Aeolus now provides the first global wind measurements, which are already

assimilated into NWP models and show a positive impact (Deutscher Wetterdienst, 2020c).

An expensive but often used way to obtain vertically resolved wind information for research pur-

pose are aircraft measurements (Lenschow and Stephens, 1980, besides others). A disadvantage

is that aircraft measurements only provide wind observations at flight level, if no specific time

consuming maneuvers to obtain vertical profiles of the horizontal wind are conducted. For this

reason, some aircraft have been equipped with dropsonde launch systems which are also used

semi-operationally, e.g. for wind observations in hurricanes (Powell et al., 1998; Dorst, 2007).

Unfortunately, launching dropsondes constantly along the flight path is prohibitively expensive

and impossible. To allow for continuous spatially resolved wind observations along the flight

path nevertheless, some of the used research aircraft have been outfitted with Doppler radar or

Doppler lidar systems, which are extensively discussed in the next section.
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2. Remote sensing of atmospheric boundary layer winds by means of airborne Doppler lidar

ADL and airborne Doppler radar (ADR) provide for remote sensing of the wind field with

high spatial resolution. ADL retrieved wind profiles have been assimilated into NWP models

in multiple experimental studies (Weissmann et al., 2005b; Pu et al., 2010; Weissmann et al.,

2012). Similar to ground-based systems, measurement of the horizontal wind is conducted by

measuring under multiple azimuth angles (often scanning in conical circles but sometimes also

with multiple fixed beams) followed by a retrieval. Hence the name airborne-velocity-azimuth-

display, AVAD, is coined, although the retrieval process is better describes as a volume-velocity-

processing technique (VVP, see Sec. 3.3). The vertical wind can be explored directly through

nadir stares at higher resolution. Nevertheless, some post-processing is required to account for

non-exact nadir beam pointing and to retrieve statistical parameters of the vertical wind, e.g. for

turbulence measurements.

While up to date published studies on ADL systems are limited to AVAD wind profiling or

nadir stare observations, for ADR more sophisticated retrieval strategies such as airborne dual-

Doppler have been reported (Leon et al., 2006; Damiani and Haimov, 2006). These techniques

enable the retrieval of two wind components in a two-dimensional plane. Two reasons explain

the more sophisticated ADR observation strategies compared to ADL: First, ADR systems have

been available for much longer and are available on more aircraft, since the radar technology

was developed earlier than lidar. Second, changing of the beam direction is more easily done for

radar systems, where the whole antenna can be rotated (Hildebrand et al., 1996), multiple an-

tennas can be used simultaneously (Haimov et al., 2018) or the scanning can even be conducted

electronically (Lussier et al., 2018). In contrast, for lidar sophisticated mirror-based optical

scanner systems are required, which can direct the beam in the desired direction. Mechanical

scanning with an optical mirrors adds to cost and complexity as a second system is required and

installation outside the aircraft hull (preferential for complex scanning geometries) is difficult

due to the needed size of the optical aperture. Up to date, ADL and ADR systems provide the

only way to measure the mean horizontal flow with spatial and vertical information in flexible

but targeted measurements, as conducted by Weissmann et al. (2005b, 2012).

Turbulence measurements

The presence of turbulence makes wind observations more demanding and challenging. Very

few systems are able to provide vertically resolved measurements of turbulence beyond the

range of standard flux towers (a few very tall flux towers above a height of 300 m exist, Andreae

et al., 2015).
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2.3. Airborne Doppler lidar observations

As remote sensing offers a viable and promising opportunity, the development of turbulence re-

trieval techniques from Doppler lidar and radar measurements has been a focus of research for

more than 20 years (Eberhard et al., 1989; Frehlich, 1997; Banakh and Werner, 2005). Today,

a number of techniques have reached a level of maturity where reliable results can be obtained

regularly. Most commonly applied is the estimation of turbulence characteristics from a single

lidar (Newman et al., 2016; Bonin et al., 2017), while other more complex approaches using

dual-Doppler retrieval strategies also exist (Röhner and Träumner, 2013). An overview on the

available techniques is provided by Sathe and Mann (2013). The bistatic lidar technique men-

tioned above also allows for the retrieval of turbulent quantities (Mauder et al., 2020). A method

for the quantitative measurement of the dissipation rate by aircraft, which can be employed on

commercial passenger flights, is presented by Cornman et al. (1995) and Sharman et al. (2014).

Dissipation rate measurements are useful for mapping of turbulence levels (e.g. for the warn-

ing of other aircraft on high intensity turbulence, especially in clear-air). Still, up to today the

most common, reliable and accurate way to obtain vertically resolved information on turbu-

lence are research aircraft. Turbulence measurements by research aircraft have been conducted

throughout many decades and provide invaluable information (Lenschow, 1970; Lenschow and

Stankov, 1986; Mahrt, 2000).

Along with the outfitting of research aircraft with ADR and ADL systems for mean flow obser-

vations, the same systems have been used to retrieve information about turbulence in parallel by

a few studies. An overview is provided in the following sections, again it is noticeable that ADR

measurements have progressed slightly further than ADL measurements in this respect (Lothon

et al., 2005; Strauss et al., 2015). However, turbulence measurements by remote sensing from

aircraft provides for a unique set of problems (discussed in Sec. 3.5) and none of the studies

so far has addressed all of them simultaneously. For example, a study with correction of the

pulse volume averaging (PVA) effect while considering the horizontal wind contamination of

the vertical wind measurement, due to non-nadir beam pointing, was missing prior to the work

presented here (discussed below).

2.3. Airborne Doppler lidar observations

ADL systems provide unique insight into atmospheric flow phenomena, therefore a variety of

systems have been developed throughout the years. An overview of existing systems and ex-

perimental validation efforts associated with them is provided here, followed by a few highlight

studies and the presentation of a new ADL system concept.
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2. Remote sensing of atmospheric boundary layer winds by means of airborne Doppler lidar

Because ADL presents a combination of aircraft, scanner and lidar systems the data analy-

sis requires adequate processing schemes. The motion correction necessary for airborne wind

measurements is generally challenging because the atmospheric contribution to the measured

velocities is very small compared to the aircraft contribution. Hence, precise and reliable motion

correction of the aircraft contribution is required and small offsets in any of the components can

introduce large error. The analysis is complicated further for wind profiling because the lidar

is only able to measure the contribution of the atmospheric velocity in beam direction (radial

or line-of-sight velocity, LOS). As a result, a retrieval process is required to obtain vertical pro-

files of the horizontal wind, which can again introduce error. Thus, validation of the achieved

measurement accuracy, both with respect to the raw motion corrected radial velocities as well

as the retrieved wind profiles, is important.

Validation strategies

Associated with the radial velocity and AVAD wind profile accuracy assessment two different

validation approaches exist.

First, the radial velocity accuracy (also termed LOS accuracy) is typically assessed by using the

measured ground return velocity (Baidar et al., 2018, are the exception to the rule, as they use

simulated radial velocities from dropsonde measurements). In this method, the ground serves

as a stationary reference target, hence any ground velocity remaining after motion correction is

attributable to error in the motion correction procedure (which is explained in Sec. 3.2). Owing

to the direct approach a robust handle on the radial velocity error due to motion correction can

be obtained. The ground return even allows for motion correction in case of unavailable or

unreliable inertial navigation system (INS) data, as is done by Augere et al. (2019) (if the lidar

is able to sense the ground, e.g. no blocking by clouds).

Second, the determination of the wind profiling accuracy is more complicated due to the re-

trieval process involved. A common method to assess the reliability of retrieved Doppler lidar

wind profiles is by comparison to wind profiles obtained using other measurement systems.

However, a number of problems exist for these comparisons: Instrumented towers are of limited

use due to their small vertical extent and fixed location (as well as lidar measurement problems

due to chirp close to the ground detailed by Godwin et al., 2012). Simultaneous aircraft mea-

surement are challenging and expensive to execute and still suffer from co-location problems.

Systems with similar remote sensing characteristics, e.g. ADRs, also suffer from co-location

problems and are prone to the same retrieval errors as ADL. Consequently, results can show

large differences (De Wekker et al., 2012; Tian et al., 2015; Bucci et al., 2018). Therefore, the
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2.3. Airborne Doppler lidar observations

Fig. 2.4.: Example comparison of ADL retrieved wind profile (crosses) with dropsonde measurements
(points) from Weissmann et al. (2005b). Shown are: (a) Wind speed, (b) rate of fall, (c) relative
humidity and (d) horizontal positions of dropsonde and lidar radial velocity measurements used
for retrieval. © American Meteorological Society. Used with permission.

most prominent approach is the comparison of retrieved wind profiles to radiosondes and/or

dropsondes, which can provide verification if conducted for a sufficiently large dataset (Reit-

ebuch et al., 2001; Weissmann et al., 2005b; Chouza et al., 2016a; Bucci et al., 2018; Greco

et al., 2020). Nevertheless, both systems still exhibit very different sampling characteristics and

volumes. This difference often makes a direct comparison of the results challenging, as it is

difficult to determine if the observed deviations occur due to the differing sampling volumes,

violation of the flow homogeneity assumption used for retrieval or actual instrument error. An

example from Weissmann et al. (2005b) is provided in Fig. 2.4. Despite the well-matching

location between ADL retrieved wind profile and dropsonde measurement, differences greater

than 5 ms−1 are present in the wind profiles below 1300 m. Weissmann et al. (2005b) attribute

these to a fall of the dropsonde through a convective cloud updraft based on the reduced fall

speed and 100 % relative humidity. Thereby, the different sampling characteristics and result-

ing spatio-temporal co-location error prevent a reliable identification of instrument or retrieval

errors. This problem is amplified in the BL, where turbulent flow leads to a permanent violation

of the flow homogeneity assumption used for AVAD retrieval and large differences already for

small shifts in location.

Due to the challenges associated with ADL measurements, theoretical analysis of the measure-

ment and retrieval procedure (Sec. 2.4) presents another important possibility for measurement

accuracy evaluation besides the experimental validation discussed here.
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2. Remote sensing of atmospheric boundary layer winds by means of airborne Doppler lidar

2.3.1. Overview of active systems and experimental validation efforts

The following discussion includes ADLs on which studies were published in the years 2010-

2020. While older systems do exist they are not operational anymore, an overview of them

can be found in Weissmann (2006). Fig. 2.5 provides an overview of the typical measurement

operation envelope of the aircraft associated with the ADL systems. Further, the measurement

strategies for which results have been published are also shown, along with an overview of

quantitative evaluation available in literature. Details on the systems can be found in Tab. 2.1

for the system hardware and Tab. 2.2 for the associated validation efforts. Validation as used

here refers to the publishing of quantitative information on the achieved system accuracy (see

also Appendix A.1).
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The by far most utilized ADL system is a 2 µm Doppler lidar (DLR 2 µm) based on a Falcon

20 aircraft operated by the German Aerospace Center (DLR, Deutsches Zentrum für Luft- und
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2.3. Airborne Doppler lidar observations

Raumfahrt e.V.) (Witschas et al., 2017, and references therein). The Falcon 20 has a typical

aircraft speed of 200 ms−1 during measurement flight at a flight altitude between 6− 10 km.

It is routinely operated under instrument flight rules (IFR). The lidar operates at a wavelength

of 2022 nm with a pulse repetition frequency (PRF) of 500 Hz, the utilized data output rate

is 1 Hz. The DLR 2 µm scans with a typical scan rotation duration of 30 s (stop-and-stare

is possible) with a scan elevation angle of 70° (20° off-nadir). Thereby, vertical profiles of

the horizontal wind can be obtained every 6 km along the flight path. The DLR 2 µm is also

able to measure the vertical wind through nadir stares, for which multiple studies have been

reported. Chouza et al. (2016b) assess the measured ground return velocities (radial velocity

error) quantitatively and conduct a beam pointing-angle calibration procedure based on it. They

report a slight dependence of the beam pointing-angle on cabin pressure. Further, Chouza et al.

(2016b) and Witschas et al. (2017) analyze the accuracy of the nadir measurements based on

theoretical considerations, the measured ground return velocities and through the difference

between up- and downwind flights. Multiple accuracy assessments of the retrieved vertical

profiles of the horizontal wind have been conducted by Weissmann et al. (2005b), Chouza

et al. (2016a), Reitebuch et al. (2017) and Schäfler et al. (2020) in comparison to dropsondes.

A noticeable difference in the reported accuracy exists between the studies (Tab. 2.2). The

differences reported are too large to be explained by varying measurement system accuracy,

as the radial velocity accuracy is expected to be similar between the studies (the used system

components are the same and the ground return is routinely checked by the other studies as well,

showing no gross motion correction errors). Thus, the difference emphasizes the difficulty of

conducting wind profiling accuracy evaluation and the impact of factors beyond the pure system

accuracy, such as the retrieval strategy and the flow present in the retrieval volume.

The Falcon 20 can host another ADL in parallel to the DLR 2 µm, which is a direction detection

lidar (DLR A2D). The DLR A2D serves as an airborne demonstration and calibration system

for the Aeolus satellite mission (Lux et al., 2020, and references therein). The lidar operates at

a wavelength of 354 nm with a PRF of 50 Hz, the utilized data output rate is 1/18 Hz. Differing

from the usual coherent detection signal processing, the direct detection uses interferometers to

determine the Doppler frequency shift between outgoing and returning signal. It thereby allows

for processing of both aerosol (Rayleigh channel, double-edge technique using two bandpass

filters in two Fabry–Pérot interferometers) and cloud (Mie channel, using a fringe-imaging tech-

nique in a Fizeau interferometer) return signals simultaneously. However, an accurate ground

return calibration (termed zero-wind correction in this case) is needed for A2D radial veloc-

ity measurements (Lux et al., 2018). The lidar measures in a stare mode at an off-nadir angle
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2. Remote sensing of atmospheric boundary layer winds by means of airborne Doppler lidar

of 20°, hence no full AVAD or nadir measurements are reported. The DLR 2 µm is used as a

reference system for accuracy assessment of the A2D.

Another satellite demonstrator mission (termed OAWL) with a fixed-beam laser is introduced

by Tucker et al. (2018) onboard the high-flying NASA WB-57 aircraft. The OAWL system

uses a laser source at 355 nm with an optical auto-covariance detection technique for signal

analysis. The OAWL radial velocity accuracy is controlled using the measured ground return

velocities (Tucker et al., 2018), but wind profiling accuracy is only briefly validated against a

few measurements from a radar wind profiler (as it requires turning of the aircraft). A further

development stage on the same aircraft led to the GrOAWL system, which utilizes two lasers

at a wavelength of 532 nm and 90° azimuth separation, allowing for AVAD retrieval. Baidar

et al. (2018) validate both the radial velocity accuracy and the retrieved wind profiles against 21

dropsondes (whose measurements are used to simulate radial velocities).

Another ADL based on a high and fast flying aircraft is the DAWN1 lidar onboard the NASA

DC-8 (Greco et al., 2020, and references therein). The DAWN lidar emits more powerful in-

dividual shots (leading to the damage of an optical mirror through burning of settled dust, as

reported in Kavaya et al., 2014) but at a lower PRF, the available data rate is comparable to other

systems with 0.5 Hz. So far, the motion correction accuracy has been provided only based on

the ground return measurements during 5 AVAD scans for the DAWN1. For this system AVAD

horizontal wind profiling has been reported with 2- (separated by 90°) or 5-point (separated by

22.5°) conical stare measurements at 30° off-nadir angle. An extensive accuracy assessment

of retrieved wind profiles in comparison to dropsonde data is conducted in Greco et al. (2020).

Nadir measurements geometries have also been reported by Turk et al. (2020), however without

providing insight into the achieved measurement accuracy.

The same lidar system has also been mounted and operated on a smaller and slower UC-12B

aircraft (DAWN2), which is a modified Beechcraft B200 King Air aircraft, for two case studies

(Koch et al., 2014; Beyon et al., 2014, besides more grey literature referenced therein). With

unchanged lidar characteristics, the UC-12B DAWN2 operates at a typical aircraft speed of

135 ms−1 and a flight altitude of 1.5−6 km. DAWN2 also uses an AVAD scan pattern limited to

two points stares, separated by 90° azimuth at 30° off-nadir angle. Koch et al. (2014) state that a

radial velocity accuracy assessment is conducted by analysis of measured ground return signals,

but without providing further details except that it is better than 1 ms−1. Two AVAD retrieved

wind profiles are compared to those from a radar wind profiler and a dropsonde, also without

further accuracy quantification. Results on nadir measurements have not been published for the

DAWN2.
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2.3. Airborne Doppler lidar observations

A system with similar operating characteristics as the DAWN2 is the P3DWL onboard the

NOAA’s Lockheed WP-3D Orion presented in Pu et al. (2010); Zhang et al. (2018) and Bucci

et al. (2018). The P3DWL has been used to obtain wind profiles in and around tropical hurri-

canes, nadir measurements have not been reported. The system uses the same lidar as in this

work, a 1.6 µm Lockheed Martin Coherent Technologies WTX. For AVAD scanning a 2-axis

scanner is available which performs a 12 point stop-and-stare pattern at 20° off-nadir angle. The

scanner is also able to point upwards. An extensive AVAD performance analysis is conducted

by Bucci et al. (2018), who compare the AVAD retrieved wind profiles to 49 dropsondes as well

as in-situ measured, microwave radiometer and ADR data from the same aircraft. No results on

the achieved radial velocity accuracy have been published.

Recently, another ADL system termed LIVE has been introduced by Augere et al. (2019), based

on the French SAFIRE ATR-42 aircraft with similar aircraft characteristics as the WP-3D. Note-

worthy is the LIVE laser unit, which is an all-fibre laser at a wavelength of 1.5 µm and the as-

sociated high PRF of 14 kHz. Scanning is conducted with a conical scan of 17 s duration at 30°

off-nadir angle. Augere et al. (2019) report that their aircraft-based INS is not accurate enough

to allow for motion correction, hence the measured ground return velocities are used instead.

Further insight into the achieved radial velocity accuracy is not provided. AVAD accuracy anal-

ysis is conducted through comparison to one wind profile from a ground-based Doppler lidar,

also without quantitative evaluation.

The lowest and slowest flying ADL systems up to date are both implemented onboard Twin

Otter aircraft. The first such system (TODWL) was presented by De Wekker et al. (2012) and

Godwin et al. (2012) for a wind profiling case study in the Salinas valley in California. The

TODWL has also been used by Fernando et al. (2015) and Pal et al. (2016), however focused

on signal-to-noise ratio (SNR, as a proxy for aerosol content) instead of wind. De Wekker

et al. (2012) specify a radial velocity accuracy of < 0.2ms−1 based on the measurement of

100 ground return velocities, which they also use to conduct a beam-pointing angle calibra-

tion. AVAD wind profiling is conducted by a 12-point step-stare scan with 20 s duration at

20° off-nadir angle. Wind profiling accuracy evaluation is conducted through comparison to

approximately 10 wind profiles from a nearby ground-based radar wind profiler. They spec-

ify an accuracy of < 0.5ms−1, however without providing further insight into how this value

is obtained. Based on the results obtained in the work presented here, their accuracy appears

unreasonably high considering that their AVAD wind profiling is conducted in the turbulent BL,

where flow inhomogeneity induces retrieval error.

A new system which is currently undergoing system tests is the NOAA Earth System Research

Laboratory (ESRL) developed MD2, also onboard a Twin Otter (Schroeder et al., 2020). Note-
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2. Remote sensing of atmospheric boundary layer winds by means of airborne Doppler lidar

worthy is its rather compact and lightweight design compared to others, further it exhibits a

very high PRF similar to LIVE. Both AVAD (up to 60 °s−1 scan speed) and nadir scanning

geometries are possible with high lidar measurement frequency (up to 10 Hz). An accuracy as-

sessment is not conducted by Schroeder et al. (2020), as the focus is on system introduction and

capability presentation. Consequently, no insight into the achievable measurement accuracy for

BL measurements is available yet.

2.3.2. Application studies

ADL systems have been used to study a variety of atmospheric phenomena around the globe,

among them gravity waves (Chouza et al., 2016b; Witschas et al., 2017), hurricanes (Bucci

et al., 2018; Zhang et al., 2018), mid-latitude storms (Weissmann et al., 2005b; Schäfler et al.,

2020), aerosol transport (Chouza et al., 2016a), convective systems (Turk et al., 2020), aircraft

wake vortex (Rahm et al., 2007), BL turbulent fluxes (Kiemle et al., 2007, 2011) as well as

meso-scale flow features across a valley (De Wekker et al., 2012), a wind farm (Koch et al.,

2014) and a wild fire (Schroeder et al., 2020). For the sake of brevity, only recent studies with

an investigation component linked to the BL or of importance to the work presented here are

discussed briefly in the following. For an overview of older studies (before the year 2005) the

reader is referred to Weissmann (2006).

The first study presenting ADL measurements of BL flow is by Kiemle et al. (2007), who use a

pre-cursor to the DLR 2 µm system (similar in characteristics). The Doppler lidar is co-located

with a differential absorption lidar (DIAL) humidity profiling lidar in their study, with both

system staring nadir. Despite the rather coarse resolution of 1 s (corresponding to 200 m) for

both lidars, the joint dataset is used for the calculation of latent heat flux profiles in the BL using

the eddy-covariance method. While they calculate sampling uncertainties due to the finite time

series, instrument noise and co-location offset between DIAL and Doppler lidar, other effects

such as motion correction accuracy (for which they use a refined motion correction procedure

using the measured ground return velocities), PVA and horizontal wind contamination due to

non-nadir beam pointing are not evaluated quantitatively. Especially the neglect of PVA appears

problematic given the coarse resolution of both systems. Nevertheless, Kiemle et al. (2007) are

able to document important BL features such as a BL drying due to a net upward humidity

transport and entrainment of dry air from above. Together with a water vapor budget analysis

they report that the drying inhibited cloud growth and prevented deep convection.

A similar study is repeated for the BL over complex terrain (the black forest) by Kiemle et al.

(2011) using the DLR 2 µm system. They apply a similar analysis scheme as Kiemle et al.
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2.3. Airborne Doppler lidar observations

(2007) but with some refinements and more detailed investigations of the statistical uncertain-

ties. Further, they give detailed consideration to inevitable lidar data gaps and their effect on

the calculation of variances and spectra. An evaluation of the ADL measured fluxes and spectra

is conducted through comparison to in-situ measured values by the Dornier 128-6 aircraft also

used for this work, with good agreement reported within the uncertainty bounds calculated by

them. Hence, Kiemle et al. (2011) are able to provide vertically resolved latent heat flux mea-

surements above complex terrain, a previously inaccessible quantity. They report significant

variation between flight legs but almost constant flux profiles vertically. Besides others, the

Kiemle et al. (2007) and Kiemle et al. (2011) studies provide an important foundation for the

analysis of the real-world ADL data conducted as a part of the work presented here.

A first study of meso-scale flow phenomena using a slow-flying aircraft is conducted by De

Wekker et al. (2012) using the TODWL. De Wekker et al. (2012) conduct AVAD wind profil-

ing with an along-track resolution of 1.5 km to investigate the spatio-temporal structure of BL

flow across the Salinas valley in California. Thus, they are able to measure the advance of an

accelerating sea-breeze front turning into an upvalley flow. Detailed insight into local flow phe-

nomena such as jet-like structures and cross-valley winds is provided. The companion study by

Godwin et al. (2012) utilizes the same ADL data. Their study proposes a method to extend the

measurement of ADL velocities towards the ground by an additional 100 m. This extension is

achieved through tracking the aerosol spectral peak in the Doppler signal, enabling the removal

of the high intensity ground return signal.

Although conducted by ADR (which requires the presence of clouds or rain in the BL, not

the usual case), the study of Strauss et al. (2015) also warrants mentioning here, as it presents a

number of concepts relevant for this work. Building upon a study by Geerts et al. (2011), Strauss

et al. (2015) analyze high resolution ADR measurements of the vertical wind in the BL in the

lee of a mountain range. Thereby, they are able to identify flow phenomena such as breaking

mountain waves and atmospheric rotors. Further, they provide an extensive uncertainty esti-

mation framework for quantitative vertical wind variance retrievals using a fixed-beam system.

This includes an estimation of the horizontal wind contamination effect due to non-nadir beam

pointing, which is also used in this work (Sec. 3.5). However, while they take into consideration

the effect of PVA on the variance retrieval, they do not correct its systematic effect or quantify

it. Further, they do not take into account the effect of systematic and random uncertainties due

to finite measurement lengths, as outlined by Lenschow and Stankov (1986).

Another study of relevance to this work is presented by Chouza et al. (2016b), who investigate

gravity waves induced by the flow over an island using the DLR 2 µm system. They remove

the horizontal wind contribution from the nadir measured radial velocity based on wind profiles
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2. Remote sensing of atmospheric boundary layer winds by means of airborne Doppler lidar

obtained from wind profiling in the vicinity. Thereby, they are able to distill the vertical wind

component despite a non-nadir pointing beam. Their procedure is also used by Witschas et al.

(2017), but based on model data. Both studies are able to provide detailed insight into the char-

acteristics of obstacle-induced gravity waves through the analysis of wavelength, -amplitude

and -propagation as well as spectral decomposition. The horizontal wind removal as conducted

by Chouza et al. (2016b) is also used in the work presented here, to reduce the horizontal wind

contamination effect on the measured vertical wind due to non-nadir beam pointing.

Recently, the new M2D ADL was presented by Schroeder et al. (2020), which is thematically

and design-wise the closest to the ADL used in this work. Their study gives detailed insight into

the technical specifications. Both an AVAD and nadir application example for wind measure-

ments in the vicinity of wild fires are presented. However, an in-depth analysis of the achieved

measurement accuracy and their potential for meteorological evaluation is not conducted so far,

as their application analysis is based on quicklooks.

In summary, three things become clear from the conducted system and research overview:

1. There is a need for further enhancement of ADL capabilities with respect to BL measure-

ments through the development of high-resolution lidar onboard slow-flying aircraft.

2. Measurement system accuracy validation is an important part of ADL systems, although

the amount and quality of validation conducted strongly varies between studies. Further

studies and new approaches to evaluate ADL measurement accuracy and potential for BL

measurements are needed, both for wind profiling and nadir measurement approaches.

3. A quantitative estimation of the nadir vertical wind variance measurement accuracy, con-

sidering all sources of error and estimating their associated uncertainties (detailed in Sec.

3.5), has not been conducted for ADL measurements up to date.

2.3.3. A new airborne Doppler lidar for boundary layer research

The work presented here is dedicated to the development of a new scanning ADL for BL re-

search. Although already 10 years in the making, serious project development only began

with this thesis. Unfortunately, the scanner could not be readied in-time for the measurements

conducted within this work, due to unforeseen development issues (e.g. weight and rigidity

problems of the scanner boom, prolonged certification requiring multiple test flights) encoun-

tered by the scanner manufacturing company. Hence, real-world measurements obtained using

a non-scanning, fixed-beam nadir staring prototype ADL version are analyzed in Chap. 6. For

the prototype, scanning for wind profile retrieval is conducted by banking the aircraft in turns.
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2.3. Airborne Doppler lidar observations

Thereby, fundamental insight into high-resolution ADL BL measurements can be gained and

the measurement quality evaluation procedures developed are directly transferable to a scanning

system.

The full system is available for measurements with completion of this thesis. Hence, and due to

its similarity to other available ADL systems, a full and flexible scanning system is investigated

in the theoretical section of this work using the ADLS. A short introduction of the full ADL

including the scanner is presented here, because it forms the basis of the theoretical section in

this work (while only the aircraft and lidar are combined for the prototype ADL).

Aircraft

Fig. 2.6.: The Dornier 128-6 (D-IBUF) in flight. The
white nose-boom protruding from the air-
craft is visible.

The Dornier 128-6 (Do128, call sign D-

IBUF) is a medium-range turboprop re-

search aircraft operated by the Institute of

Flight Guidance at the Technische Univer-

sität Braunschweig, Germany (Fig. 2.6). The

Do128 is a high-wing, fixed-gear aircraft with

two propeller turbines and short take-off and

landing capabilities. It operates at a typical

measurement speed of 65 ms−1 with a flight

duration of up to four hours. While it is certi-

fied for instrument flight conditions it is oper-

ated under VFR for the ADL installation with

a limited ceiling of up to 3000 m. Towards the surface, the Do128 is certified to fly as low

as 100 m above land (Sec. 6.2.VII) and 30 m above sea. The usual crew consists of two pi-

lots, a flight engineer and a flight scientist. The VFR operation enables an adjustment of flight

plans in flight, which allows for maximum flexibility and targeted measurements. The Do128

hosts extensive measuring equipment for meteorological experiments, including a 100 Hz tur-

bulence probing system for wind vector, temperature and humidity measurements (Corsmeier

et al., 2001). The turbulence probe enables the calculation of turbulent fluxes, which has been

frequently utilized by previous studies (Grunwald et al., 1996; Hasel et al., 2005; Kiemle et al.,

2011; Platis et al., 2018).

The three-dimensional wind vector is measured through pressure transducers in a 5-hole probe.

The 5-hole probe is located at a nose-boom in the undisturbed airflow in front of the aircraft

(Fig. 2.6). The measured wind velocity has to be corrected for the aircraft velocity to obtain
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2. Remote sensing of atmospheric boundary layer winds by means of airborne Doppler lidar

Fig. 2.7.: Arges scanner rack unit (a) and its location inside the aircraft (b). The WTX transceiver is
mounted to the scanner rack unit which extends outside the aircraft fuselage. The scanner head
is mounted at the end of the scanner boom and includes the mirror which directs the laser beam
in the atmosphere.

the wind in an earth-related coordinate system. This is done with the help of an INS, which

provides the acceleration, velocity and position of the aircraft with more than 100 Hz data rate.

Since this gyroscopic measurement instrument can be subject to drift it is stabilized with the

data from a GPS navigation receiver.

The INS data is also used for the raw motion correction of the acquired lidar data. How-

ever, analysis of the lidar measured ground return velocities reveals non-negligible errors in the

provided INS data. Hence, the lidar data is subjected to a further refined motion correction

procedure (Sec. 6.2.IV).

Scanner

The 2-axis scanner system is designed and manufactured by the Bavarian company Arges

(www.arges.de). The scanner is situated in its own dedicated rack unit in the rear of the aircraft

(Fig. 2.7). A scanner boom of 0.8 m length extends from inside the cabin through a window

to the outside and is covered by an aluminum sheeting. Situated at the end of the boom is the

scanner head, which allows for 350° elevation movement (the blanked 10° sector is towards the

wing). Hence, the scanner allows for measurements of both hemispheres, thereby also permit-

ting flight close to the ground with an upward pointing lidar. Located inside the scanner head
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2.3. Airborne Doppler lidar observations

is a 10 cm aperture mirror, optimized for reflection at 1617 nm. The mirror allows for ±30°

movement in azimuth direction at all elevation angles. The mirror is covered by a protective

glass attached to the scanner hull, which is also optimized for transmission at 1617 nm.

The unit is driven by the Arges scanner controller, which sends encoded signals to the scan

motors for movement and allows for user interaction. The maximum scan speed is 30 °s−1.

The scan encoders record azimuth and elevation angles which are stored in the controller. The

controller is connected to the aircraft data system and receives the current aircraft orientation

(pitch, roll, yaw angles). Thus, a scan mode which corrects for aircraft movement with 20 Hz
update rate is available, which is valuable as it allows for constant nadir measurements.

While a basic functionality and certification of the scanner system has been achieved recently,

a full investigation on the achieved system performance and pointing accuracy is still to be

conducted pending the first measurement flights.

Lidar

The lidar used in this work is the newest generation of transceivers (WTX) produced by Lock-

heed Martin Coherent Technologies. Lidar systems with similar characteristics are often used in

ADL studies (Weissmann et al., 2005b; De Wekker et al., 2012; Chouza et al., 2015; Witschas

et al., 2017). An equal system has been used by Bucci et al. (2018) and Zhang et al. (2018). The

WTX operates at a wavelength of 1617 nm, which provides for class 1M eye-safe measurements

at the given beam characteristics. The WTX has a Gaussian pulse width of σp = 1.8×10−7 s,

the pulse energy is 2.7 mJ with a PRF of 750 Hz. To reduce random noise in the radial velocity

estimation the system averages between 75− 750 pulse. Accordingly, the data output rate can

be varied in the range 1− 10Hz. For maximum resolution a 10 Hz data output rate is used in

this work, which is shown to produce reliable radial velocity measurements with little uncorre-

lated noise in Sec. 6.2.III. Further, a range gate length of ∆p = 69.53m with a non-overlapping

spacing of ∆R0 = 69.53m (the distance between subsequent range gate centers) is used for data

processing, starting at a distance of 400m from the lidar. Further information on the lidar and

the associated signal processing procedure is provided in Sec. 3.1, a very similar system is

described in Grund et al. (2001).

Originally built and used for ground-based studies (Röhner and Träumner, 2013; Träumner

et al., 2015), the equipment associated with the lidar has been modified to allow for airborne

usage for the work presented here (an overview on the system components is provided in Fig.

6.1). This includes a replacement of the system control computer (SCC) with an airworthy

counterpart, upgrading all other components to an airworthy status (flame retardant cable hulls,
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2. Remote sensing of atmospheric boundary layer winds by means of airborne Doppler lidar

securing of internal components against vibration) and modification of the transceiver mounting

plate.

The lidar and aircraft do not share a common time server, therefore time-synchronization has to

be conducted in post-processing (Sec. 6.2.I). Further, at the moment no aircraft or scanner data

is fed into the lidar. Hence, as no frequency tuning of the lidar processing unit is conducted

(e.g. through the analog front end, as in Bucci et al., 2018), the maximum folding velocity of

the lidar at 38 ms−1 has to be considered and limits the allowed beam pointing directions of the

scanner.

2.4. Theoretical investigations on wind profiling accuracy

The new system is designed for BL research and allows for wind profiling and nadir investi-

gation of the turbulent BL wind field at high resolution. However, for AVAD wind profiling

in the turbulent BL flow a previously insufficiently addressed challenge exists: The violation

of the flow homogeneity assumption used for wind profile retrieval is expected to be of non-

negligible but unknown magnitude. Due to the challenges associated with evaluating ADL wind

profiling accuracy from experimental studies (Sec. 2.3.1 and Tab. 2.2), idealized simulations of

Doppler measurement systems are useful. Theoretical study can provide detailed insight into

the capabilities and limitations of ADL systems and wind profiling retrieval strategy.

The work presented here introduces a new approach for the investigation of wind profiling

accuracy in turbulent flow by means of theoretical study: an LES-based airborne Doppler lidar

simulator. In order to put the ADLS into perspective this section provides a brief overview of

previously existing theoretical studies on wind profiling accuracy. Because the wind profiling

problems encountered by ADR as well as ground-based lidar and radar are very similar to those

of ADL, studies from all these realms are included in the discussion.

Early studies determined the representativeness of Doppler radar and lidar measurements based

on a statistical description of turbulence and for idealized system set-ups. Many of the first

studies emphasized the effects of measurement geometry and turbulence on system characteris-

tics and performance (Waldteufel and Corbin, 1978; Koscielny, 1984; Boccippio, 1995; Banakh

et al., 1995; Baker et al., 1995; Frehlich, 2001; Banakh and Werner, 2005). As a result, the reli-

ability of measured radial velocities under different turbulent intensity conditions and its impact

on retrieval quality are well described.

With increasing computational capabilities, a numerical approach based on simulated atmo-

spheric wind fields became feasible. For ground-based systems, a number of investigations

detailing the error characteristics associated with wind profiling exist based on LES-simulated
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2.4. Theoretical investigations on wind profiling accuracy

wind fields (Muschinski et al., 1999; Scipión et al., 2009; Scipion, 2011; Stawiarski et al., 2013;

Wainwright et al., 2014; Lundquist et al., 2015; Klaas et al., 2015).

For airborne (or satellite-based) systems, the moving platform alters the measurement process

and viewing geometry, thereby introducing new problems. These challenges have been investi-

gated with statistical models by Baker et al. (1995); Gamache et al. (1995) and Frehlich (2001).

For airborne systems, Reitebuch et al. (2001); Leike et al. (2001); Lorsolo et al. (2013) and

Guimond et al. (2014) show the importance of model-based simulator studies, while relying

on coarser resolution model output and focused on errors introduced due to the measurement

system deficiencies. While LES-based studies of airborne measurements for the investigation

of errors and uncertainty estimation methods associated with turbulent fluxes exist for 20 years

already (Schröter et al., 2000; Sühring and Raasch, 2013; Sühring et al., 2019), an LES-based

study of an airborne Doppler system was missing previous to the work presented here. A brief

overview of developments relevant for the LES-based investigation of ADL is provided in the

following.

2.4.1. Idealized turbulence model based analysis

A first extensive study on the effect of flow inhomogeneity on the retrieved wind profiles is

conducted by Koscielny (1984) for ground-based systems. He analytically solves the wind pro-

filing problem considering a linearly changing wind field and three simple scanning geometries

(fixed beam, azimuthal scanning and elevation scanning). Koscielny (1984) shows that devia-

tions from the assumed wind field can be separated into two contributions. The first contribution

(termed meteorological variance by him) is caused by deviations about the uniform wind on

scales larger than the resolution volume due to turbulence. The second contribution is caused

by receiver noise and turbulence with scales smaller than the resolution volume. For VAD scan-

ning, which has the most accurate estimator properties (smallest random error, lowest bias for

horizontal wind) according to Koscielny (1984), the estimator efficiency at increasing elevation

angle (closer to nadir/zenith) generally decreases for the horizontal wind component, whereas

it increases for the vertical wind component. The bias of the horizontal wind component (only

a function of the horizontal change of the vertical wind) is constant with elevation angle if sym-

metric viewing geometries are used (if non-symmetric geometries are used it decreases with

increasing elevation angle). The bias of the vertical wind component, due to changing hor-

izontal wind components, decreases with increasing elevation angle. Separating the error of

the retrieved wind into variances and bias, Koscielny (1984) states that the estimator variances

(random errors in the retrieved parameters) can be reduced by increasing sample size. Biases
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however depend on the (unknown) spatial derivatives of the wind field, as well as geometric

factors for the sampling techniques. They cannot be reduced by increasing the sample size (for

ground-based systems).

An early study by Banakh et al. (1995) analyses the influence of turbulence on wind profile

representativeness close to the surface based on an idealized, isotropic representation of the

turbulence tensor. Obtaining analytic formulas for the total random wind profiling error, they

report a strong dependence of the error on stability (stable, neutral or weakly unstable stratifi-

cation and the corresponding atmospheric parameters of turbulent intensity, integral correlation

scale and wind speed). In agreement with Koscielny (1984), their results show a lowered pro-

file error with decreasing scan elevation (further away from nadir/zenith). Further, using the

simplified model they are able to describe the behavior of the error in relation to the number of

scanner rotations. As expected, increasing the number of rotations lowers the estimation error,

although not below a certain threshold.

A similar approach, using an idealized von-Karman turbulence model, is chosen by Frehlich

(2001) in his study of space-based Doppler lidar error. He investigates the representativeness

of Doppler lidar radial velocities in-depth. According to Frehlich (2001) the most important

source of error is the random error of the wind profile measurement. In-line with Baker et al.

(1995), he suggests a division of the total random error into two components: First, the random

error caused by variance of the radial velocity measurement due to lidar noise, turbulence in the

measurement volume and stability of the wind retrieval algorithm. Second, the representation

or sampling error, which is determined by the lidar shot pattern and the random variations of the

wind field within that volume. Using idealized conditions (simple forward-aft scan pattern and

idealized turbulence), Frehlich (2001) also produces an estimate of the sampling error which

appears due to the retrieval of the horizontal wind from multiple radial velocity measurements.

Frehlich (2001) concludes noting that for coherent Doppler Lidar the random errors of the

radial velocity measurement are usually small and that the major error contribution is due to the

sampling errors.

A study by Banakh and Werner (2005) presents the numerical simulation of a coherent Doppler

lidar, including the Doppler velocity estimation from spectral analysis. Due to the available

computer power at the time their study is limited to simulating random radial velocity fluctua-

tions based on a statistical model. Confirming Banakh et al. (1995), they obtain relative errors

on estimates of the dissipation rate, wind velocity variance and outer scale of turbulence as func-

tions of the number of scan rotations. In a second part, they also analyze space-based Doppler

lidar retrievals. They find a strong impact of SNR on retrieval quality, suggesting the use of

spectral accumulation to increase the reliability of the estimated radial velocities. They also
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point the way towards retrieving the turbulent quantities from space-based lidar with acceptable

uncertainty margins.

Summarizing, many of the older studies put a focus on the effects of turbulence on system

characteristics and performance. The reliability of measured radial velocities under different

turbulent intensity conditions and its impact on retrieval quality are well described. The older

studies have in common that they determine the representativeness of Doppler lidar measure-

ments based on a statistical description of turbulence and for idealized system set-ups. Little

focus is put on the violation of the flow homogeneity assumption for wind profiling at high

resolution and the possibility of quality control during the wind retrieval process.

Due to the obvious need for accuracy assessment, measurement-centered studies have also pre-

sented theoretical concepts for wind profile reliability assessment and uncertainty estimation

based on the measured data (Boccippio, 1995; Leon and Vali, 1998; Holleman, 2005; Damiani

et al., 2005; Leon et al., 2006; Cheong et al., 2008; Shenghui et al., 2014; Päschke et al., 2015;

Wang et al., 2015; Tian et al., 2015). However, as the input truth is unknown in measurement

studies, the proposed methods have mostly remained without verification through theoretical

investigation. The studies and their proposed methods are not presented here but discussed in

the relevant theory section instead (Sec. 3.6), due to their focus on the mathematical tools avail-

able in the retrieval process (e.g. the correlation coefficient, condition number and covariance

matrix).

2.4.2. Large eddy simulation based analysis

A valuable link between theory and measurements is provided by the LES-based simulation of

Doppler lidar measurements. With increasing computer power, theoretical studies began to use

a different approach, not relying on statistical simulation of turbulence and its impact on wind

profiling performance. Instead, high resolution model output from LES simulations became

available as input for Doppler simulators. The simulated LES wind fields are closer to observed

atmospheric conditions (due to the usage of spatially filtered NVS equations, giving a realistic

description of variance and covariances, except for the highest spectral frequencies, see Sec.

3.7) and consequently the measurement system performance can be evaluated under conditions

closer to reality. The big advantage of LES simulators compared to verification measurements

is the fact that the atmospheric input data in the sampling volume is known exactly. Conse-

quently, the representation error (Frehlich, 2001) can be avoided. This knowledge is especially

valuable for remote sensing by Doppler instruments, as the applied measurement geometries

are almost impossible to represent or even retrace by other measurement systems in real-world
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measurements. Consequently, multiple studies using Doppler simulators have been presented

in the past.

The first usage of LES data for radar radial velocity estimation is presented by Muschinski et al.

(1999). In their study a radar wind profiler, including the signal processing, is simulated based

on LES data as atmospheric input. They report that the main drivers of (vertical velocity only)

total random error are the meteorological conditions (sampling or representation error), with

noise from the measurement process itself (random error) playing a minor role.

Based on the study by Muschinski et al. (1999), a study by Scipión et al. (2008) analyses the

wind profile retrieval of five radars focused in one point using an LES-based radar simulator. In

follow-up studies by Scipión et al. (2009) and Scipion (2011) wind profile retrievals obtained

from Doppler beam swinging (DBS) by one scanning radar are analyzed and evaluated. Com-

pared to the LES input-truth, total random errors in the vertical profiles of the horizontal wind

retrieved by DBS are found to be considerable under convective conditions (up to 5 ms−1).

They attribute the largest error contribution to a horizontal shear of the vertical wind under

convective conditions, in agreement with Koscielny (1984). Further, the vertical shear of the

horizontal wind is important. Consequently, errors are largest in the lower BL where convec-

tion is strongest. Also, errors are larger for lower horizontal wind speeds, when the relative

contribution of the vertical wind increases. According to their findings, it is impossible to sep-

arate these effects from the real wind estimates based on measurements. They also note that

the error contribution cannot be fully explained by the above two contributions alone. Overall,

Scipión et al. (2009) and Scipion (2011) state that further research is required to investigate the

erroneous retrievals under convective conditions. Their findings are corroborated by an exper-

imental study from Cheong et al. (2008), who use an imaging radar to investigate the effect of

flow inhomogeneity on DBS. They show that the homogeneity assumption is fulfilled for 10

minute averaged profiling data, but not for 30 seconds averaging intervals. As ADL aims to

provide maximum horizontal resolution, resulting in minimum averaging time, the effects of

spatial inhomogeneity are assumed to be non-negligible, especially due to the high elevation

angles used.

Stawiarski et al. (2013) use a Doppler lidar simulator to investigate errors from horizontal dual-

Doppler measurements. Their study provides the basis for the research presented here, but the

results have limited applicability to the problem investigated here. In their study, two lidars

are used for simultaneous measurements, consequently the measurement geometry and thereby

inversion process are different. The horizontal flow inhomogeneity of the atmosphere can be

partially resolved because the two lidars measure in a horizontal plane. As the scans are hori-

zontal, no influence of a changing vertical wind on the retrieved horizontal wind exists.
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A DBS sodar simulator, based on LES input data and including an emulation of the measure-

ment process, is presented in Wainwright et al. (2014). The study shows that temporal averag-

ing can reduce the root-mean-squared-error (RMSE) in DBS measurements, albeit not below a

threshold level. Highest RMSE values for the vertical profiles of the horizontal wind are found

at the BL top with values around 1 ms−1, this is attributed to the rapidly changing wind field at

this height interval.

In a recent study by Lundquist et al. (2015) the errors in DBS wind profiling due to flow in-

homogeneity caused by wind turbine wake are determined using an LES-based lidar simulator,

including a wind turbine wake model. They report significant errors of up to 30% for the

stream-wise hub-height inflow speed and errors exceeding the actual speed for the retrieved

vertical wind component.

Another study by Klaas et al. (2015) investigates lidar error in moderately complex terrain.

They compare DBS lidar measurements to that of a co-located mast and recreate the observed

errors using atmospheric flow models similar to LES. Based on an existing system they take

the lidar setup as given and mostly investigate directional dependence of lidar error in complex

terrain. They analyze only 10-min intervals and exclude wind speeds < 4 ms−1 from their

analysis. Overall, Klaas et al. (2015) report lidar errors between −4% underestimation and

+2.5% overestimation depending on wind direction.

2.4.3. Existing airborne Doppler simulators

The possibility of an LES-based aircraft measurement simulation was already devised 20 years

ago by Schröter et al. (2000) and has since been applied more often (Sühring and Raasch, 2013;

Sühring et al., 2019). However, the referred studies focus on the simulation of in-situ sensors to

validate aircraft measured turbulent fluxes. Similar to the ideas presented in this work, the stud-

ies also use the LES-based simulation to evaluate the reliability of the uncertainty estimation

methods (Lenschow and Stankov, 1986; Lenschow et al., 1994) associated with the measure-

ments. Another type of simulation approach is presented by Vihma and Kottmeier (2000). They

use coarser resolution output from a meso-scale NWP model for the optimization of airborne

sampling strategies. Thereby, they are able to calculate optimal flight pattern for different tasks

such as air mass characterization and turbulent flux measurements. Airborne Doppler simula-

tors based on modeled, idealized flow fields have been introduced for radar and lidar systems

throughout the last decades. While none of the airborne Doppler simulators utilizes high res-

olution (O(100 m)) atmospheric input fields, their evolution and findings mandate discussion

nevertheless.
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Theoretical investigations using measurements conducted in simulated wind fields began si-

multaneously with the availability of ADL systems for experimental studies (Reitebuch et al.,

2001; Leike et al., 2001). However, the first studies had to rely on coarse model output with

fully parametrized turbulence (e.g. 7 km grid spacing in Reitebuch et al., 2001, approx. 100 km
grid spacing in Leike et al., 2001). Therefore, Leike et al. (2001) adopted the approach by Ba-

nakh et al. (1995) with the simulation of idealized isotropic turbulence in the two-dimensional

measurement plane based on a von-Karman model. Consequently, the first simulator studies

were unable to investigate the wind profiling error induced by BL turbulence in-depth. How-

ever, they conducted a full simulation of the radial velocity measurement process, leading to

valuable insight into its reliability and noise level. Hence, the behavior of the radial velocity

measurement is well documented, it is shown to introduce negligible error for this work in Sec.

6.2.III.

The first ADR simulator with an order of magnitude higher resolution atmospheric input data,

based on convection permitting NWP simulations, is presented by Lorsolo et al. (2013) for

an ADR flying in a hurricane wind field on the NOAA WP-P3D. They analyze the retrieval

quality of the Doppler processing software (which was treated as a grey box previously) for

an idealized ADR free of system error. Hence, they are able to attribute all observed retrieval

error to the retrieval algorithm. They use a single time step of model output from an NWP

model with a grid spacing of 1.5 km as wind field input for the simulation of radial velocities.

Generally good performance of the retrieved wind speed with a RMSE < 2 ms−1 compared to

the input truth is reported. However, they also find small but statistically significant bias of

the retrieval. A limitation of the Lorsolo et al. (2013) study is the still coarse NWP model

resolution. As their model is only convection permitting it does not allow for direct simulation

of BL turbulence. Hence, it is not expected that their study captures the full retrieval error due

to flow inhomogeneity.

In another simulator study for ADR wind profiling, Guimond et al. (2014) analyze the retrieval

accuracy for the IWRAP and HIWRAP ADRs which are based on high and fast flying long-

range aircraft. Due to very rapid scanning characteristics (60 rotations per minute) they acquire

multiple radial velocity samples along and across the flight track for a given volume. Thereby,

it is possible to extract the horizontal wind distribution using a volume-based inversion process.

They analyze the effect of the airborne radar geometry and radar noise on the retrieved wind

speed and report errors of 7−8% for hurricanes. Further, they are able to show that due to their

viewing geometry the errors have a strong across-track dependence. Similar to the Lorsolo et al.

(2013) study, a limitation of Guimond et al. (2014) is the coarse grid spacing of the wind field
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input data (2 km horizontally and 0.65 km vertically), which does not allow for adequate BL

turbulence development.

The same group of authors published another study (Didlake et al., 2015) with a similar sys-

tem and model setup but for a coplane dual-Doppler technique retrieval strategy. A simplified

version of the coplane technique is also analyzed through ADR simulations by Melhauser and

Zhang (2016). Last, another interesting approach is developed by Bousquet et al. (2016). They

simulate ADR radial velocity measurements not based on model output, but based on a wind

field retrieved by synthesis of volumetric scans from an array of ground-based radars. Thereby,

they are able to determine the agreement between observation systems in both directions.

Summarizing the previous sections, newer Doppler simulator studies often utilizes LES gener-

ated wind fields for a more realistic description of radial velocity estimation and wind retrieval

properties under inhomogeneous flow conditions. For ground-based systems a number of in-

vestigations detailing the problems associated with wind profiling exist. For airborne systems,

studies by Reitebuch et al. (2001); Lorsolo et al. (2013); Guimond et al. (2014) and Didlake

et al. (2015) have shown the importance of simulator studies using coarser resolution model

output and focused on errors introduced due to the measurement system deficiencies. A simu-

lation of an airborne Doppler wind profiling system with complex scanning geometries based

on high resolution atmospheric wind fields (O(100 m)) was missing prior to the work presented

here. Thereby, as discussed above, all simulator studies so far are unable to capture the ef-

fect of flow inhomogeneity due to BL turbulence on the retrieval accuracy, a problem which is

overcome by this work.

41



2. Remote sensing of atmospheric boundary layer winds by means of airborne Doppler lidar

42



3. Concept and theory of airborne Doppler lidar measurements

In this chapter the concept and theory of the used measurement system and retrieval techniques

are detailed. The discussion includes a description of the potential errors impacting measure-

ment system and retrieval accuracy, both for wind profiling and nadir measurements. The new

ADL system is intended for wind profiling at highest resolution in the BL, consequently the

effect of flow inhomogeneity on retrieval error needs to be considered and is discussed. To

this end, the existing theory on covariance matrix based uncertainty propagation is extended

and a data-driven uncertainty estimation method for usage in AVAD wind profiling is proposed,

which is then validated using the ADLS in the next chapters. Finally, insight into the theoretical

foundation of the used LES model is provided, as it forms the basis of the ADLS.

3.1. Doppler lidar measurement principle

Active remote sensing by means of lidar (an acronym for LIght Detection And Ranging) uti-

lizes electromagnetic waves in a range from 250 nm to 11 µm. Since the availability of laser

technology as an emitting source in the 1960s, lidar technology has evolved rapidly from its

first mentioning in literature (Middleton and Spilhaus, 1953). Today, a variety of different li-

dar technologies exists, all are based on the principle of detecting the return signal of emitted

radiation. Depending on the process responsible for the return signal, different types of lidar

exist. As outlined in Weitkamp (2005), among them are (the characteristic process is given in

brackets): elastic backscatter lidar (Rayleigh and Mie scattering), differential absorption lidar

(difference in absorption coefficients for different wavelengths), Raman lidar (inelastic Raman

scattering), fluorescence lidar (stimulation for resonance) and the Doppler lidar (frequency shift

of the return signal due to the movement of the scatterers).

The laser as a light source

The basis of modern lidar systems is the emission of laser beams into the atmosphere, the return

signal of which is then detected and analyzed. A laser (Light Amplification by Stimulated

Emission of Radiation) is a light source which can create a focused beam of coherent and
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monochromatic light. The working principle of a laser is based in quantum mechanics, in

which a cascading effect of stimulated photon emission is used to create the light pulse.

To do so, lasers contain an active medium in which a population inversion of photons can be cre-

ated through an energy pump, e.g. high energy light flashes. Thereby, the number of photons at a

higher, excited (discrete) energy level is increased compared to thermal equilibrium. Transition

of a photon to lower energy levels leads to emission of light with a defined wavelength, corre-

sponding to the energy difference between the two discrete energy levels (Demtröder, 2006):

∆E = E2−E1 = h̄ω. (3.1)

Transition can happen spontaneously or by stimulation through another photon with matching

wavelength (energy) for the transition. In a laser, the stimulated emission is intensified by keep-

ing the photons in an active medium using the mirrors of an optical resonator (while pumping

energy and thereby supporting the population inversion). The optical resonator also serves to

limit the trapped energy to desired modes. If the number of photons available for stimulated

emission (at excited energy levels) surpasses the losses due to absorption, scattering and diffrac-

tion of photons in the active medium, stimulated emission occurs in a cascading effect at one

specific wavelength. One of the resonator mirrors is semi-transparent and thereby allows for

emission of the coherent, monochromatic light.

The WTX system used in this work is a pulsed solid-state laser in which the active medium is

an erbium doped yttrium aluminum garnet (Er:YAG). The laser emits coherent radiation at a

wavelength of 1617 nm with a pulse repetition frequency of 750 Hz and a typical pulse energy

of 2.7 mJ. The temporal envelope of the Gaussian pulse is 1.8×10−7 s (1/e intensity duration,

full width at half maximum (FWHM) duration is 3×10−7 s). The laser beam is widened by

a telescope aperture to a transverse beam diameter of 10 cm (1/e intensity radius). Thus, eye-

safety is ensured for unaided viewing and a staring beam, which is upgraded to include aided

viewing for a moving beam (laser class 1M).

The atmospheric return signal

The lidar used in this work is a pulsed coherent (heterodyne-detection) Doppler lidar. For

pulsed lidar, range resolved information can be obtained because the time difference between

the laser pulse emission and the detection of the returned signal is a measure of the distance of
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the scatterers along the beam. The power of the returned signal P from a distance r along the

beam can be expressed through the lidar equation (e.g. Wandlinger, 2005):

P(r, λ) = P0ηA
c∆T

2
β(r, λ)

1
r2 e−2

∫ r

0 α(r ′,λ)dr ′ . (3.2)

It is thereby dependent on the emission power of the laser source P0, a lidar detection efficiency

parameter η, the detector area A and the spatial effective pulse length c∆T
2 . Additionally, the

ability of the atmosphere to generate backscatter signal also varies, it is contained in the term of

the backscatter coefficient β, which is made up of the scatterer concentration and their scattering

cross-section. Generally, the received signal power decreases with 1
r2 for increasing range due to

geometric reasons (a factor 4π is contained in both the backscatter and range term and thereby

cancels out). Additional losses can occur during signal transmission through the atmosphere

due to extinction α, which consists of absorption and scattering of radiation (the factor 2 is due

to the two-way transmission path). All scattering and extinction processes are functions of the

signal wavelength λ.

Although the backscatter coefficient contains contributions by both molecules and aerosols, the

Doppler lidar used in this work relies strongly on the backscatter produced by aerosols, due

to its wavelength of 1612 nm (Mie scattering regime). Hence, the Doppler lidar sensed radial

velocity is the average aerosol movement in the illuminated volume. Scattering by aerosols has

the advantage of a more defined Doppler shift (narrow spectral peak), due to their higher mass

and thereby reduced random motion compared to molecules. Downward observing airborne

lidar measurements have an advantage over ground-based systems, because the concentration

of scatterers increases with distance, as aerosol loads typically increase towards the ground.

Thereby, the signal losses due to increasing distance and increasing transmission losses are

partially compensated by an increasing β(r, λ), leading to improved return signal strength.

Wind measurements

Doppler lidar exploits the frequency shift in the returned electromagnetic radiation when a scat-

tering process occurs on a moving scatterer (the so-called Doppler shift). The Doppler shift ∆ f

is proportional to the projection of the scatterer velocity in beam direction vr (Werner, 2005):

∆ f =
−2vr

λL
. (3.3)

The above formulation implies that motion towards the lidar is negative. The observed Doppler

shifts are extremely small for atmospheric wind speeds. For example, a wind speed of vr =
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1ms−1 results in a frequency shift of only ∆ f = 1.24MHz for a laser wavelength of 1617 nm,

as in the system used in this work. The WTX detector samples with a bandwidth of 95 MHz,

which corresponds to a maximum retrievable radial velocity of ±38ms−1.

Signal processing

(a) (b)

Fig. 3.1.: Illustration of the PVA-effect from Brug-
ger et al. (2016). (a) A true field of white
circles on a black background. (b) The
same field after spatial averaging with a
4% area averaging kernel. The black-
white variance along the gray line is re-
duced by 20% and the integral length scale
is increased by 18%. © American Meteo-
rological Society. Used with permission.

Due to the small absolute frequency differ-

ence of the Doppler shift a very stable laser

frequency is required to enable measurement

of the small changes. In order to capture these

small frequency changes heterodyne detec-

tion is employed, in which the returned sig-

nal is mixed with the reference signal from a

local-oscillator of known frequency (Werner,

2005). As the transmitted signal frequency is

also monitored using the same local-oscillator

the Doppler shift can be accurately deter-

mined despite the small difference.

The returned signal is recorded at a sampling

rate ( fspl) of 250 MHz, which corresponds to

an along-beam spacing of 0.6 m for the round

trip distance. The recorded signal is then subjected to a fast Fourier transform (FFT) in order to

identify the frequency difference of the Doppler shift and thereby the radial velocity in so called

range gates. A variable number of samples per range gate (SpG) can be input into the FFT used

for estimation of the radial velocity. In this work a value of 116 is used, corresponding to a

range gate length of

∆p =
SpG · c
2 fspl

= 69.53m. (3.4)

The range gates are chosen to be non-overlapping. In order to reduce the random error in the

estimation process each radial velocity is computed by averaging the spectra of 75 pulses, which

gives a data out rate of 10 Hz at the WTX PRF of 750 Hz. After estimation of the spectral peak,

the WTX system calculates a wideband SNR on a 6 MHz bandwidth interval by comparing the

signal peak to the noise floor for every range gate. The SNR is used for quality control of the

acquired data in Sec. 6.2.III.

Due to the characteristics of the Gaussian pulse, and the radial velocity estimation process

through FFT processing in range gates, the estimated radial velocity is an average of the parti-
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cles illuminated by the pulse as it moves through the range gate volume. This so-called pulse

volume averaging constitutes a difference of lidar measurements compared to in-situ point mea-

surements and needs to be accounted for, especially when calculating variances (Fig. 3.1).

Frehlich (1997) and Frehlich et al. (1998) provide a mathematical model for the estimation of

the radial velocity vD at range gate center distance Rdis as

vD(Rdis, t) =
1
∆p

∫ Rdis+∆p/2

Rdis−∆p/2
vpulse(r, t)dr . (3.5)

In this, vpulse is the average weighted velocity given by a pulse centered at range r , it is given as

vpulse(r, t) =
∫ ∞

−∞

vr(x, t)In(r − x)dx. (3.6)

Thereby, the estimated velocity is a convolution of the pulse-weighted radial velocity with the

range gate weighting function. The weighting function of the pulse is given by its Gaussian

envelope,

In(r) =
2

√
πσpc

e−4r2/(σ2
pc2), (3.7)

with σp being the 1/e width of the pulse, which is 1.8×10−7 s in case of the WTX. This corre-

sponds to a spatial full-width at half maximum of

∆r =
√

ln2cσp = 45m. (3.8)

3.2. Airborne Doppler wind measurements

For airborne measurements, the lidar does not sense solely the atmospheric wind contribution.

Instead, the combination of the aircraft and atmospheric motion vectors gives the measured

radial Doppler velocities. Typically, the aircraft motion vector contribution is an order of mag-

nitude larger than the atmospheric contribution. It thereby needs to be determined with high

accuracy in order to allow for atmospheric wind measurements.

Conveniently, the two velocities are treated separately by defining two separate coordinate sys-

tems (Fig. 3.2), following the theory outlined in Lenschow (1972) and Leon and Vali (1998).

The wind field is typically based in an earthbound coordinate system (superscript E) oriented

east-north-up (ENU). The aircraft and associated components are typically based in an aircraft

related coordinate system (superscript A), which is oriented along aircraft-right wing-down

(ARD). To transfer between the two systems, coordinate transformations are required, the de-

tails are given in Appendix A.2. Additional coordinate transforms are necessary in real-world
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Fig. 3.2.: Schematic depiction of the ADL system simulated in the ADLS. The sketch is based on an
upcoming system for the Dornier 128-6 aircraft of the TU Brunswick (D-IBUF, Corsmeier
et al., 2001), originally intended for usage in the measurements conducted in this work. The
lidar is inside the aircraft pointing outward, with a scanner mounted on the side of the fuselage
directing the beam in the atmosphere. Displayed are the aircraft, scan cone surfaces as well as
the coordinate systems and vectors used in equation 3.11.

ADL measurements in order to locate the measurements in a geodetic coordinate system (GEO),

using an intermediate Earth-centered, Earth-fixed (ECEF) coordinate system. The GEO and

ECEF transformations are also detailed in the Appendix A.2.

The radial Doppler velocity vD measured by the lidar has a contribution from the lidar motion

vector vvvA
L and the atmospheric motion vector vvvA

p . Both are projected onto the beam direction

vector bbb, which is defined as a unit vector:

vD = bbbA
·

(
vvvA

p + vvv
A
L

)
. (3.9)

The lidar motion can be split into two contributions, the aircraft motion vvvA
a and an aircraft

moment arm due to aircraft rotation ω, with the moment arm rrr (specifying the distance between

the position of the inertial navigation unit in the aircraft and the position of the final mirror

turning the lidar beam),

vD = bbbA
·

(
vvvA

p − vvv
A
a −ωωω

A× rrr A
)
. (3.10)

The above assumes that motion towards the lidar is negative, whereas motion away from the

lidar is positive. Depending on the lidar beam direction, an ADL system measures foremost the
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3.3. Wind profiling for mean flow observation

aircraft velocity, as it presents a vector with very large magnitude compared to the atmospheric

motion vector and the aircraft moment arm. For the ADLS, the atmospheric motion vector needs

to be transformed into the aircraft coordinate system where the measurement is performed using

the rotation matrix T′AE (see Appendix A.2). The same is true for the aircraft motion vector,

which is originally calculated with respect to the LES coordinate system. Consequently, the

measurement is achieved according to the following formula:

vD = bbbA
·

(
T′AEvvvE

p −T
′AEvvvE

a −ωωω
A× rrr A

)
. (3.11)

In order to distill the atmospheric contribution from the measurement, the contributions of the

aircraft motion and aircraft moment arm to the measured radial velocity are removed in a pro-

cess termed motion correction:

vCOR = vD + bbbA
·

(
T′AEvvvE

a +ωωω
A× rrr A

)
. (3.12)

This calculation isolates the motion corrected velocity vCOR, which is the atmospheric wind

contribution to the measured radial velocity (the projection of the atmospheric wind vector on

the beam vector).

3.3. Wind profiling for mean flow observation

An important task of existing ADL systems is wind profiling to obtain the mean flow state of the

atmosphere in the retrieval volume, e.g. using an AVAD retrieval procedure (Sec. 2.3). In the

AVAD technique, multiple radial velocity measurements vCORn under different beam pointing

directions bbbn are sampled from an atmospheric wind field with mean wind vector vvvp:



vCOR1

vCOR2

vCOR3
...

vCORn


=



bx1 by1 bz1

bx2 by1 bz1

bx3 by1 bz1
...

...
...

bxn byn bzn




vpx

vpy

vpz

 . (3.13)

The beam directions from multiple measurements make up the beam pointing matrix G. Con-

sequently, the relation can be expressed in the following way:

vCOR = Gvvvp. (3.14)
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3. Concept and theory of airborne Doppler lidar measurements

Knowing vCOR and G, the inverse problem is then solved by calculating the inverse G−g of the

beam pointing matrix G, in order to retrieve an estimate of the wind vector vvvR responsible for

the observations:

vvvR = G−gvCOR. (3.15)

From the retrieved wind vector vvvR = [u,v,w] the wind speed is calculated as Vm =
√

u2+ v2+w2.

The general inverse G−g of the over-determined least-squares problem can be calculated as

(Menke, 2012):

G−g = [G′G]−1G′. (3.16)

Equation (3.16) presents a least-squares (LSQ) solution to the problem. It should be noted

that although the airborne retrieval procedure is called AVAD, it is more similar to a VVP

technique (Waldteufel and Corbin, 1978) than to the original VAD technique (Browning and

Wexler, 1968). The underlying basic functions are not inherently orthogonal for AVAD (and

VVP), whereas they are for VAD due to the Fourier decomposition of the wind field. Instead

of calculating the general inverse in the above way, in this work a singular value decomposition

(SVD) is performed, which yields more insight into the numerical stability of the inversion

process compared to the above direct solution (Boccippio, 1995):

G = USW′, (3.17)

G−g =WpS
−1
p U

′
p. (3.18)

SVD results in an orthogonal decomposition, U′U =W′W = I, with I being the identity matrix.

Further, S consists of the singular values of G as its diagonal entries. The condition number is

defined as the ratio of the largest to the smallest singular value λS:

CN =
max(λS)

min(λS)
. (3.19)

Another quality control measure which can be obtained from the LSQ-solution is the coefficient

of determination (R2). Using the retrieved wind vector, an average radial velocity (LSQ-fit) is

constructed by projecting it into radial velocities using the beam pointing geometry:

vR
COR = Gvvv

R. (3.20)
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3.3. Wind profiling for mean flow observation

This average, reconstructed radial velocity differs from the measured radial velocities due to

flow inhomogeneity smaller than the measurement volume as well as model mis-specification

(as well as other factors such as measurement system noise not considered here). The differ-

ences between the average and measured radial velocities is denoted as the residuals in the

following:

vres
COR = vCOR− v

R
COR. (3.21)

Using the average reconstructed radial velocity, the R2 is defined as

R2 = 1−
∑

n(vCORn − v
R
CORn
)2∑

n(vCORn −
∑

n vCORn)
2 . (3.22)

Assessing the reliability of the parameters retrieved through the inversion process is a com-

mon problem in inverse theory and two metrics are investigated as a part of this work. The

coefficient of determination R2 is often used to detect a violation of the flow homogeneity as-

sumption for ground-based measurements (Päschke et al., 2015; Wang et al., 2015). When

using this approach, it is assumed that deviations from homogeneous flow conditions show up

as deviations of the measurements from the LSQ-fit. Therefore, it is commonly assumed that

the R2 captures the degree of violation of the homogeneity assumption. Often used quality

control criteria are R2 > 0.8 or R2 > 0.95 for ground-based wind profiling (Wang et al., 2015;

Päschke et al., 2015). However, as shown already by Koscielny (1984), a linear change of the

vertical wind in the horizontal direction biases the retrieved horizontal components and a linear

change in the horizontal components biases the retrieved vertical component. Both deviations

are not detectable as deviations from the LSQ-fit, as only flow inhomogeneity smaller than the

scan volume size decreases the R2. In Sec. 5.1.2 further complications with using R2 as a qual-

ity control criteria are revealed, and results from the work presented here suggest that quality

control with R2 is strongly not advisable for ADL measurements.

If the matrix inversion is performed based on a singular value decomposition, additional quality

control criteria such as the condition number CN (Eq. 3.19), describing the degree of collinear-

ity among the model geometry, become available and are frequently utilized (Boccippio, 1995;

Holleman, 2005; Cheong et al., 2008; Shenghui et al., 2014; Päschke et al., 2015; Wang et al.,

2015). The CN provides a measure of the spread of the model space, thereby diagnosing

collinearity (Boccippio, 1995; Leon and Vali, 1998; Shenghui et al., 2014; Päschke et al., 2015;

Wang et al., 2015). A high CN indicates high collinearity in the model geometry. Consequently,

the real system state is not well explored in at least one direction and as a result the inferred
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3. Concept and theory of airborne Doppler lidar measurements

system state is prone to a large error amplification (Boccippio, 1995). The CN is often used as

a quality control criteria to exclude measurements where the spread of the beam pointing di-

rections is not sufficient to explore the wind field adequately (Boccippio, 1995; Päschke et al.,

2015; Wang et al., 2015). The functionality of CN-based quality control is shown to be robust

and reliable in Sec. 5.1.3.

3.4. Nadir for high resolution vertical wind observation

Another important task of ADL systems is the high-resolution investigation of the vertical wind

by means of nadir measurements (Kiemle et al., 2011; Chouza et al., 2016b; Witschas et al.,

2017). Extending the research conducted by Kiemle et al. (2011), in this work, ADL measure-

ments are used to retrieve the first and second order moments and their associated uncertainties

for the vertical wind in a turbulent BL for the first time.

From here on, this work combines the notation of Lenschow et al. (1994, 2000) and Strauss et al.

(2015) for the description of statistical moments and their associated uncertainties. One would

like to know the ensemble mean µ1 = 〈q(t)〉 of an ergodic (and thereby stationary) time series

q(t). As this ensemble mean is impossible to determine with current measurement systems, the

ensemble mean is estimated as the time average,

µ1(T) =
1
T

∫ T/2

−T/2
q(t)dt . (3.23)

This replacement introduces random differences for the individual realizations, but for the en-

semble mean 〈µ1(T)〉 = 〈q(t)〉 holds. With the assumption of ergodicity, ensemble mean and

time average converge for long measurement durations, lim
T→∞
(µ1(T)) = 〈q(t)〉.

The autocovariance function of the time series at lag τ is defined as

R(τ) = 〈[q(t)− 〈q〉][q(t + τ)− 〈q〉]〉, (3.24)

which can be converted to the autocorrelation function ρ through

ρ(τ) =
R(τ)

µ2
. (3.25)

From the autocorrelation function the integral scale T can be calculated as

T =

∫ ∞

0
ρ(t)dt. (3.26)
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3.4. Nadir for high resolution vertical wind observation

The integral scale is a characteristic measure of the time it takes for the time series to become

fully de-correlated from itself (e.g. when ’memory’ is lost).

Similarly to the mean, the second-order moment µ2 is defined as

µ2 = 〈(q(t)− 〈q(t)〉)2〉 = 〈q(t)′2〉, (3.27)

where the prime denotes deviations from the ensemble average 〈q(t)〉. For its implementation

in real-world experiments

µ2(T) =
1
T

∫ T/2

−T/2
[q(t)− µ1(T)]2dt (3.28)

is used. The replacement introduces systematic and again random errors, the associated uncer-

tainty estimation is discussed in the relevant section dealing with statistical errors due to the

finite time series length (Sec. 6.2.VIII and Appendix A.9).

Besides the calculation of the mean quantities, an analysis of the time series using spectral

techniques is also interesting (Sec. 2.1). The spectra provides a decomposition of the variance

contributions by frequency f (or equivalently wavenumber) so that

µ2 =

∫ ∞

0
S( f )df . (3.29)

In practice, the discrete spectrum of a time series is calculated through an FFT of a finite time

series. In the following, the term spectrum refers to the squared absolute value of the discrete

complex one-sided FFT, which is used for practical implementation in measurements. The lidar

data is finite, further it can exhibit data gaps and other undesired effects which are not captured

in the theoretical description of the spectral analysis detailed here. Therefore, in order to distill

spectra from the measured time series a number of data conditioning techniques have to be

applied in order to obtain reliable and meaningful results, these are discussed in Sec. 6.2.VIII.

By definition, the integration over the spectrum must yield the overall variance of the time

series. Similarly, the level of the spectral coefficient for the frequency bins is related to the

variance contribution at the respective frequency (although not directly proportional, depending

on the chosen display style). Further, based on theoretical assumptions, spectra are expected

to exhibit typical shapes. Thereby, through agreement or disagreement of the observed spectra,

insight into the structure of the atmospheric turbulence can be gained.

The spectra can be linked to the autocovariance function of Eq. 3.24 through the

Wiener–Khinchin theorem (see Taylor, 1938), which means that both forms contain the same
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3. Concept and theory of airborne Doppler lidar measurements

Fig. 3.3.: An example on autocorrelation, associated spectrum and integral scale from aircraft measured
vertical wind time series, as presented by Lenschow and Stankov (1986). Shown are: (a) Typ-
ical autocorrelation function with random variations beyond the first zero crossing. (b) Zoom
into the correlated region with rapid decay of the correlation. (c) The associated spectrum.
(d) The integral used for estimation of the integral length scale. © American Meteorological
Society. Used with permission.

amount of information. Consequently, the integral scale (Eq. 3.26) can also be calculated

through a fit to the spectra. However, in this work the more common calculation through the au-

tocorrelation function by integration of the autocorrelation function up to the first zero-crossing

is used for experimental implementation (Lenschow and Stankov, 1986):

T =

∫ ρ=0

0
ρ(t)dt. (3.30)

Using the calculation through the autocorrelation has the benefit of a more direct and stable

uncorrelated noise removal approach (Lenschow et al., 2000; Frehlich and Cornman, 2002).

The temporal integral scale T can also be converted to a length scale L through application of
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3.5. Measurement platform errors

Taylor’s hypothesis. The integral length scale is an another important parameter often used for

describing the properties of turbulent flows. It denotes the distance up to which the turbulent

structures are correlated with themselves, it is thereby similar to a ’memory’ of the flow.

3.5. Measurement platform errors

In the ADLS a so-called ideal system is assumed, without error in any of the system components

consisting of aircraft, scanner and lidar. Thereby, the motion-corrected Doppler velocity is equal

to the projection of the atmospheric wind vector on the beam vector itself, as all other velocity

contributions are known exactly (Eq. 3.12). The real-world ADL measurements differ from

the idealized ADLS measurements in important ways. Because the state of the real-world ADL

measurement system is imperfectly known, errors can be associated with any of the terms in the

motion correction process.

Using the motion corrected radial velocities for wind profiling can introduce further error. As

no system errors are present in the ADLS, only the violation of the flow homogeneity assump-

tion used for AVAD retrieval impacts the wind profiling error in the ADLS. Thereby, the error

in wind profiling due to the violation of the homogeneity assumption can be extracted for the

first time and is discussed in detail in the next section. The retrieval error is equally present

in real-world ADL measurements but in general inaccessible, for this reason a data-driven un-

certainty estimation method is developed using the ADLS (for the definition of the terms error,

uncertainty and accuracy as used here see Appendix A.1).

Additional sources of error exist in the estimation of statistical quantities from nadir measure-

ments (e.g. the first and second order moment of the vertical wind) by means of ADL due to the

measurement platform characteristics. Nadir retrieval of statistical quantities is only conducted

for illustrative purpose in the ADLS because the used LES simulations do not represent the

turbulent wind field in enough detail for systematic analysis. Due to the used LES grid spacing

of ∆x = 10m, the LES does not fully represent the turbulent spectrum below O(100 m) (Sec.

3.7). As this region is important for retrieval of vertical wind statistics and also problematic for

the lidar, due to effects such as PVA, the LES cannot be used for reference. Hence, systematic

analysis of nadir measurement retrieval accuracy is solely conducted for the real-world ADL

system.

The real-world ADL measurement platform is much more complex than the idealized platform

in the ADLS, therefore a number of synchronization, calibration and correction procedures

have to be implemented in order to achieve high measurement quality. Corresponding with

these procedures, a number of additional sources of error and associated uncertainties (both
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3. Concept and theory of airborne Doppler lidar measurements

systematic and random) are evaluated to control the performance of the applied techniques.

In order to achieve real-world data synchronization, calibration and correction I follow the

approach of existing studies, which are combined, refined and extended as a part of this work.

Overall, the terminology and methodology of uncertainty estimation presented by Damiani and

Haimov (2006) and Strauss et al. (2015) is followed here (who developed their characterizations

for ADR), but with important changes and extensions described below. As a result, to my

knowledge, the most comprehensive accuracy assessment of real-world ADL data is presented

in the following. The uncertainties are distinguished by their generating source of error for

the first-order moment (systematic offset β1, random uncertainty ε1 in ms−1) and the second-

order moment (systematic offset β2, random uncertainty ε2 in m2 s−2). Effects not simulated in

the idealized ADLS, but important for both wind profiling and nadir vertical wind retrievals in

real-world ADL measurements, are:

(I) A time synchronization between aircraft and lidar has to be achieved, taking into ac-

count the different temporal resolutions of the measurement systems. In this work, time

synchronization is achieved based on a new procedure developed as a part of this work,

which exploits the changing ground return distance sensed by the lidar during aircraft

maneuvers. The procedure enables high accuracy time synchronization, the remaining

uncertainties are denoted as βt and εt for systematic and random effects, respectively

(separately for first- and second-order moments).

(II) The static beam pointing-angle of the lidar mounting has to be determined in a procedure

called beam pointing-angle calibration. In this work, beam pointing-angle calibration is

achieved using techniques outlined in Haimov and Rodi (2013). Uncertainties associated

with the knowledge of the static beam pointing-angle are denoted as βb for systematic

contributions and εb for random contributions (separately for first- and second-order mo-

ments).

(III) The lidar signal quality is dependent on the return signal strength, which has to be eval-

uated and quality controlled. In the high signal return power regime, an uncorrelated

random error is present in the lidar measured velocities due to random fluctuations of the

lidar signal, which impacts the measured atmospheric variance (Frehlich et al., 1994). In

this work, the SNR-dependent systematic offset β2
rv due to radial velocity noise is esti-

mated using the first-lag autocovariance method proposed by Lenschow and Kristensen

(1984), Mayor et al. (1997) and Lenschow et al. (2000), which was shown to be a reli-

able estimator by Frehlich and Cornman (2002). Random uncertainties introduced by the
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estimation of the systematic offset are denoted as ε2
rv. The lidar signal quality control

procedure also encompasses SNR filtering as well as cloud and ground return identifica-

tion.

(IV) Finally, a motion correction of the measured lidar radial velocities has to be conducted.

A two step procedure is presented here: First, the navigational data available from the

aircraft INS is used for initial motion correction of all lidar data. The accuracy of this cor-

rection depends on the aircraft motion and attitude measurement accuracy. Going beyond

Strauss et al. (2015), based on Godwin et al. (2012) and in-line with Tucker et al. (2018),

Lux et al. (2018) as well as Ellis et al. (2019) (for ADR), it is demonstrated that the ex-

ploitation of the measured ground return velocities allows for a quantification of errors

associated with the INS-based aircraft motion correction (as well as a distinction between

flight state). In a second step, it is shown that the measured ground return velocities can

then also be used for a refined motion correction, which reduces the motion correction er-

ror and provides strongly improved measurement accuracy compared to solely relying on

the INS. The ground return based procedure enables aircraft motion and attitude accuracy

assessment and correction also for strongly non-steady aircraft motion states. Remaining

systematic uncertainties associated with the knowledge of aircraft motion are denoted as

βac and random uncertainties as εac (separately for first and second-order moments).

Quantification of the uncertainties (I-IV) is sufficient to assess the accuracy of the ADL mea-

sured radial velocities. However, if a retrieval of the atmospheric wind components is required,

a number of additional effects require consideration:

(V) Instead of directly sensing the wind velocity, the lidar measures the velocity of aerosol

transported by the wind. The aerosol velocity can differ from the wind velocity (e.g.

due to a settling of the aerosol towards the ground). Generally, the terminal settling

velocity and random motion of the scattering particles at 1.6 µm wavelength are very

small (Werner, 2005; Seinfeld and Pandis, 2006). Contrary to ADR, the terminal settling

velocity is thereby not considered to be an important source of systematic offset βvt or

random uncertainty εvt for ADL measurements of first- or second-order moments.

Quantification of the uncertainties (I-V) is sufficient to assess the accuracy of the ADL measured

atmospheric velocities utilized for wind profiling of the horizontal wind. Additionally, however,

the wind profiling accuracy is also dependent on assumptions made in the AVAD retrieval,

which can be investigated using the ADLS and are discussed in the next section.
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ADL measurements of the vertical wind, and its associated statistical parameters such as the

mean, variance and integral length scale, are subject to an additional number of effects requiring

consideration:

(VI) Due to the non-steady aircraft motion and attitude the lidar beam does not point nadir

at all times. The ADL thereby does not measure the vertical wind component only but

is contaminated by an additional horizontal wind contribution instead. The unwanted

contribution is removed based on profiles of the horizontal wind retrieved in the vicinity

of the nadir legs, as is done by Chouza et al. (2016b). This procedure introduces the

systematic uncertainty β1
HC and the random uncertainty ε1

HC for the first-order moment.

The error in the horizontal wind removal can be bounded conservatively by a comparison

of the leg-averaged vertical wind mean to the reference value of 0 ms−1 mandated by

theory for continuity reasons. For the vertical wind variance, the non-nadir pointing in-

troduces an additional source of variance due to the projection of the horizontal wind into

the measurement. Both, the systematic effect of cross-contamination due to variations of

pitch and roll β2
HC , as well as the random effect of cross-contamination due to non-zero

mean pitch and roll ε2
HC are based on Strauss et al. (2015). Their theory and analysis

is extended to account for the reduced cross-contamination effect made possible by the

horizontal wind removal.

(VII) Due to the spatial extent of the lidar pulse, the measurements are not conducted at in-

dividual points in time and space. Rather, the measurements represent averages over a

pencil-shaped volume instead, thereby causing the PVA effect. Consequently, the sam-

pled variance is altered (usually reduced) compared to an in-situ measurement. The sys-

tematic offset β2
PV A due to PVA is corrected for the variance measurement based on ex-

isting techniques (Frehlich, 1997; Frehlich and Cornman, 2002; Frehlich et al., 2006;

Brugger et al., 2016), which are modified for usage with ADL. The correction utilizes

an idealized von-Karman spectrum of turbulence, for which the effect of PVA is known

given the lidar pulse length and range gate spacing. A random uncertainty ε2
PV A is intro-

duced by the correction method for the second order moment due to a potential violation

of the idealized von-Karman spectrum assumed for correction.

(VIII) Finally, due to the limited sample size as well as gaps in the lidar data (e.g due to block-

ing by clouds or low SNR), a number of data processing procedures have to be applied

in order to obtain a meaningful statistical and spectral analysis. Here, I follow the tech-

niques outlined by Kiemle et al. (2011). In this line, for the calculation of statistical
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moments, due to the averaging over a finite time series, the desired ensemble mean of a

moment is replaced with the temporal mean of the moment. This replacement introduces

systematic and random error. The estimation of the associated systematic offset β2
sys (in-

duced for the variance only) and random uncertainties ε1
ran and ε2

ran is conducted based

on Lenschow and Stankov (1986) and Lenschow et al. (1994).

In Chap. 6 it is evaluated to what degree the mentioned sources of errors discussed above are

relevant and can be represented using uncertainty estimation in real-world measurements. In

order to do so, the specific theories associated with each of the uncertainty estimation methods

are outlined in the respective sections. Overall, the results allow for quantification of the uncer-

tainty associated with each source of error for the first-order and second-order moment. Besides

this demonstration, the results also allow a discussion of the assumption to neglect the effects

applicable for real-world ADL measurements in the ADLS simulations, proving its validity.

For the combined uncertainty evaluation of the mean the concept by Damiani and Haimov

(2006) is used and extended. Errors in the motion corrected velocity V1
COR can be associated

with any of the components in the motion correction equation (Eq. 3.12) and their effect can be

systematic or random with either sign. Namely, these are the measured radial Doppler velocity

itself, the beam pointing direction and the aircraft velocity projection and thereby also the time

synchronization. Further, for vertical wind measurements, a motion and horizontal wind cor-

rected velocity V1
PST is required in which the atmospheric contribution due to horizontal wind

is removed. This procedure introduces additional uncertainty due to the terminal fall velocity of

the scatterers, as well as uncertainty in the knowledge of the wind profile contribution. Last, any

measurement of the mean vertical wind has to account for the random uncertainty introduced by

substituting the ensemble mean with the temporal mean. Therefore, the following relationship

is obtained:

w1= V1
PST ± β

1
t ± β

1
b± β

1
rv ± β

1
ac ± β

1
vt
± β1

HC ± ε
1
t ± ε

1
b± ε

1
rv ± ε

1
ac ± ε

1
vt
± ε1

HC ± ε
1
ran. (3.31)

For the combined uncertainty evaluation of the variance the concept outlined by Strauss et al.

(2015) is followed and extended, but with adapted notation combining Lenschow et al. (1994),

Frehlich (1997) and Lenschow et al. (2000). Based on the above discussion, extending Strauss

et al. (2015), the measured, motion and horizontal wind corrected velocity variance V2
PST can

be related to the desired atmospheric vertical wind variance w2 through

w2 = V2
PST − β

2
t − β

2
b− β

2
ac − β

2
vt
− β2

rv + β
2
PV A− β

2
HC + β

2
sys ± ε

2
rv ± ε

2
PV A± ε

2
HC ± ε

2
sys ± ε

2
ran.

(3.32)
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As outlined above, the systematic offsets due to the additional variance contributions β2
rv, β

2
PV A

and β2
sys can be estimated using existing theory. Consequently, these contributions can be re-

moved or added depending on their effect, specifically for every measurement situation. How-

ever, the estimation of β2
rv,β2

PV A and β2
sys itself is also associated with uncertainties ε2

rv,ε2
PV A

and ε2
sys, which still need to be accounted for (and for which no estimation methods exists in

literature to my knowledge). The lower bounds of β2
t, β

2
b, β

2
ac, β

2
vt

and β2
HC are zero as they can

only yield positive contributions, which makes their description as a potential bias adequate.

However, their systematic effect cannot be corrected based on existing theory, it can therefore

only be estimated with an upper bound. The uncertainties ε2
HC and ε2

ran can present positive or

negative contributions, which mandates their description as random uncertainties.

Some of the uncertainty contributions can be constrained further specifically for every mea-

surement situation. Any error in time synchronization, beam pointing-angle calibration or INS-

based motion correction results in the measured ground return velocities VCOR,RAW (RGRD) not

being 0 ms−1, as would be the case for an ideal system measuring a stationary target (after mo-

tion correction). Additional effects such as erroneous ground height identification and associ-

ated lidar chirp can also result in a non-zero ground return velocity (Appendix A.5). Hence, the

measured ground return velocity presents a conservative estimation of the former three errors

(the actual error is being bounded because the ground return velocities present an independent

reference measurement). Thereby, in this work the uncertainty contributions by a number of

terms are conservatively bounded based on the error determined from the measured ground

return velocities after motion correction:

|β1
t ± β

1
b± β

1
ac ± ε

1
t ± ε

1
b± ε

1
ac | ≤ |V1

COR,RAW (RGRD)|, (3.33)

β2
t + β

2
b+ β

2
ac ≤ V2

COR,RAW (RGRD). (3.34)

The measured ground return velocities allow for differentiation between various aircraft flight

maneuvers, e.g. between nadir and turns. As a result, a flight state dependent assessment of

the INS error is obtained. In an extension of the same argument, the measured ground return

velocities are then used in a second step to correct the detected errors due to the above terms,

which strongly improves the measurement accuracy in a refined motion correction procedure

(Sec. 6.2.IV).

In a similar manner, the error in the horizontal wind removal can be bounded conservatively by a

comparison of the leg-averaged vertical wind mean to a reference value of 0 ms−1. This value is

mandated by theory, as the mean vertical wind should disappear when averaged over extended

areas for continuity reasons. It can therefore also be treated as a reference truth and used to
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obtain a conservative error estimate of the horizontal wind contribution removal accuracy for the

first-order moment of the vertical wind (Sec. 6.2.VI). Additionally, this conservative estimation

also includes all contributions from the error sources (I-V).

3.6. Wind profiling retrieval error and its representation in a data-driven

uncertainty estimation method

Besides the errors introduced by the measurement platform, another important source of error

exists for AVAD wind profiling due to the retrieval process. As mentioned above, errors are

introduced in the retrieved profile by the inversion process if the assumed homogeneous flow

conditions are not present in the retrieval volume (Sec. 2.4). A violation of the flow homo-

geneity assumption is frequently encountered for measurements inside the BL, where the wind

field typically deviates from the mean flow state throughout the retrieval volume due to turbu-

lence. Therefore, in this section the above retrieval formalism (Sec. 3.3) is extended to allow

for uncertainty assessment using a covariance matrix based uncertainty estimation.

The wind profile retrieval error is equally present in both ADLS simulated and ADL real-world

data, as the LES sufficiently represents the turbulent structures (>O(100 m)) responsible for

retrieval error, given the used LES and measurement system setup (Sec. 3.7, 4.1, 4.2). Hence,

with the advantage of knowing the exact LES input truth in the ADLS, the retrieval error of

ADL systems for wind profiling in inhomogeneous flow can be investigated in Chap. 5. Based

on this investigation, the functionality and applicability of a data-driven uncertainty estimation

method presented here is evaluated in Sec. 5.4.1 and 5.4.2.

A method to assess the uncertainty in the retrieved wind profiles is through uncertainty propa-

gation using the covariance matrix obtained by the inversion (Leon and Vali, 1998; Leon et al.,

2006; Menke, 2012; Wang et al., 2015). The covariance matrix of the model parameters can be

calculated as

CM = µ2
d(G
′G)−1, (3.35)

where µ2
d is the real data variance (assuming uncorrelated data with equal variance) which

cannot be determined from the measurements. Consequently, for uncertainty estimation an

estimator of the data variance based on the measurements needs to be specified. Leon and Vali

(1998) (for AVAD) and Leon et al. (2006) (for airborne dual-Doppler) suggest to use the LSQ-

fit residual velocity variance as a proxy for the unknown data variance. However, the validity

of this suggestion has not been checked up to date because it is near-impossible to do so in
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real-world measurements. Extending and validating ideas by Leon and Vali (1998) and Leon

et al. (2006), this work details under what circumstances the LSQ-fit residual variance can be

used as a proxy for the unknown data variance. ADLS results show that in order to achieve

a successful uncertainty estimation (representative of the observed error), corrections of the

residual variance are necessary due to the spatially neighboring and thereby auto-correlated

radial velocity measurements, which have not been discussed in-depth previously. Equation

(3.35) can be extended to also take into account measurement system errors, e.g. due to motion

correction error or lidar radial velocity noise (see Leon et al. (2006)[Eq. 12] or Wang et al.

(2015) for a full derivation including measurement system error). However, this extension is

not done here for two reasons: First, the focus of the ADLS work is on evaluating wind profiling

error due to atmospheric flow inhomogeneity, which is shown to be a major contributor in Chap.

5. Second, the results from Chap. 6 show that compared to the atmospheric retrieval error

contribution, typical measurement system errors are small and can be reliably controlled.

Once an estimate of the covariance matrixCM is obtained, the uncertainties in the retrieved wind

components are then given by the diagonal entries of the covariance matrix (Menke, 2012):

εu =
√
CM(1,1) and εv =

√
CM(2,2) and εw =

√
CM(3,3). (3.36)

The obtained uncertainties can be propagated into the wind speed using (Wang et al., 2015;

Newsom et al., 2017):

εVm =
√
(uεu)

2+ (vεv)2+ (wεw)2/Vm, (3.37)

if no correlation between the u, v and w wind components is assumed and the off-diagonal

terms are neglected. Similarly, for the wind direction the propagation is conducted according to

(Newsom et al., 2017):

εVα =
√
(uεv)2+ (vεu)

2/V2
m. (3.38)

In this work, the scale of the flow inhomogeneity causing wind profiling retrieval error is set in

proportion to the scale of the measurement volume, similar to the approaches used by Koscielny

(1984), Eberhard et al. (1989), Boccippio (1995), and Tian et al. (2015). Thereby, so-called

sub-scan-volume flow inhomogeneity is distinguished from so-called supra-scan-volume flow

inhomogeneity for reasons provided in the following discussion.
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Resolved sub-scan-volume flow inhomogeneity contribution

Flow inhomogeneity with characteristic scales smaller than the scan volume (termed sub-scan-

volume or resolved in the following) can cause profiling error. Sub-scan-volume flow inhomo-

geneity is detectable through the deviations of the measured radial velocities from the LSQ-fit

(Fig. 3.4). An estimate of the wind profile uncertainty due to flow inhomogeneity is available

through covariance matrix uncertainty propagation (Eq. 3.35), if the deviations can be used as

a proxy for the real, unknown data variance. Therefore, for this estimation the unknown data

variance is frequently replaced with the residual velocity variance which can be obtained from

the LSQ-fit (Leon and Vali, 1998; Leon et al., 2006; Menke, 2012; Wang et al., 2015):

µ2
d =

1
N −m

N∑
n=1

(
vCORn − v

R
CORn

)2
. (3.39)

The above simplified version assumes independent data samples, a condition which is violated

for high frequency Doppler lidar radial velocity measurements often conducted in close spatial

and temporal proximity to each other. When the separation of measurements is smaller than

the temporal or spatial integral length scales of turbulence (quantifying when all memory is

lost) the samples are not statistically independent. In particular, any flow inhomogeneity will

preserve over the course of many adjacent measurements, leading to structured deviations of the

measurements around the LSQ-fit (see Fig. 4.4 for an illustration and Eberhard et al. (1989) for

a similar approach). This lack of statistical independence results in strong (auto-) correlation in

the residuals. Thereby, the radial velocity measurements from one or more range gates do not

necessarily add new, independent information. As a result, the effective sample size is strongly

reduced, an effect which needs to be accounted for in the uncertainty estimation.

For along-beam neighboring range gates (sampled at the same time), the reduced information

content is accounted for by reducing the sample size N depending on the degree of correlation

in the residuals from neighboring range gates, termed ρres here:

Ncorr = N/[1+ (N −1)ρres]. (3.40)

For measurements from the same range gate, conducted after each other in close spatial and

temporal proximity, the correlation of the measurements is accounted for by replacing Ncorr

with an effective sample size Ne f f , which reflects the reduced number of samples depending on
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the amount of correlation present. In this work, the estimator used for the effective sample size

is based on Thiébaux and Zwiers (1984) and Storch and Zwiers (1999):

Ne f f = Ncorr/[1+2
N−1∑
τ=1
(1−

τ

N
ρaco(τ))]. (3.41)

Therein, ρaco(τ) is the autocorrelation function of the residuals at lag τ. The autocorrelation

cannot be calculated directly from the overall autocorrelation function of the residuals of the

LSQ-fit. The problem is that multiple range gates can fall into one retrieval volume, with the

different range gates exhibiting different residual behavior (as they sample different turbulent

structures). Further, for an AVAD technique, the range gates can sample the same retrieval

volume multiple times at different times (e.g. for an forward and aft beam). Therefore, the

autocorrelation function is calculated as a weighted average from all range gates in the retrieval

volume. To do so, individual autocorrelation functions ρaco(τ,nR) are calculated individually

for the number of range gates nR falling into one volume. Measurements from the same range

gate but separated by more than 2 s are treated individually. Subsequently, the individual au-

tocorrelation functions are weighted by the number of their contributing measurements N(nR)

compared to the overall number of measurements and summed up:

ρaco(τ) =
∑
nR

(ρaco(τ,nR) ·N(nR)/N) . (3.42)

The uncertainty estimation method presented here is expected to represent errors due to sub-

scan-volume flow inhomogeneity. The method can be challenged for three reasons. First, it

remains to be checked to what extent the residual velocity variance is representative of the

underlying, unknown data variance. Second, the assumption of a single, average autocorrelation

function representing the reduction in sample size is a simplification. As stated above, in reality

the degree of autocorrelation is not constant but depends on the structure of turbulence as well

as the timing and location of measurements. Further, the covariance matrix is not necessarily

diagonal in reality but may contain off-diagonal terms as well. Third, estimating the effective

sample size from data is not a trivial task and multiple approaches and formulas exist (Thiébaux

and Zwiers, 1984). Generally, estimation is more challenging for small sample sizes (N<30)

and depends on the stochastic nature of the process observed. The approach chosen here is a

simple version and more sophisticated approaches could be included in future work. To gauge

the effect and magnitude of these problems a validation of the uncertainty estimation method

applicability is conducted using the ADLS in Sec. 5.4.2.
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Generally, as mentioned above, only flow inhomogeneity smaller than the size of the scan vol-

ume is detectable as residuals in the LSQ-fit. Therefore, any errors due to large scale flow

inhomogeneity cannot be captured by the covariance uncertainty propagation and need to be

evaluated separately. Methods to do so in the ADLS and in real-world measurements are pre-

sented in the next section.

Unresolved supra-scan-volume flow inhomogeneity contribution
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Fig. 3.4.: Schematic depiction of a Doppler lidar
VAD wind profile retrieval being im-
pacted by flow inhomogeneity. The supra-
scan-volume inhomogeneity of the verti-
cal wind is erroneously mapped into hor-
izontal wind because it is exactly in-phase
with the measurement geometry. The sub-
scan-volume flow inhomogeneity causes
detectable residuals in a LSQ-fit. For
simplicity a non-moving lidar system is
shown.

Flow inhomogeneity on the order of the

scan volume and beyond (termed supra-scan-

volume in the following) is also a source of

wind profiling error (Koscielny, 1984; Boc-

cippio, 1995; Tian et al., 2015). An illus-

trative example is Doppler lidar wind profil-

ing in a horizontally sheared vertical wind

field with 0 ms−1 horizontal background wind

(Fig. 3.4). The radial velocity contribution

of the vertical wind is erroneously mapped

into horizontal wind (depending on the verti-

cal wind magnitude and measurement geom-

etry, e.g. the scan elevation angle), if a VAD,

VVP or AVAD retrieval algorithm is applied.

Hence, the supra-scan-volume contribution is

also called erroneous mapping in the follow-

ing. Erroneous mapping can also occur under

the presence of background wind. An illustra-

tive example is a case where the vertical wind

is in-phase with the horizontal wind contribu-

tion. For example, this alignment can occur in

situations when there is an updraft upstream

of the lidar and a downdraft downstream (again a version of the horizontally sheared vertical

wind field, the overall vertical wind is zero). In this case, the vertical wind projection appears

with the same azimuthal signature as the horizontal wind in the measured radial velocities used

in the AVAD. Consequently, the vertical wind is mapped into a horizontal wind contribution,

causing a retrieval error.
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Supra-scan-volume contributions to wind profiling error do not cause detectable residuals of

the fitted radial velocity from the measured radial velocity (as they are unresolved and erro-

neously mapped). The wind profiling error is thereby not detectable through the covariance

matrix uncertainty propagation, as is done for sub-scan-volume flow inhomogeneity. For indi-

vidual wind profiles the erroneous mapping due to supra-scan-volume flow inhomogeneity can

only be detected and quantified using the ADLS because the three-dimensional wind along the

measurement trajectory is needed, which is nearly impossible to obtain in real-world lidar mea-

surements. In the simulation results, cases with almost exact phase-alignment (between vertical

wind and scan geometry) can be observed, Consequently, these LSQ-fits show very high R2

values with little estimated sub-scan-volume uncertainty, but nevertheless exhibit a large wind

profile error (> 1 ms−1).

Besides the strength and extent of the flow inhomogeneity, the degree and process of erroneous

mapping depends on the measurement geometry used (Koscielny, 1984; Boccippio, 1995). At

constant elevation, only changes in the vertical wind cause erroneous mapping. However, if the

beam elevation is varied during the scan, changes in the horizontal wind components can also

cause erroneous mapping. Erroneous mapping is more prominent at high elevation angles when

the vertical wind exhibits a large contribution to the measured radial velocity compared to the

horizontal wind. It can occur even for large measurement volumes (long sampling duration,

low spatial resolution), for example when flying perpendicular to the wind with presence of

organized convective structures or in complex terrain.

Because erroneous mapping by the retrieval is not captured by the covariance matrix based

residual variance propagation, two methods to account for wind profiling uncertainty due to

supra-scan-volume flow inhomogeneity are proposed. The first method is only applicable when

the atmospheric input data is known exactly (e.g. in the ADLS). The second method parameter-

izes the uncertainty due to supra-scan-volume flow inhomogeneity in order to represent it on a

statistical basis in real-world BL measurements. Thereby, a data-driven uncertainty estimation

of wind profiling error can be achieved. The mathematical details on the quantification of the

supra-scan-volume contributions and its parameterization are provided in Appendix A.3.

In practice the separation between the sub- and supra-scan-volume contributions is not always

clear and easy to make. The scanning geometry can be complex and the turbulent spectrum is

continuous and does not exhibit the same separation. Therefore, the developed theory needs

to be checked and tested. The ADLS provides an ideal testbed to do so as the input truth is

known exactly, which is near-impossible in real-world measurements. Hence, the validity of

the proposed uncertainty estimation method can be evaluated (Sec. 5.4.2).
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3.7. Large Eddy Simulations

In order to evaluate measurement system characteristics and obtain a better handle of retrieval

errors a simulation based measurement system analysis is useful (Sec. 2.4.2). In order to do

so, artificially generated high resolution atmospheric wind fields are necessary. To capture the

effect of turbulence on ADL measurements the wind fields must have sufficient resolution to

represent turbulence on the scale of the lidar measurement geometry. At the same time, available

computational power must allow for simulation of a large enough domain for statistical analysis

of ADL wind profiling retrieval.

The flow is described by the NVS equations (Eq. 2.1), which allow for analytical solution only

with application of simplifying assumptions. Thus, the equations are solved numerically for the

simulation of turbulent wind fields.

Turbulence resolving, direct numerical simulation (DNS) of fluids through solving the full set

of equations is numerically expensive. Only small domains (O(10 m)) can be simulated using

DNS, due to the fine resolution needed in order to resolve the full spectrum down to the smallest

turbulent elements (O(1 mm), besides other processes such as cloud micro-physics on even

smaller scales). Therefore, DNS is not appropriate to generate the input wind fields needed in

this work.

Besides DNS, a variety of numerical models exist which focus on simulating atmospheric flow

on larger scales. The different models introduce approximations into the NVS equations based

on scale analysis and thereby allow for simplified simulation. For example, models used for

NWP focus on synoptic scales using the so-called Reynolds-Averaged Navier-Stokes Equations

(RANS, Sec. 2.1). In RANS the scale separation is in the region of the atmospheric spec-

tral gap, distinguishing mean flow from turbulent flow. Current typical NWP grid spacing is

O(10 km) globally (Deutscher Wetterdienst, 2020a) and O(1 km) locally, using so-called nest-

ing approaches (Gasch et al., 2017; Klocke et al., 2017). As a resulting drawback of the coarse

grid spacing, NWP models cannot resolve atmospheric BL processes such as turbulence (their

effect is included through parametrizations).

Situated in the range between DNS and NWP models, the large eddy simulation approach ex-

ists with a grid spacing O(1− 100 m). For LES models the separation between resolved and

unresolved scales is located in the inertial subrange part of the turbulent spectrum. Thereby, the

important production range of the turbulent spectrum is grid-scale (GS) and can be resolved over

larger domains and at computational cost lower than for DNS. Turbulence at smallest scales,

e.g. the lowest part of the inertial subrange and the dissipation range, need to be parameterized

using a subgrid-scale (SGS) model in LES. The capability of the LES to resolve the produc-
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tion range and most of the inertial subrange allows for simulation of the relevant part of the

turbulent spectrum driving wind profiling retrieval error. Further, today’s computational power

is sufficient to enable generation of sufficiently large wind fields for statistical analysis of wind

profiling. The parameterization of turbulence on the smallest scales does not prevent a simula-

tion of the Doppler lidar measurements, as it occurs on scales finer than the range resolution of

the Doppler lidar itself in the chosen setup (Sec. 4.1).

3.7.1. The PALM model

The Parallelized Large-Eddy Simulation Model (PALM) was first developed at the Leibniz

University Hannover by Raasch and Etling (1991). Since then it has undergone numerous de-

velopments, e.g. parallelization (Raasch and Schröter, 2001) and inclusion of other packages

such as a Lagrangian particle and cloud model, a canopy model and oceanic turbulence. An

overview of available features and studies utilizing PALM is available in Maronga et al. (2015,

2020) and the following description is based on the description provided there.

The equations solved by PALM for the GS variables are derived from the NVS equations (Eq.

2.1) utilizing the Boussinesq approximation (Etling, 2008; Maronga et al., 2020). In the fol-

lowing equations, summation over repeated indices is implied, overlines indicate GS variables,

primes indicate SGS variables, the subscript 0 indicates surface variables, angle brackets denote

a horizontal domain average. For a dry atmosphere (humidity is not relevant for this work) the

equations read as:

∂ui

∂t
= −

∂uiu j

∂x j
− εi j k fiuk + εi3 j f3Ug, j −

1
ρ0

∂p∗+ 2
3 ρ0ESGS

∂xi
+g
Θ− 〈Θ〉

〈Θ〉
δi3−

∂

∂x j

(
u′iu
′
j −

2
3

ESGSδi j

)
,

(3.43)

∂ui

∂x j
= 0, (3.44)

∂Θ

∂t
= −

∂u jΘ

∂x j
−

∂

∂x j

(
u′jΘ

′

)
−QΘ. (3.45)

Additionally, for turbulence closure a prognostic equation for the SGS-TKE is formulated as

∂ESGS

∂t
= −u j

∂ESGS

∂x j
−

(
u′iu
′
j

) ∂ui

∂x j
+

g

Θ0

(
u′3Θ

′

)
−

∂

∂x j

[
u′j

(
ESGS +

p′

ρ0

)]
− ε . (3.46)
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Tab. 3.1.: Overview of surface and top boundary conditions applied in both LES sets A and B.
Surface boundary Top boundary

Horizontal wind u = v = 0ms−1 u = uG;v = vG
Vertical wind w = 0ms−1 w = 0ms−1

Potential temperature ∂Θ
∂z = 0Km−1 ∂Θ

∂z =
∂Θ
∂z initial

TKE ∂ESGS

∂z = 0ms−2 ∂ESGS

∂z = 0ms−2

Pressure ∂p
∂z = 0hPam−1 ∂p

∂z = 0hPam−1

The equations contain five prognostic variables, these are the three wind components ui with

i = 1,2,3, the potential temperature Θ and the SGS turbulent kinetic energy ESGS =
1
2u′2i (six

variables if the specific humidity qv or another passive scalar is included). Compared to Eq.

2.1, new variables are the perturbation pressure p∗, the density of dry air ρ0, the source term

QΘ and the SGS dissipation rate ε . Corresponding, Ug, j are the components of the geostrophic

wind.

The model uses an equidistant staggered Arakawa C-grid (scalar quantities at cell center, ve-

locity components shifted by half a grid spacing) for discretization of the fields. The advection

terms are discretized using a fifth-order differencing scheme in space and a third-order Runge-

Kutta scheme in time.

As discussed, an important part of the LES is the parameterization of SGS turbulence (a RANS

version of PALM with fully parameterized turbulence is also available). The PALM model

formulation contains SGS covariance terms which need to be parameterized (for the SGS tur-

bulent transport of momentum, heat and potentially humidity or another passive scalar, further

the pressure term in the SGS-TKE equation) as well as the dissipation ε . In PALM, turbulence

closure is achieved by using a one-and-a-half order closure based on Deardorff (1980). The

contribution by the non-resolved terms is included using a gradient based approach, which as-

sumes that the energy transport by SGS turbulence is proportional to the local gradient of the

mean GS quantities. For the pressure term the transport is assumed proportional to the gradient

of SGS-TKE and the dissipation is set proportional to E
3
2
SGS (and a factor taking into account

the grid spacing).

The Boussinesq approximated equations require incompressibility, which is not achieved by the

integration per se. Therefore, a predictor-corrector method is applied in which the pressure term

is excluded during the first integration of the NVS equations to yield a preliminary solution for

ui. Developing divergences are then attributable to the pressure term. Reinforcing incompress-

ibility through stipulation results in a Poisson equation for the pressure which is then solved

using an FFT procedure.
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In order to conduct simulations boundary conditions must be specified. The simulations used in

this work assume a flat, homogeneous surface and a constant heating rate/heat flux for LES set

A/set B, respectively. An overview of the boundary conditions applied at the surface and top is

provided in Table 3.1. Laterally, periodic boundary conditions are used in both directions, e.g.

the outflow from the domain is used as inflow again for all variables. The model state at initial-

ization is prescribed through vertical profiles for all variables (horizontally homogeneous). To

initiate the development of turbulence small random perturbations are introduced into the wind

fields until a steady turbulence develops.
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4. An LES-based airborne Doppler lidar simulator 1

The description of the ADLS consists of four sections outlining and mimicking the ADLS

structure and operation. First the underlying wind field options are specified, then the simulation

of the ADL system components is discussed and the measurement procedure is explained. Last,

the nadir or wind profile retrieval can be performed on the simulated measurement data. A

sketch of the ADLS operating scheme used for wind profiling is provided in Fig. C.1, it is

detailed and explained in the following.

4.1. LES generated wind fields

In order to be as close as possible to a realistic measurement environment the work presented

here utilizes high resolution LES generated wind fields. The LES wind fields are simulated

using PALM and provided by the University of Hanover (Raasch and Schröter, 2001). When

using LES, a trade-off between the resolution of the simulation and the domain extent has to be

realized, as computational power is limited. On the one hand, the resolution has to be sufficient

to ensure a realistic simulation of turbulence and associated Doppler lidar wind measurements.

On the other hand, the domain has to be large enough to ensure a sufficient number of indepen-

dently sampled wind profiles for statistical analysis.

Two different sets of LES simulations are used in this work (set A, set B). Both sets employ a

range of background wind speeds and a grid spacing of ∆x = 10m (corresponding to a resolution

finer than O(100 m)). The main difference between LES set A and set B is the surface sensible

heat flux, which is approx. 170 Wm−2 for set A and 30 Wm−2 for set B, leading to different

vertical BL and turbulence structures.

LES wind fields resolve turbulence appropriately when the resolved grid-scale turbulent kinetic

energy EGS is much larger than parameterized subgrid-scale turbulent kinetic energy ESGS.

Given the LES setup and turbulence present, this condition is fulfilled for all used LES wind

fields above an altitude of 30 m (Fig. C.2). Further, at the assumed lidar range gate length ∆p =

1The chapter is adapted from the publication: Gasch, P., Wieser, A., Lundquist, J. K. and Kalthoff, N., 2020:
An LES-based airborne Doppler lidar simulator and its application to wind profiling in inhomogeneous flow con-
ditions. Atmospheric Measurement Techniques, 13(3), 1609-1631.
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Tab. 4.1.: Overview of atmospheric conditions present in LES sets A and B. The BL height is determined
from the potential temperature profile.

LES set A LES set B
Grid spacing in m 10 10
Domain size in m3 23030 x 17270 x 2300 5000 x 5000 x 1800
Simulation duration in min 120 30
Output temporal resolution in s 60 1
Background wind speed in ms−1 0 2 5 10 15 5 10 15
w′Θ′ in Kms−1 0.13 0.15 0.16 0.17 0.17 0.03 0.03 0.03
u∗ in ms−1 0.17 0.22 0.37 0.62 0.85 0.32 0.51 0.68
w∗ in ms−1 1.68 1.74 1.76 1.83 1.90 0.84 0.85 0.87
-zi/L0 275 157 37 9.6 4.3 7.2 1.9 0.8
zi (Θ) in m 1100 1100 1120 1200 1270 1142 1114 1152

69.53m (Sec. 3.1), the simulations also fulfill the condition ∆p >> ∆x and thereby Doppler

lidar measurements can be represented realistically (Stawiarski, 2014).

The boundary conditions applied in both sets at the surface and top are summarized in Table

3.1. Laterally, periodic boundary conditions are used in both directions, e.g. the outflow from

the domain is used as inflow again for all variables. Although the domain size and simulation

time vary, both LES set A and set B allow for sampling a sufficient number of independent wind

profiles for statistical analysis, given the turbulence characteristics present, an adequate system

setup, retrieval strategy and sampling procedure, as is shown in Sec. 4.4.2.

The ADLS can be easily adopted for use with other LES wind fields (e.g. different atmospheric

conditions, larger or longer simulation domains), should this be necessary for future studies.

LES set A

The LES set A is provided by Oliver Maas and Prof. Siegfried Raasch, PALM group, Institute of

Meteorology and Climatology at Leibniz Universität Hannover. The simulations are conducted

using PALM version 6.0.

The LES set A employs a large domain size of 23030m x 17270m x 2300m. Vertically, the

output is limited to 1500 m. Vertical profiles of the average wind speed, the potential tempera-

ture, the kinematic sensible heat flux and the component-wise wind variance are provided in Fig.

C.2. An overview of other relevant meteorological parameters is provided in Table 4.1. LES

set A is driven with five geostrophic background wind speeds of uG = 0,2,5,10 and 15 ms−1

and simulates a dry atmosphere. At the flat surface a constant heating rate of +0.6Kh−1 is

prescribed, which results in a kinematic heat flux of approx. 0.16 Kms−1 (corresponding to a

sensible heat flux of approx. 160 Wm−2, with some variation between the background wind
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cases). In order to dampen the inertial oscillation of the geostrophic wind, a 12 h pre-run is con-

ducted with a reduced simulation domain. After a subsequent spin-up time of 4 h using the full

domain (leading to the decay of periodic structures present in the LES), three-dimensional data

output started with fully developed turbulence at a temporal resolution of 1 min. In total, 2 h of

data output are available. The convective situation is classified as strongly unstable stratifica-

tion with the stability criteria pointing to the development of organized convective structures for

uG > 0 ms−1. The BL height is between 1100− 1300 m, with the entrainment zone extending

from 1100−1400 m. Gravity waves are present in the entrainment zone and above.

LES set B

The LES set B is provided by Dr. Christoph Knigge and Carolin Helmke, PALM group, In-

stitute of Meteorology and Climatology at Leibniz Universität Hannover. The simulations are

conducted using PALM version 3.9.

The LES set B used in this work has a smaller domain size of 5000m x 5000m x 1800m. The

set is the same as used by Stawiarski et al. (2013), and so a detailed description is available in

Stawiarski (2014)[chap. 5.1] and Stawiarski et al. (2015) including the vertical profiles (their

Fig. 1). An overview of other relevant meteorological parameters is provided in Table 4.1. Set B

also simulates a dry atmosphere, it is driven with three geostrophic background wind speeds of

uG = 5,10 and 15 ms−1 and a constant kinematic surface heat flux w′Θ′ = 0.03Kms−1 at the flat

surface. Data output started with fully developed turbulence at a temporal resolution of 1 s after

a spin-up time of 1 h. The convective situation is classified as unstable stratification with the

stability criteria pointing to the development of organized convective structures. The kinematic

heat flux profile approaches zero at a height of approximately 600 m. An entrainment zone

with an associated slightly positive potential temperature gradient extends from 600−1100 m.

Both turbulent structures and gravity waves are present in the entrainment zone and above,

the BL height as determined from the potential temperature profiles is approximately 1100 m
(Stawiarski, 2014).

4.2. System - idealized airborne Doppler lidar platform

In this section the geometric simulation of the main system components consisting of aircraft,

scanner and lidar is discussed. An illustrative overview of the results obtained after system sim-

ulation is shown in Fig. 4.1. A so-called ’ideal’ system is presented for usage in the ADLS in

the following. ’Ideal’ as used here refers to the absence of any errors in the state of the system

components (measurement platform errors, Sec. 3.5), as their status is completely known (pre-
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Fig. 4.1.: Illustration of system and measurement position simulation for two transects through the LES
domain (for LES set B). The LES wind speed is color-coded. The black lines represent aircraft
trajectories. The black curtains show the range gate positions used to conduct the measurement
which are calculated from aircraft position, scanner and lidar system simulation. For the first
half of each transect the scanner movement correction is disabled, whereas for the second half
it is enabled. The nadir transect is used to retrieve the vertical wind, whereas the AVAD pattern
is used to retrieve the horizontal wind.

scribed) in the ADLS. Thereby, the evaluation can be focused on the retrieval errors introduced

by flow inhomogeneity (Sec. 3.6). While this assumption is not generally valid in real-world

ADL measurements, the results presented in Chap. 6 show that the errors introduced by the

system components are small and can be reliably evaluated using uncertainty estimation meth-

ods. Thus, system errors can neglected compared to the retrieval errors introduced due to flow

inhomogeneity, as revealed by the ADLS for turbulent conditions.

Aircraft

The aircraft trajectory is specified by the coordinates of the desired start and end points together

with a prescribed aircraft speed relative to air. Curvilinear trajectories are also possible with a

specified turn time. Another parameter that can be varied is the aircraft flight altitude.

Depending on whether a frozen-in-time (LES set A) or time varying (LES set B) wind field is

present during sampling, the aircraft trajectory and sampling positions inside the LES must be

calculated differently. The aircraft moves relative to the air mass and not the ground, which

results in a difference between aircraft heading and ground track (Lee et al., 1994). Therefore,
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4.2. System - idealized airborne Doppler lidar platform

depending on whether the LES coordinate system coincides with the ground or the air mass,

different sampling distances have to be applied in the LES. To my knowledge, this manuscript

is the first presentation of a correct airborne sampling simulation for LES studies, therefore it is

explained in-depth in the following.

For the frozen-in-time wind field during sampling (LES set A), the LES coordinate system co-

incides with that of the air mass. This approach is often utilized for LES-based investigation of

airborne measurement characteristics in literature (Schröter et al., 2000; Sühring and Raasch,

2013; Petty, 2020), due to its simplicity in sampling implementation and because LES output

is often not available at sufficiently high temporal resolution. The air mass and turbulent ele-

ments contained within are not advected through the domain during the measurement process.

Thereby, the sampling is done at equidistant intervals in LES space along the flight trajectory.

The spacing of the sampling points is calculated using the aircraft speed relative to air (IAS)

through the simple relationship s = I AS · t. Consequently, for a given sampling time and IAS

an equal volume of air mass (and turbulence) is sampled as is done by a real aircraft. However,

in this case the aircraft motion due to the wind speed needs to be factored into the retrieval at a

later point using a triangle of velocities calculation (Appendix A.4), because the aircraft track

with respect to the ground is influenced by the wind speed. To illustrate the concept, albeit

being unrealistic, consider an aircraft flying at 65ms−1, either up- or downwind, with a LES

wind speed of 65ms−1. The frozen-in-time wind field sampling distance in LES space will be

the same, but compared to the ground, the aircraft will have moved a large distance in the first

case and not at all in the second case.

For a time-varying wind field during sampling (LES set B), the aircraft also moves relative to the

air mass but now the LES coordinate system coincides with the ground coordinate system. This

case is deemed slightly more realistic, as it corresponds directly to real-world measurements

situations. In this case, the motion of the aircraft due to the air mass motion has to be considered

during each time step to yield the correct measurement positions in the LES. Therefore, the

aircraft trajectory and sampling positions inside the LES must be calculated differently than for

ground-based measurement systems, because the aircraft moves relative to the air mass and not

to the ground. As the LES coordinate system coincides with the ground, the sampling distances

applied in the LES have to be adjusted for the actual distance covered by the aircraft with respect

to the ground, taking into account the movement of the air mass present in the LES. Adjustment

of the sampling positions is achieved by taking into account the motion of the aircraft due to the

air mass motion during each time step to yield the actual measurement positions in the LES. To

this end, the aircraft heading and ground speed are determined iteratively for subsequent time

steps, based on the triangle of velocities (Appendix A.4). The effect of this procedure can again
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be imagined with an aircraft flying at 65ms−1 into 65ms−1 headwind. Relative to the LES

coordinate system this aircraft will stay in the same place. It will thereby sample at the same

geographic coordinate in the LES at all times.

The correct simulation of the aircraft motion is important as the sampling of the wind field by

the lidar system is altered. In this work, wind speeds reach up to 23% of the IAS. Thereby, the

sampling distance between measurements is changed by a factor of up to 0.4 between flying up-

or downwind (50ms−1 vs. 80ms−1 ground speed), presenting a non-negligible effect. Addi-

tionally to the aircraft track development as described above, pitch, yaw and roll moments can

be added to the aircraft position to simulate the effect of aircraft oscillations on the measurement

process. These are superimposed artificially and thereby independent of the track development.

This independence is not realistic but deemed sufficient, as aircraft position correction maneu-

vers should generally not alter the track development (and thereby sampling) significantly, as

they will cancel out over short periods of time. Thereby, the effect of aircraft movement due to

flight maneuvers can be emulated as well.

In the ADLS an ideal aircraft system is assumed. This means that the aircraft position, ori-

entation and velocity is known precisely and without error at all times (e.g a perfect INS is

available). The ideal aircraft system assumption is justified by the real-world ADL results ob-

tained in Chap. 6. The results presented there show that the real INS available can suffer from

non-negligible error, especially during turns. However, it is demonstrated that these errors can

be further controlled and reduced through usage of a refined motion correction procedure, which

utilizes the measured ground return velocities.

Scanner

In anticipation of an upcoming system the scanner movement is simulated with freely selectable

scanning geometries and includes an option to correct for the aircraft movement. Although the

intended scanning system was not built in-time for inclusion in this work by the manufacturer,

due to unforeseen manufacturing and aircraft certification issues, the results and developed

techniques are transferable to a fixed-beam system as is investigated in Chap. 6.

Subsequent scan positions are calculated in an aircraft relative coordinate system by specifying

the position which should be reached by the scanner, a time needed for the scan movement and a

scan mode. Five scan modes are available. The scanner can exhibit stare-mode, scan with con-

stant azimuth, constant elevation, along the shortest possible distance on a sphere between two

positions or focus on specific positions in the ground reference system (thereby also correct-

ing for aircraft motion). When the aircraft movement correction is enabled, scanner positions
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are calculated in an earth relative coordinate system and then transferred back to the respective

aircraft relative coordinate system positions corrected for aircraft movement.

In the ADLS an ideal scanner system without beam pointing error is assumed. The ideal scanner

system assumption is justified by the real-world ADL results obtained in Chap. 6. There, it is

shown that the uncertainty due to beam pointing error can be reliably assessed and controlled

using the lidar measured ground return velocities.

Lidar

The simulated lidar is based on the specifications of a Lockheed Martin Coherent Technologies

WTX WindTracer Doppler lidar which is also used for real-world measurements in Chap. 6.

Lidar systems with similar characteristics are often used in ADL studies (Weissmann et al.,

2005b; De Wekker et al., 2012; Chouza et al., 2015; Witschas et al., 2017; Zhang et al., 2018).

The lidar beam is emulated in accordance with Stawiarski et al. (2013) and their Gaussian

range gate weighting function using a Gaussian pulse width of σp = 1.8×10−7 s is applied

(corresponding to a temporal FWHM of ∆t = 3×10−7 s and a spatial FWHM of ∆r = 45m, see

Sec. 3.1). The same cut-off value, 20 % of the maximum value of the weighting function, is

chosen for calculating the effective length of the range gates for the averaging process. Variable

range gate lengths and spacings can be specified, in accordance with the standard WTX settings

a range gate length of ∆p = 69.53m with a non-overlapping spacing of ∆R0 = 69.53m (the

distance between subsequent range gate centers), starting at a distance of 400m from the lidar

is used for this work. The lidar measurement frequency can be varied in the range 1− 10 Hz.

The details of how the volume scanned by the laser beam is constructed for averaging during

the measurement process are explained in the next section.

In the ADLS, an ideal laser system is assumed without random radial velocity fluctuations

or other system errors. The ideal lidar assumption is justified by the real-world ADL results

obtained in Chap. 6, where it is shown that the random radial velocity variance of the WTX can

be reliably assessed and is low under all measurement conditions.

4.3. Measurement procedure

For the measurement, the aircraft and atmospheric motion vectors need to be combined to give

the measured radial Doppler velocities using Eq. 3.11, explained in Sec. 3.2. Additionally, to

obtain the atmospheric motion vector from the LES, the locations of the lidar range gates need

to be calculated. Both operations are conducted based on the state of the system components,

meaning the current aircraft orientation and motion, as well as scanner position and lidar setting.
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Figure 4.1 illustrates the measurement locations obtained from this procedure for both nadir and

AVAD transects.

In order to determine the LES wind velocity vE
p which is projected onto the beam, the range

gate position has to be determined. As the position is needed for the LES, it must be calculated

in the ground reference system. Therefore, after transferring the beam direction into the ground

reference system (Appendix A.2), the range gate center positions are calculated by adding the

range gate center distances R0 (spaced ∆R0 = ∆p = 69.53m apart) in beam orientation to the

aircraft position,

pppE
R0
= pppE

AC +R0bbbE . (4.1)

This calculation is repeated for the range gate begin and end positions by subtracting or adding

half the range gate length to R0:

R0B = R0−∆p/2, (4.2)

R0E = R0+∆p/2. (4.3)

Thereby, the range gate position at the average measurement time is fully characterized, how-

ever, the range gate motion due to aircraft motion and scanner movement still needs to be

accounted for.

The motion of the range gate during one measurement is accounted for by defining a volume

between the range gate position at the start and the completion of the measurement process.

The two positions are calculated using a range gate motion vector. The range gate motion

vector is constructed by using the difference of the range gate positions compared to the range

gate positions of the previous measurement (this assumption is valid as only continuous aircraft

and scanner movements are investigated). Using these positions, three individual difference

vectors (the range gate motion vectors) are constructed for the range gate begin, center and end

position each. The first and last range gate positions during one measurement are then obtained

by subtracting and adding half the range gate motion vector from the range gate center, begin

and end positions, respectively.

The real lidar beam only has a beam diameter of approx. 10 cm. This diameter is not enough

to ensure an adequate sampling of LES data (the grid spacing is ∆x = 10 m). Therefore, the

beam volume is artificially enlarged in the direction orthogonal to the motion. The factor is set
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in relation to the grid spacing. A minimum distance of half the maximum three-dimensional

grid point distance is employed to ensure points inside the volume,

dinflate =
√

3/2∆x. (4.4)

After all points that fall inside the volume covered by the lidar beam are determined, they are

weighted according to the range gate weighting function based on their orthogonal distance

from the beam center in along-beam direction (in accordance with Stawiarski (2014), see Sec.

3.1). Last, a linear averaging is applied to obtain the average velocity of all points in the volume.

This averaged velocity vE
p is then projected onto the beam direction according to Eq. 3.11.

Because measurement platform errors are neglected for the ideal ADLS system, the motion-

corrected Doppler velocity due to the particle velocity is equal to the particle velocity projec-

tion itself. Therefore, compared to a ground-based system, only the measurement geometry is

altered due to the moving system. The above discussed rotations and transformations do not

influence the accuracy of the motion correction. As a result, all wind profiling errors discussed

in the next sections stem purely from the inhomogeneous atmospheric flow conditions due to

BL turbulence. In a homogeneous wind field, the retrieved wind profile is exact.

4.4. Retrieval

After the simulated measurements are obtained from the ADLS the retrieval can be performed.

In this section a nadir retrieval is performed, which illustrates a number of features in the ADLS.

Further, examples of ADLS retrieved wind profiles are also shown and the system setup, re-

trieval strategy and sampling procedure used for the statistical analysis of wind profiling error

in Chap. 5 is discussed alongside.

4.4.1. Nadir as an example application

An illustrative example of the ADLS capability is given by simulated nadir retrievals. In Fig. 4.2

the simulated vertical wind measurement is compared to the LES set B input along two transects

for an ideal system with a lidar measurement frequency of 10 Hz. The aircraft is flying at an

altitude of 1700 m with an IAS of 65 ms−1 and a superimposed 8s,5° roll oscillation, combined

with a 15s,3° pitch oscillation.

The first transect, a crosswind flight (Fig. 4.2a, b), reveals the spanwise turbulence structure

for the 10 ms−1 background wind case (LES set B). Along-stream organization of turbulence

into rolls occurs and gravity waves are present above the BL. The ADLS results show that the
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Aircraft movement oscillation: 8 s, 5º roll; 15 s, 3º pitch

Horizontal wind projection due to roll

Horizontal wind projection due to pitch

(a)

(b)

(c)

(d)

Gravity waves

Gravity waves

Movement corr.

Off
On

Fig. 4.2.: ADLS simulated nadir transects for the 10 ms−1 background wind case of LES set B. The
scanner movement correction is disabled for the first half of the transects, whereas it is enabled
for the second half. (a) LES vertical wind along a crosswind transect. (b) Corresponding ADLS
motion corrected velocity measurement along the crosswind transect. (c) LES vertical wind
along an upwind transect. (d) Corresponding ADLS motion corrected velocity measurement
along the upwind transect.

simulated lidar is able to capture turbulent structures in the BL, although smoothing occurs for

the finest scales. Vertically, the resolution of the measurement is defined by the pulse and range

gate length, whereas horizontally it is defined through the combination of aircraft speed and

measurement frequency. Another noticeable effect in the measurement is the movement cor-

rection capability of the scanner, which is disabled for the first half of the transect and enabled

for the second half. During the first half, the lidar beam is not pointing exactly nadir due to

the superimposed, artificial aircraft roll and pitch oscillation. This deviation causes a portion

of the horizontal wind to be projected into the measurement. For the crosswind case, this ef-

fect is caused by the roll oscillations of the aircraft. Consequently, the measured vertical wind

shows some additional superimposed structures compared with the LES for the first half of the
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transect. This contribution of the horizontal wind can be removed, as a second step, if the wind

profile is known (Chouza et al., 2016b). However, deviations of the horizontal wind from the

mean wind profile will still manifest in the vertical wind measurement. The roll and pitch oscil-

lations also result in a distorted curtain location, which is not directly below the aircraft anymore

(illustrated in Fig. 4.1). For the second half the scanner movement compensation is enabled.

Consequently, the beam is pointing nadir at all times and no horizontal wind contribution is

visible in the measurements.

The second transect, an upwind flight (Fig. 4.2c, d), reveals the streamwise turbulence structure

for the 10 ms−1 background wind case (LES set B). The flight is conducted in an updraft region

of the along-stream organized BL convection, therefore positive vertical winds dominate. In

this case, the superimposed pitch movement contaminates the vertical wind measurement with

a contribution from the horizontal wind if the scanner movement correction is disabled.

Overall, nadir measurements provide a good opportunity to check the accuracy of the scanner

movement compensation and beam pointing-angle accuracy using the motion corrected wind

measurement (and ground return velocity in real-world measurements), especially if superim-

posed with controlled pitch and roll maneuvers. If an aircraft movement compensation through

the scanner is not available (e.g. for a fixed beam system as investigated in Chap. 6), or if

the scanner movement correction is not sufficiently accurate, the amount of horizontal wind

mapped into the measurement can be removed in a further post-processing step, if the vertical

profile of the horizontal wind is known. In order for this technique to yield reliable results, an

accurate wind profile retrieval is necessary. Consequently, the reliability of wind profiling mea-

surements is the focus of the next sections. Results from Chap. 6 also show that a number of

other uncertainties present in nadir vertical wind measurements are reliably quantifiable, further

motivating the focus on wind profile retrieval error in the following.

4.4.2. Wind profiling

The assessment of wind profiling error in inhomogeneous flow conditions, as well as system

setup and retrieval strategy optimization, is a main focus of the ADLS study. In order to conduct

this assessment the ADLS is used to simulate a sufficient number of wind profile retrievals for

statistical analysis and evaluation. The underlying measurement system setup, retrieval strategy

and sampling procedure are explained in the following.
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System setup and retrieval strategy

The standard measurement system setup (STP) is simulated based on an intended upcoming

ADL system for BL research. The simulator settings are set accordingly, an overview of the

settings is given in Fig. C.1 with abbreviations provided in Table B.1. The aircraft charac-

teristics are based on an unpressurized, medium-range turboprop aircraft, flying at the BL top

at measurement speed under visual flight rules. Therefore, the aircraft is flying at an IAS of

65 ms−1 and the aircraft altitude is set to 1100 m. Combined with the chosen scan elevation an-

gle, this setting gives equal along- and across-track retrieval volume averaging distances. The

standard scan pattern used in the ADLS study is founded in the scan geometry of existing sys-

tems (Weissmann et al., 2005b; De Wekker et al., 2012; Bucci et al., 2018). It consists of a

20-second full circle scan time (scan speed 18 °s−1) at 60° elevation (30° off-nadir). The scan

trajectory starting point is chosen randomly at each time step in order to ensure sampling of

different locations by the lidar beam. Additionally, the scan rotation direction is reversed for

subsequent transects through the LES. The lidar measurement frequency is set to 10 Hz, with

pulse width and range gate settings according to Sec. 4.2.

The standard wind profile retrieval strategy (RET) consists of u,v,w component retrieval using

a volume-based profile separation. Retrievals are obtained from along-track averaging over

Xa = 1300m and the same across-track averaging distance of Xc = 1300m. The along-track

averaging distance is based on the distance covered by the aircraft during one full scan rotation.

The across-track averaging distance corresponds to the maximum across-track distance covered

by the lidar beam at 60° elevation and a flight altitude of 1100 m above ground, it is adjusted

accordingly if other scan elevations are used. The wind profile resolution in the vertical is

chosen as 60 m, yielding one range gate within every vertical layer. Only wind profiles within

the BL and entrainment zone are compared, as the ADLS study focuses on retrieval error under

inhomogeneous, turbulent flow conditions. Therefore, the maximum wind profile altitude is

set to 800 m, preventing the impact of larger scale features such as gravity waves in the free

troposphere with longer de-correlation scales. For the standard retrieval the availability of all

measurements is assumed, e.g. no data-loss due to blocking by clouds or other obstacles in the

retrieval volume (so-called sector blanking in the following).

For analysis of system setup and retrieval strategy optimization a number of individual parame-

ters adjustable in real-world measurements are varied according to the options detailed in Table

B.1, while keeping the rest of the parameters at their standard setting.
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Fig. 4.3.: Examples of ADLS retrieved wind profiles and associated LES model truth for (a) LES set A
and (b) LES set B using an ideal measurement system. The LES input denotes the LES wind
speeds at all measurement locations visited by the lidar beam during the scan used to retrieve
the individual profiles. The average of the LES input yields the LES model truth profile. For
the 0 ms−1 and 2 ms−1 background wind cases the effect of scalar vs. vector averaging of the
LES model input is shown. Retrieval errors are due to the violations of the flow homogeneity
assumption used in AVAD. Examples of radial velocities and LSQ-fits used for AVAD retrieval
are shown in Fig. 4.4.

Fig. 4.4.: Illustration of the retrieval procedure using the AVAD technique for two of the wind profile
points shown in Fig. 4.3 (at 320 m altitude). The LES input u, v, w values used to produce
the simulated radial velocities are shown in (a) for the 2 ms−1 background wind case of LES
set A and in (b) for the 5 ms−1 background wind case of LES set B. Panels (c) and (d) show
the corresponding simulated motion corrected radial velocities, as well as LSQ-fits obtained
from SVD-inversion used for AVAD retrieval. Please note that a movement towards the lidar
is negative by convention, therefore an updraft in ENU (positive vertical velocity) results in a
negative radial velocity, as the lidar is looking down and air is moving towards the lidar.
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Examples of retrieved profiles

Figure 4.3 shows examples of wind profiles which can be retrieved from the ADLS using the

standard system setup and retrieval strategy. Therein VT
m is the true wind speed, determined as

the vector average of the input LES wind velocities (in the range gate volumes used to create

the measurements, e.g. at the LES locations visited by the trace of the lidar beam along the scan

circle). V R
m is the ADLS retrieved wind speed from simulated AVAD wind profiling. Because

an ideal measurement system is simulated, the errors identifiable in the retrieved wind profiles

stem purely from the violation of the flow homogeneity assumption used for retrieval. Retrieval

errors are clearly non-negligible and a number of further observations can be made from the

profiles.

On average, as expected, retrieval errors are larger in LES set A compared to LES set B due to

the stronger turbulence. In LES set A the observed retrieval error is so large that it can severely

limit the usefulness of the retrieved wind profiles, especially at low wind speeds. In the case

shown here the profile retrieved from the 2 ms−1 background wind case is indistinguishable

from the one retrieved from the 5 ms−1 background wind case, despite the fact that the true

input LES wind profiles are clearly different.

Further, the profiling error between neighboring vertical profile layers is not random but strongly

correlated instead, because turbulent structures are correlated between vertically adjacent layers.

This makes an individual wind profile appear smooth, despite non-negligible overall random

error being present. The magnitude of the random error only becomes noticeable when looking

at profiles sampled at different locations or times (Chap. 5). This disguise is likely one of the

reasons why the wind profiling error due flow inhomogeneity has received little attention in

literature so far.

Profiles where the retrieved wind speed is outside the range of input wind speeds can be ob-

served in both LES sets. These are caused by strong supra-scan-volume contributions of the

vertical wind, which is illustrated in Fig. 4.4 by showing the underlying LES input and sim-

ulated radial velocities. This analysis reveals the reason for the strongly offset retrieval from

the 2 ms−1 background wind case of LES set A (Fig. 4.3a): The retrieval error is caused by an

in-phase supra-scan-volume contribution of the vertical wind and resulting erroneous mapping.

At the chosen scan elevation angle of 60 degree the projection of a 2 ms−1 vertical wind pro-

duces a radial velocity comparable to the projection of a 4 ms−1 horizontal wind. As a result,

the LSQ-fit in Fig. 4.4c shows a very similar shape compared to the one in Fig. 4.4d, despite

the different background wind speeds at hand. Hence, the retrieved wind speeds are also simi-

lar, resulting in a large retrieval error for the 2 ms−1 background wind case because the vertical
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wind is erroneously mapped into horizontal wind. Additional superimposed sub-scan-volume

flow inhomogeneity is also present in both measurements and results in noticeable deviations

of the radial velocity from the LSQ-fit. A similar analysis holds for the 15 ms−1 background

wind case of LES set A, but with an inverted sign of the supra-scan-volume vertical wind con-

tribution, thereby leading to a negative offset of the retrieved profile (not shown).

Sampling procedure for statistical analysis

For statistical assessment of the errors associated with wind profiling in inhomogeneous flow

conditions, instead of the few examples shown above, a large number of wind profiles are sam-

pled from the LES domains in temporal and spatial proximity. Independence of the retrieved

wind profiles is important to ensure a sufficiently large and independent data-set for robust

analysis with reliable statistical properties. Therefore, correlation is minimized through an ad-

equate sampling procedure explained in the following. Nevertheless, it should be noted that

any potential correlation in wind profiling error does not affect the reported error levels sys-

tematically. Correlation reduces the number of effectively available wind profiles, and thereby

influences the reliability with which the error levels are estimated, but it does not impact the er-

ror levels themselves. In order to achieve a sufficiently large statistical sample size, correlation

is minimized through an adequate measurement system setup, retrieval strategy and sampling

procedure. To this end, all profiles are sampled from non-overlapping measurement domains

in time and space (termed checkerboard technique). Due to the different characteristics of the

LES data sets different sampling procedures are used which are explained in the following.

Note that despite investigating an overall independent error (between spatially and temporally

separated profiles), the error of vertically adjacent wind profile points is not random for an indi-

vidual profile due to the vertically correlated turbulence (see Fig. 4.3). This vertical correlation

effect is present in both the ADLS and real measurements with equal magnitude.

Sampling procedure for LES set A

Five background wind fields are sampled using the time-frozen wind field sampling approach.

Eight flight trajectories traverse the LES domain in parallel from south to north at a horizontal

distance of 2600 m to each other, in a crosswind flight direction. Each of the eight trajectories is

repeated seven times at 20-minute temporal spacing, giving a total number of 56 actual transects

and ensuring temporal independence. To avoid correlation among the analyzed profiles from

neighboring transects, all profiles are sampled from non-overlapping measurement domains in
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Fig. 4.5.: Illustration of the checkerboard technique used for wind profile retrieval in (a) LES set A and
(b) LES set B. Shown are the aircraft transect locations, the lidar ground track as well as the
extent of the retrieval volumes for the first time step (sampled simultaneously). For LES set
A the flight trajectories and retrieval volumes are repeated every 20 minutes. For LES set B
the flight trajectories are repeated every 1 minute and the retrieval volumes are shifted to the
enumerated positions.

space, illustrated in Fig. 4.5a. To this end, the six retrieval volumes for each transect are also

separated by an along-track distance of 2600 m.

Thereby, the resulting 48 retrieval volumes for each time step are arranged in a checkerboard

pattern to ensure maximum spatial independence. The distance between spatially neighboring

transects and measurements is larger than the integral scale of turbulence in the LES (O(100-

1000 m)), ensuring statistical independence. A random offset within one retrieval volume length

is added to all retrieval volumes within the same transect (not shown). The random start point

prevents a systematic influence of the transect begin location on retrieval volume exploration

for the different transects.

Sampling procedure for LES set B

Three background wind fields are sampled using the time-varying wind field sampling approach

(the temporal wind field resolution used is 1 s). Three flight trajectories traverse the LES domain

in parallel from south to north at a horizontal distance of 1750 m to each other, in a crosswind

flight direction. Each of the three trajectories is repeated 28 times at 1-minute temporal spacing,

giving a total number of 84 actual transects. To avoid correlation among the analyzed profiles

from different transects, all profiles are sampled from non-overlapping measurement domains

in time and space, illustrated in Fig. 4.5b. To this end, only one wind profile is retrieved for
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each transect. The retrieval volumes for the parallel transects at each time step are arranged in a

checkerboard pattern to ensure maximum spatial independence. The distance between spatially

neighboring transects and measurements is larger than the integral scale of turbulence in the

LES, providing statistical independence.

The checkerboard pattern is shifted by Xa along the flight track for subsequent transects, thereby

also ensuring temporal independence of the retrieved profiles. After three time steps, the re-

trieval volume shift procedure is repeated. Thereby, the same location is sampled only every

three minutes. The decorrelation of the retrieved profiles is aided by crosswind advection and

the pencil-beam nature of the lidar beam. While large scale structures in the flow, e.g. due

to coherent turbulence, may persist over some time and distance, small scale variation is more

rapid. The small scale variation is expressed by the short integral length scales of the LES-flow

(O(50-500 m)) denoting the spatial distance over which turbulence is statistically independent

from the previous sample. A random offset within one retrieval volume length is added to all

retrieval volume start points within one retrieval volume shift procedure. The random start point

prevents a systematic influence of the transect begin location on measurement quality for the

different flight directions.

An analysis of the spatio-temporal correlation of the obtained wind profile retrieval errors ∆Vm

shows that the obtained errors are independent to a high degree for all background wind cases,

time steps and retrieval altitudes (Fig. C.3, C.4, C.5). The autocorrelation functions allow for

evaluation of both, the spatial as well as the temporal correlation of profiling error, at the same

time for the chosen checkerboard technique. On the one hand, the autocorrelation values at

lags 1,2;4,5;7,8; ... reveal the spatial correlation of wind profiling error between neighboring

retrieval volumes. On the other hand, the autocorrelation values at lag 3,6,9, ... reveal the tem-

poral correlation of retrieval error for the first retrieval volume (as the retrieval volume shift

procedure is repeated after a cycle of three volumes, the same volume is sample again at these

lags). Taking into account the small number of points used to calculate the autocorrelation func-

tions, they do not display concerning systematic structure (e.g. repetitive with cycle duration 2
or 4, or similar between trajectory or altitudes). The marginal structure present beyond the noise

resulting from the small sample size can be explained by large scale organization of turbulence

on scales similar to the spacing of the retrieval volumes. An example of weak structures in the

alternating correlation coefficients is the slightly negative correlation at lag 1 for the 15 ms−1

background wind case at low altitudes (Fig. C.5b, d). As the associated correlation coefficients

remain small (< 0.5 in almost all cases), the number of effectively available wind profiles is not

affected strongly by these effects.
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In summary, both LES sets allow for a statistical analysis of AVAD wind profiling error in

inhomogeneous flow conditions, which is conducted in the next chapter.
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In this chapter, the virtual ADLS observations, conducted according to the sampling strategy

outlined in the previous chapter, are analyzed. The ADLS has the advantage that the input truth

is known in full, which is impossible in real-world ADL measurements. Thereby, as an ideal

measurement system without error in the system components is assumed, the previously inac-

cessible retrieval error in AVAD due to inhomogeneous flow conditions (in this case turbulence

inside the BL) can be revealed. To this end, the virtual observations are used for a statistical

analysis of errors in wind profile retrieval. Based on this, a measurement system setup and re-

trieval strategy optimization is presented for wind profiling in inhomogeneous flow. Further, the

ADLS is used as a test-bed for validation of a new data-driven uncertainty estimation method.

It is shown that the method allows for estimation of ADL wind profiling uncertainty for a wide

range of atmospheric conditions, system setups and retrieval strategies.

5.1. Errors in wind profiling due to inhomogeneous flow conditions 1

In the following, the wind profiling retrieval error ∆Vm = V R
m −VT

m is quantified statistically. As

before, VT
m is the true wind speed, determined as the vector average of the input LES wind

velocities at the LES locations visited by the trace of the lidar beam along the scan circle. V R
m

is the ADLS retrieved wind speed from AVAD wind profiling. For statistical analysis, the mean

absolute error (MAE) is used, which is given as:

MAE =
ΣN

i |V
T
m i −V R

m i |

N
. (5.1)

Here, N is the number of wind profile points fulfilling the quality control criteria. In later

analysis, Nn is the normalized number of wind profile retrieval points, which is normalized with

the number of retrieved wind profile points for the standard system setup and retrieval strategy.

1The results presented in this section are adapted from the publication: Gasch, P., Wieser, A., Lundquist, J.
K. and Kalthoff, N., 2020: An LES-based airborne Doppler lidar simulator and its application to wind profiling in
inhomogeneous flow conditions. Atmospheric Measurement Techniques, 13(3), 1609-1631.
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5. Assessing retrieval errors in airborne Doppler lidar wind profiling using virtual observations

Fig. 5.1.: Comparison of LES truth and AVAD retrieved wind speed for an ideal measurement system for
(a) LES set A and (b) LES set B. Color-coded is the histogram distribution of all measurements.
The observable deviations from the 1:1 line reveal the AVAD retrieval error due to the violation
of the flow homogeneity assumption. The system setup and retrieval strategy are the same
between LES set A and B, more wind profiles can be retrieved from LES set A due to the larger
simulation domain (Sec. 4.4.2).

Further, the relative root-mean-squared error (REL) is used in accordance with Guimond et al.

(2014):

REL =

√√√[
ΣN

i (V
T
m i −V R

m i)
2

ΣN
i (V

T
m i)

2

]
. (5.2)

The REL can provide additional information to the MAE as its magnitude is independent of

the mean wind speed, thereby enabling comparisons between the different background wind

cases, especially for higher wind speeds. The MAE and REL are driven by two factors, the

random error and the bias of the retrieval. Therefore the bias of the retrieval is also reported as

its average mean deviation,

bias =
1
N

N∑
i=1
(V R

m i −VT
m i). (5.3)

5.1.1. Error quantification for standard system setup and retrieval strategy

Section 4.4.2 showed that a statistical analysis of error in wind profiling is possible using the

given system setup, retrieval strategy and sampling procedure for both LES sets A and B. The

wind profiling quality of the standard system setup and retrieval settings in inhomogeneous flow

conditions can be evaluated from Fig. 5.1.
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5.1. Errors in wind profiling due to inhomogeneous flow conditions

Fig. 5.2.: Same as Fig. 5.1 but for wind direction. The wind direction retrieval of the LES set A 0 ms−1

background wind case is excluded because the wind direction is not meaningful in this case.

The ADLS simulation using LES set A allows for retrieval of 1680 individual wind profiles,

giving 20160 wind profile points for all altitudes (12 wind profile points per wind profile at the

different retrieval altitudes). These consist of 336 wind profiles (4032 wind profile points) for

each background wind case, yielding a sufficient statistical basis for evaluation. The 1680 wind

profiles (20160 wind profile points) are more than what is typically available for comparison in

real-world measurements, as co-located validation measurements are very difficult and costly

to conduct (see Sec. 2.3.1 for an overview). For example, 33 wind profiles (740 wind profile

points) are compared to dropsonde data in Weissmann et al. (2005b), approx. 10 wind profiles

to a ground-based wind profiler in De Wekker et al. (2012), a single wind profile to dropsonde

data in Kavaya et al. (2014) and approx. 49 wind profiles (2056 wind profile points) to drop-

sonde data in Bucci et al. (2018), with each of them mentioning the importance of the spatially

differing sampling volumes and associated problems.

The ADLS simulation using LES set B allows for retrieval of 252 individual wind profiles

giving 3024 wind profile points for all altitudes (12 wind profile points per wind profile at the

different retrieval altitudes). These consist of 84 wind profiles (1008 wind profile points) for

each background wind case, also yielding a sufficient statistical basis for evaluation.

As discussed above, the wind profile retrieval is made assuming an ideal measurement system,

thereby all deviations are directly traceable to AVAD assumption violation due to flow inho-

mogeneity. Because the standard system setup and retrieval strategy are used, quality control

with the CN does not remove any of the retrieved wind profile points. The results provide a

number of interesting observations. Overall retrieval quality is high for both LES sets A, B with

R2 = 0.96,0.99 and MAE = 0.75,0.29ms−1. Yet, the violation of the AVAD flow homogene-
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5. Assessing retrieval errors in airborne Doppler lidar wind profiling using virtual observations

ity assumption is clearly non-negligible and can cause severe wind profiling error. Deviations

above 3ms−1 occur for LES set A, generated by strong BL turbulence. LES set B shows smaller

retrieval error due to the reduced turbulence intensity, nevertheless, deviations above 1ms−1 oc-

cur.

The wind speed retrieval is unbiased for the standard system setup and retrieval strategy inves-

tigated here, except for very low wind speeds and provided that R2-based quality control is not

applied. The retrieval bias at very low wind speeds is investigated further in Sec. 5.1.2 and

so is the effect of R2- and CN-based quality control. The effects of system setup and retrieval

strategy on retrieval bias are investigated further in Sec. 5.2 and Sec. 5.3.

The LES cases with higher wind speeds show slightly increased mean absolute wind speed

retrieval error, especially for the low turbulence LES set B. With decreasing wind speed (sepa-

rately for each of the cases), associated with measurements in the BL under turbulent conditions,

deviations remain unbiased (again, provided that R2-based quality control is not applied).

The vertical distribution of wind profile error (Fig. C.6) mirrors that of the responsible BL turbu-

lence (Fig. C.2). Relative errors are largest in the middle of the BL, where up- and downdrafts

have maximum intensity. Towards the ground, a reduction in wind profiling error is observ-

able for all background wind cases. There, the size of the turbulent elements becomes smaller

and consequently the lidar scan averages over more eddies, thereby better fulfilling the flow

homogeneity assumption. Towards the top of the BL, wind profile error decreases as the ho-

mogeneity assumption is better fulfilled. Nevertheless, entrainment and detrainment processes

can still cause noticeable retrieval error, especially for higher background wind cases. In the

homogeneous flow of the free atmosphere the wind profile error vanishes (not shown).

The wind direction retrieval is of similar quality compared to the wind speed retrieval (Fig.

5.2). For the 0 ms−1 background wind case of LES set A the wind direction is not a meaningful

measure, it is thereby excluded before analysis. As expected, higher scatter is observed for

the LES set A compared to LES set B due to the more intense turbulence. Retrieved wind

profile directions cluster in an area around 270° for both LES sets, representing the westerly

wind direction. The wind direction retrievals for the lower background wind case scatter more

than for higher background wind speeds, as the wind direction becomes increasingly difficult

to retrieve. The retrievals exhibits slightly degraded quality criteria (lower R2, small y-axis

intercept) compared to the wind speed retrieval. However, this behavior is due to the data not

being distributed over a wide range, as is the case for wind speed.

In summary, based on the results discussed so far, it is concluded that ADL wind profiling error

due to violation of the flow homogeneity assumption can be of non-negligible magnitude. The

errors reported in this work, solely due to flow inhomogeneity, are of comparable magnitude, or
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even above, what has been reported as overall wind profiling error in other studies (Weissmann

et al., 2005b; De Wekker et al., 2012; Bucci et al., 2018). Wind profiling error due to flow

inhomogeneity must therefore not be neglected as an important source of error when assessing

the measurement accuracy of ADL systems, especially for measurements inside the BL.

In the next two sections, the performance of the most commonly used quality control criteria

R2 and CN is evaluated (Sec. 3.3), specifically their relation to wind profile error and their

adequacy in detecting violations of the flow homogeneity assumption and collinearity in the

model geometry.

5.1.2. Applicability and reliability of R2-based quality control

In this section, a performance check of the R2-based quality control is conducted for the stan-

dard system setup and retrieval setting. The analysis is conducted only for LES set A, but the

effects discussed are also present in LES set B with reduced magnitude.

ADLS results for the ideal measurement system setup and standard retrieval setting present a

number of interesting findings (Fig. 5.3). The majority of the R2 values is located above levels

of 0.9, but with decreasing wind speeds lower values of R2 also occur due to the increasing

influence of turbulence relative to the mean wind. Even at high R2 > 0.90, significant wind

profile errors above 3 ms−1 do exist. The CN values cluster in a narrow range with values

between 3 − 4. CN-based quality control is not applicable here as the sampling volume is

generally well-explored by the lidar for all retrievals.

A problematic, previously undocumented R2 feature occurs at low wind speeds, when the tur-

bulence intensity becomes large compared to the background wind speed. In this region, a clear

dependence of retrieval error on the R2 value is observable (Fig. 5.3a, b, c). With increasing R2,

the bias of the retrieved wind speed increases linearly to values in the range 1− 2 ms−1. This

problem exists despite the fact that the individual retrieved components themselves are unbiased

(Fig. C.7). The observed correlation of wind profile retrieval error and R2 prohibits any quality

control of the wind speed retrieval using R2, as a bias can be introduced thereby.

The observed behavior is caused by the lidar measurement method: at low wind speeds, the

radial velocity and thereby retrieval is strongly influenced by the vertical wind and less by the

horizontal wind, especially at steep elevation angles (see also Fig. 4.4). For high coefficients

of determination, the w variations are more in-phase (with an expected horizontal wind contri-

bution from the simplified horizontal wind field model) and thereby map more into horizontal

wind, causing a stronger positive bias. The values of the horizontal wind speed in the range of

0− 3 ms−1 correspond to a mean vertical wind of 0− 1.5 ms−1 amplitude being mapped into
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Fig. 5.3.: Quality control criteria for the standard system setup and retrieval strategy for all background
wind cases of LES set A. a) Color-coded histogram of number of occurrence for retrieval error
and R2. b) Retrieval error and R2, color-coded is CN . c) LES truth and ADLS retrieved wind
speed, color coded is R2. d) Same as a), but for CN . e) Retrieval error and CN , color coded
is R2. f) Same as c), but for CN . The magenta line indicates the CN quality control threshold
applied.

the horizontal wind at 60° elevation. At different background wind speeds the R2 correlation

curves exhibit different slopes (the distinct clusters in Fig. 5.3a, b are associated with the dif-

ferent background wind cases). For the 0 ms−1 background wind case the slope is not centered

around 0 ms−1 but elevated to positive values instead, because the overall retrieval is biased in

this case (the effect is similarly present for the 2 ms−1 background wind case but at reduced

magnitude).

The noisy (sub-scan-volume and supra-scan-volume) w variations can overwhelm the smaller

horizontal wind signal. Thereby, the coefficient of determination is correlated with the degree

of wind profiling error introduced. Due to the systematic behavior, a bias can be introduced in

the retrieval if R2-based quality control is applied. Unfortunately, the systematic dependence

cannot be easily corrected, as the a priori wind speed is unknown in real-world measurements.

Thereby, the exact slope and location of the R2 correlation curve is unknown (Fig. 5.3a). In line
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with this, a closer look at the higher background wind cases reveals a similar dependence of

wind speed retrieval error on the R2 level at higher wind speeds as well (Fig. C.8c). Or worded

differently: The range and slope of the R2 spread is a function of the underlying ratio between

background wind speed and turbulence intensity. As the background wind speed is unknown

prior to ADL retrievals, the R2 correlation bias cannot be easily corrected and R2-based quality

control should be avoided.

If the scalar averaged LES wind speed is used for lidar comparison instead of the vector av-

eraged LES wind speed discussed here, the described linear trend is equally present, but with

an intercept offset of −1 ms−1 along the y-axis. However, for shallow elevation angles, giv-

ing more accurate retrievals, the estimated lidar wind speed tends towards the vector average,

making it the correct choice for comparison.

In summary, it has to be assessed that the R2, commonly assumed to capture the degree of tur-

bulence and thereby flow homogeneity assumption violation, fails to do so reliably. Especially

for low wind speeds the application of a R2 quality control threshold mainly filters for smoother

in-phase variations of the vertical wind. Consequently, R2-based quality control can cause a re-

trieval bias, an important finding that is not expected and, to my knowledge, undocumented so

far. Especially at low wind speeds, the R2 is not an appropriate quality control criteria. A pos-

sible bias for unknown reasons, varying by day, has been reported by Weissmann et al. (2005b)

already. They stress the need for further investigation of this phenomena using simulated lidar

data. The bias at low wind speeds is also noticeable in studies comparing lidar retrieved wind

speeds to in-situ measurements, however without discussion or explanation so far. Some re-

cent examples of the observed overestimation at low wind speeds are, besides others, visible in

Holleman (2005) (ground-based; Fig. 4, Fig. 5), Pu et al. (2010) (airborne; Fig. 1b), Chouza

et al. (2016a) (airborne; Fig. 2, Fig. 3b under turbulent conditions inside the BL) and Pauscher

et al. (2016) (ground-based; Fig. 5e).

Consequently, this work presents and justifies a new restriction on wind speed retrieval using

Doppler systems: in order for R2-based quality control and wind speed profiles to be unbiased,

the radial contribution of the vertical wind deviation magnitude has to be small compared to

the horizontal wind magnitude. If this criterion is violated, the mapping of vertical wind into

horizontal wind can bias the wind speed retrieval. Therefore, the following procedure is rec-

ommended for wind profile analysis: In doubtful situations, where the approximate magnitude

of the horizontal and/or vertical wind is unknown, one should always analyze a long spatial

average over multiple scan rotations first (approx. 10 times the expected maximum eddy-size).

For longer averaging, the mapping of vertical wind does not influence the retrieval significantly

as the structure of the vertical wind is not in-phase with the measurement geometry over long
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distances (except for extended regions of horizontally sheared vertical wind, e.g. in complex

terrain). Thereby, the approximate magnitude of the horizontal wind can be analyzed reliably,

although at coarse spatial resolution. If the outcome of this analysis yields a horizontal wind

magnitude much above the vertical wind magnitude (e.g. by an order of magnitude), a further

analysis at higher spatial resolution can be conducted. If, on the other hand, the magnitude

ratio is below this threshold (e.g. the vertical wind is non-negligible), the spatial resolution

of the retrieval cannot be refined further without extra precautions, due to the possibility of

erroneous mapping. In doubtful situations it is better to conduct the wind profiling analysis

based on the individual wind components instead of the wind speed calculated from them. The

retrieved wind components remain unbiased even at low wind speeds because the erroneous

vertical wind mapping results in a vector with systematically too large magnitude but random

orientation. If advanced and flexible measurement system are available, it is possible to adjust

the measurement system setup and retrieval strategy based on the encountered flow conditions.

To facilitate this optimization and minimize the error introduced by inhomogeneous flow condi-

tions, an analysis of preferable measurement system setups and retrieval strategies is conducted

in Sec. 5.2 and 5.3.

5.1.3. Applicability and reliability of CN-based quality control

In this section, a performance check for quality control using the condition number CN is

conducted. In order to do so, the high resolution along-track retrieval setting (AVG = 650 m)

is used along with the standard system setup and retrieval strategy otherwise. For the high

resolution retrieval the analyzed volumes show varying coverage by the simulated ADL, which

increases the CN spread and allows for assessment of CN-based quality control reliability.

Figure C.9 gives an overview of the achieved retrieval quality for an along-track averaging

distance of Xa = 650m and with CN < 12 quality control criteria applied. As expected, the

maximum number of retrievable profile points is doubled, however, a much larger potential

retrieval error exists. CN thresholding excludes the unreliable retrievals, thereby the retrieval

error is at levels comparable to the previous analysis, but with more profile points available

(LES set A: Npp = 28622, MAE = 0.93 ms−1, bias = 0.31 ms−1; LES set B: Npp = 3906, MAE

= 0.45 ms−1, bias = 0.08 ms−1). The following detailed analysis is conducted only for LES set

A but the effects are also present in LES set B, at reduced error magnitude.

Figure 5.4 shows the same analysis scheme as presented before. As discussed, much more re-

trieval scatter exists due to the challenging retrieval conditions and associated larger CN spread

(Fig. 5.4d).
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Fig. 5.4.: Quality control criteria for the standard system setup and challenging AVG = 650 m retrieval
strategy for LES set A. a) Color-coded histogram of number of occurrence for retrieval error
and R2. Gray crosses show values eliminated by quality control. b) Retrieval error and R2,
color-coded is CN . c) LES truth and ADLS retrieved wind speed, color coded is R2. Profile
points which pass quality control are displayed as color-coded circles, profile points which are
eliminated as color-coded crosses. d) Same as a), but for CN . e) Retrieval error and CN , color
coded is R2. f) Same as c), but for CN . The magenta line indicates the CN quality control
threshold applied.

The R2 distribution shows a similar, problematic behavior as discussed in the previous section.

Further, no decrease in retrieval error with higher R2 values is observed (Fig. 5.4c). How-

ever, the results demonstrate that CN-based quality control works reliably, independent of the

encountered flow situation. Retrievals with large error are related to high values of CN (Fig.

5.4f). Except for the expected increase, no systematic correlation or bias of the retrieval error

with the CN is observed (Fig. 5.4d), as desired. On the one hand, further lowering the CN

threshold improves retrieval quality slightly, albeit at the cost of further reducing the number

of retrievable wind profile points. For example, with a CN < 5 threshold, the achieved quality

metrics are for LES set A: Npp = 23389, MAE = 0.82 ms−1, bias = 0.23 ms−1; and for LES set

B: Npp = 3325, MAE = 0.36 ms−1, bias = 0.02 ms−1. On the other hand, setting a higher CN

threshold degrades retrieval quality but allows for retrieval of more wind profile points. For ex-
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ample, with a CN < 19 threshold, the achieved quality metrics are for LES set A: Npp = 29608,

MAE = 0.98 ms−1, bias = 0.35 ms−1; and for LES set B: Npp = 3993, MAE = 0.47 ms−1, bias

= 0.08 ms−1. Beyond a CN threshold of 20 retrieval errors grow rapidly. A threshold value

of CN < 12 is therefore a good compromise with some safety margin included, it is thereby

recommended for real-world measurements.

In summary, quality control using the commonly applied R2 threshold criteria is shown to be

non-advisable by the ADLS results. R2-based quality control does not detect violations of the

flow homogeneity assumption reliable and can bias the wind speed retrieval. CN-based quality

control on the other hand is reliable and recommended without limitations.

5.2. System optimization for wind profiling in inhomogeneous flow

It is desirable to obtain a better handle on the non-negligible wind profiling error due to inho-

mogeneous flow conditions in order to reduce its effect as much as possible. Therefore, this

work utilizes a threefold approach in the following: First, it is investigated to what extent wind

profiling error can be reduced through an appropriate system setup in this section. Second, the

next section investigates the influence of the retrieval strategy on wind profiling error. Third,

even for the most adequate system setups and retrieval strategies presented based on these re-

sults, wind profiling error cannot be fully mitigated. Therefore, the possibility of a data-driven

uncertainty estimation based on the measured data is investigated in Sec. 5.4.

In the following first step, three system setup parameters which are potentially available for

optimization are varied to investigate their influence on wind profiling quality. The parameters

are the scan elevation angle and scan speed as well as the lidar measurement frequency.

Scan elevation angle

The scan elevation angle (ELE) has a strong influence on wind profiling quality but also mea-

surement footprint. To demonstrate the influence of scan elevation on wind profiling quality,

the scan elevation angles are varied between 30° (shallow) and 80° (steep), with 90° being nadir

(Fig. 5.5a, b). For more shallow scan elevation angles the lidar beam covers a larger across-

track distance. Consequently, the across-track averaging distance has to be adjusted, resulting

in a larger measurement footprint. For steeper scan elevation angles the lidar beam covers a

smaller across-track distance, resulting in a more confined measurement footprint. The along-

track averaging distance is kept constant at the standard value of 1300 m for all setups.

At steep scan elevation angles the vertical wind can exhibit greater influence, but the flow homo-

geneity assumption is not necessarily fulfilled better. Consequently, at elevations steeper than
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Fig. 5.5.: REL, MAE, Nn and bias for six scan elevation angles using STP and RET otherwise. a) LES
set A with high surface sensible heat flux and five background wind cases. b) LES set B with
low surface sensible heat flux and three background wind cases. Along-side the scan elevation
angle the across-track averaging distance Xc is changed to the values specified on top in order
to accommodate for the distance covered by the lidar beam. The scan elevation angle of the
standard system setup is indicated as a magenta line.

60° the wind profiling quality is degraded, visible through the increased MAE (which cannot

be improved through quality control). Qualitatively the LES sets A and B show a very similar

MAE development with increasing scan elevation. However, the observed error levels differ

by a factor of approximately two, highlighting the importance of the atmospheric conditions

present, as discussed before (Sec. 5.1.1). The degradation in retrieval quality with increasing

scan elevation is not just due to a larger retrieval scatter, in addition the retrieval also becomes

biased due to erroneous mapping of vertical wind into horizontal wind. The bias is enabled by

the large radial velocity contribution of the vertical wind and consequently increases with in-

creasing vertical wind magnitude. Therefore, LES set A shows stronger retrieval bias than LES

set B. The bias starts to develop for low wind speeds at more shallow elevation angles already,

but eventually encompasses all analyzed background wind cases. The retrieval from the 0 ms−1
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background wind case is biased for all elevation angles. Despite the bias, this case shows the

lowest MAE for some scan elevation angles, which is due to the reduced retrieval scatter be-

cause negative wind speed values are not retrievable (see Fig. 5.1). R2-based quality control

worsens the pre-existing wind profiling bias and can introduce bias into previously unbiased

retrievals for all background wind cases (not shown, see also Sec. 5.1.2). Hence, an R2-based

quality control is strongly recommended against once again. As expected, for steeper elevation

angles the number of usable wind profile points decreases due to the increased projection of the

range gate length onto the vertical. Thereby, the maximum number of available wind profile

points is lower. In summary, for the standard retrieval strategy, scans steeper than 60° elevation

do not allow for wind profile retrieval with reasonable error margins under turbulent conditions

for all wind speeds, despite having smaller measurement footprints.

When using scans with elevation angles more shallow than the standard 60° elevation, an im-

proved retrieval quality can be achieved at the cost of having a less defined measurement foot-

print. On the one side, ADLS results show decreased MAE levels and bias, as well as an

increased number of wind profile points being available. The decrease in MAE level and bias is

due to a smaller influence of the vertical wind. Nevertheless, without background wind speed

the retrieval can remain biased, which is an undocumented problem to my knowledge. The

increased number of retrieved wind profile points is due to the more shallow scan elevation,

which leads to a smaller projection of the range gate length onto the vertical. The additional

points do not necessarily contain additional, independent information due to the vertical corre-

lation of turbulence and thereby wind profile error, limiting the benefit of the increased vertical

resolution. On the other side, for more shallow scans, the footprint of the measurement starts to

increase as a larger ground distance is covered by the lidar beam and the across-track averaging

distance has to be increased.

In summary, the results obtained here allow for exemplary system optimization for wind profil-

ing in inhomogeneous flow. Generally, atmospheric situations with higher turbulence or lower

wind speeds are more problematic. If possible, the system setup should be flexible to allow ac-

commodation for different atmospheric conditions. For example, the reduction in wind profiling

error between LES set A and LES set B at 60° scan elevation is as large as the improvement

that is achieved by scanning at 40° compared to 60° in LES set A. Scan elevations steeper than

60° should be avoided if inhomogeneity of the atmospheric flow is expected, especially at low

wind speeds, because the resulting ADL retrieval can be biased.
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Fig. 5.6.: REL, MAE, Nn and bias for five scan scan speeds using STP and RET otherwise. a) LES set
A with high surface sensible heat flux and five background wind cases. b) LES set B with low
surface sensible heat flux and three background wind cases. The scan speed of the standard
system setup is indicated as a magenta line.

Scan speed

Scan speed (ROT) also has a noticeable impact on wind profiling quality (Fig. 5.6), although

it is less pronounced than that of the scan elevation angle. As before, the behavior is quali-

tatively similar between LES set A and B but at different error levels. At slower scan speeds

the number of independent measurements in the retrieval volume is reduced due to correlation

among the measurements (the number of measurements is the same as measurement frequency

is unchanged). Faster scan speeds allow for greater azimuth diversity and reduced correlation

among the measurements. Thereby, an improved wind profiling quality with lower MAE is pos-

sible, despite having an overall equal number of measurement points available in each volume.

All scan speeds achieve the same number of retrievable wind profile points. For faster scan

speeds the retrieval bias at low wind speeds is reduced, because the retrieval volume is better

explored. Therefore, less potential for erroneous mapping of vertical wind exists, making faster
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scan speeds preferable. However, the retrieval error eventually approaches a limit, as for very

fast scan speeds the scan volume is completely explored. Thereby, the effect of the supra-scan-

volume contribution cannot be reduced further because the horizontal shear of the vertical wind

at retrieval volume scale is fully captured and unavoidable. Further, for very fast scans the lidar

measurements from subsequent rotations become correlated in along-track direction. This is the

case when the scan speed is so high that the distance traveled by the aircraft between subsequent

scan rotation is less than the integral length scale of the flow. For the system setup investigated

here, this is approximately the case for scan speeds > 60°s−1 when the along-track distance

between subsequent scans becomes < 390m. It is also for this reason that higher background

wind cases show a stronger reduction with increasing scan speed. For higher wind speeds, the

integral length scales are reduced, thereby the degree of correlation from spatially close lidar

beam paths is reduced. An important aspect which is not captured by the ADLS is the influence

of increasing scan speeds on return signal quality and thereby Doppler speed measurement qual-

ity. A rapid scan movement leads to a strongly changing IAS contribution during the scan and

sampling of more turbulent elements. If these rapid scans cause problems in Doppler velocity

estimation, due to spectral broadening or other effects, slower scan speeds become preferable

again.

Lidar measurement frequency

ADLS results show that an increased lidar measurement frequency (FME) does not improve

wind profiling quality (Fig. 5.7). This insensitivity exists because higher measurement frequen-

cies produce measurements in between the lower frequency measurements which are highly

correlated. Due to the correlation (resolving the turbulent structures in greater detail but not ful-

filling the flow homogeneity assumption better) the additional measurements do not provide new

information that can be used to improve the retrieval quality. The results of the measurement

frequency analysis could be altered for a real system if the signal return quality is influenced by

the signal accumulation time. On the one hand, if a longer pulse accumulation leads to a more

reliably estimated Doppler velocity, lower measurement frequencies become preferable. On the

other hand, if the change in radial velocity due to the scanner movement leads to problems in

Doppler velocity estimation, higher measurement frequencies become preferable.

The different lidar measurement frequencies are an important test environment for the data

driven uncertainty estimation method developed in Sec. 5.4. There, the degree of correlation

present in the measurements needs to be estimated reliably to produce an accurate uncertainty

estimate independent of the lidar measurement frequency.
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Fig. 5.7.: REL, MAE, Nn and bias for three lidar measurement frequencies using STP and RET other-
wise. a) LES set A with high surface sensible heat flux and five background wind cases. b)
LES set B with low surface sensible heat flux and three background wind cases. The lidar
measurement frequency of the standard system setup is indicated as a magenta line.

5.3. Retrieval optimization for wind profiling in inhomogeneous flow

As a VVP type of algorithm (Waldteufel and Corbin, 1978; Boccippio, 1995) is applied to re-

trieve the wind speed, a number of options exist to vary the retrieval settings. In this section,

the impact of three retrieval parameters, which are available for adjustment, are varied to inves-

tigate their influence on wind profiling quality. The parameters are the along-track averaging

distance and the vertical extent of the volume used for the retrieval. Further, the impact of data

availability on inversion stability is investigated. This investigation is done through omission

of defined sectors in the retrieval volume in a procedure termed sector blanking. Thereby, the

presence of obstacles in the retrieval volume, e.g. clouds or mountains, in real measurements is

simulated.
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Fig. 5.8.: REL, MAE, Nn and bias for three along-track averaging distances using STP and RET other-
wise. a) LES set A with high surface sensible heat flux and five background wind cases. b) LES
set B with low surface sensible heat flux and three background wind cases. The along-track
averaging distance of the standard retrieval strategy is indicated as a magenta line.

Along-track averaging distance

For the standard system setup and retrieval strategy the along-track averaging distance (AVG) is

varied between 325-2600m (determining the along-track wind profiling resolution). The along-

track distances correspond to the approximate distance covered by the aircraft during 0.25-2
scanner rotations. However, because a volume based retrieval strategy is used, the moving

aircraft allows for directing the laser beam forward and aft of the aircraft and therefore measures

the same spot at different times under varying azimuth angles.

As expected, varying the along-track averaging distance used for profile retrieval has a no-

ticeable influence on wind profile error (Fig. 5.8). High-resolution wind profiling at 325m is

associated with a larger MAE and a slightly more biased retrieval in the case of LES set A.

Nevertheless, CN-based quality control manages to keep the error at acceptable levels, but also

reduces the number of available profile points, as is discussed in Sec. 5.1.3. Less than double
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the wind profiles can be retrieved despite the quadrupled along-track resolution. The decreased

number of retrievable profile points compared to the theoretical maximum is driven by a de-

crease at higher altitudes (not shown). At greater altitude, the lidar beam distance from the

aircraft is smaller and hence the before and aft extension of the lidar beam are smaller and the

distance traveled by the lidar beam is shorter. Therefore, a number of ’mismatching’ retrieval

volumes exist where no sufficient coverage of the lidar beam is achieved because no separate

observations from two separate aircraft positions are available. Hence, the number of retrievable

profile points is higher close to the ground, where it is the most interesting as the most rapid

changes in the wind field are expected. Retrieval of more wind profile points also at higher

altitudes can be enabled through shallow elevation angles and/or faster scan speeds.

Doubling the along-track resolution compared to the standard retrieval strategy (AVG = 650 m)

results in an increase of available wind profile points of less than 50%. The error levels are

comparable to that of the AVG = 325 m case, slightly elevated from the standard retrieval strat-

egy. The slight difference in the number of retrieved profile points between LES set A and B is

caused by the slightly different sampling strategies applied (Sec. 4.4.2).

An interesting effect occurs for the AVG = 975 m case, where an increase in retrievable wind

profile points compared to the AVG = 650 m case is observed for both LES set A and B. For

this retrieval strategy, almost the maximum number of theoretically available profile points can

be retrieved (1.5 times the points compared to the standard). CN-based quality control removes

very few points as the retrieval volumes are adequately explored at all altitudes. The error levels

are slightly elevated compared to the standard retrieval strategy, but below those of the AVG =

650 m case.

The error decreases for all background wind cases if the standard averaging distance of 1300 m
is used. The decrease, however, is not linear and a further increase of the averaging distance to

2600 m does not yield an improvement of similar magnitude. It does, however, reduce the bias

of the lowest background wind cases slightly because the potential for erroneous mapping due

to supra-scan-volume flow inhomogeneity is reduced. As expected, this comes at the cost of

having only half the number of profiles available.

Overall, the results demonstrate the potential for improved along-track resolution when using

adequate system setups and retrieval strategies. Further, the above analysis can also be inverted,

that is, if an acceptable error threshold is given the required along-track averaging distance

can be determined for given atmospheric conditions, measurement system setup and retrieval

strategy.
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Vertical averaging distance

Fig. 5.9.: REL, MAE, Nn and bias for three vertical averaging distances using STP and RET otherwise.
a) LES set A with high surface sensible heat flux and five background wind cases. b) LES set
B with low surface sensible heat flux and three background wind cases. The vertical averaging
distance of the standard retrieval strategy is indicated as a magenta line.

Another parameter which can be varied is the wind profile resolution in the vertical direction

through the vertical averaging distance (LEV). Depending on the vertical retrieval volume ex-

tent the number of range gates used to retrieve one wind profile point differs and can influence

the LSQ-fit quality. The vertical averaging distance is varied between 60 m, 120 m and 240 m,

which corresponds to having one, two or four range gates in the retrieval volume at the respec-

tive altitudes for 60° scan elevation. The influence of varying the vertical averaging distance is

hardly discernible in terms of wind profile error (Fig. 5.9). However, the number of retrieved

wind profile points varies strongly because the vertical profile resolution is changed. The reason

for vertical averaging having no influence is founded in the turbulence structure (similar to the

indifference to measurement frequency changes). Neighboring range gates probe mostly simi-

lar turbulent elements and thereby suffer from similar errors. Therefore, including more range
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gates in the LSQ-fit does not improve the retrieval quality as the additional data is highly cor-

related. Only a marginal reduction is observed for 248 m vertical averaging distance, but at the

cost of having far fewer profile points available. Decreased vertical resolution is generally un-

desirable and can be problematic in regions with vertical shear of the horizontal wind. Another

conclusion from the error characteristics is that wind profile error is usually correlated over

multiple vertical levels. Consequently, Doppler lidar retrieved wind profiles appear smooth, but

can still suffer from non-negligible error throughout the full profile height (resembling a bias

for single profiles, but as this error averages to zero over many profiles it is more accurately

described as a random error, see Fig. 4.3 for an illustration). This correlation is the reason why

the error discussed here is impossible to identify visually in real Doppler lidar wind profiles:

No small-scale variations occur, but rather offsets over large sections of the profile. The magni-

tude of the random error only becomes noticeable when looking at profiles sampled at different

locations or times. The disguise discussed here is likely one of the reasons why the error due

to flow inhomogeneity has received little attention in literature so far. The vertical correlation

effect is present in both the ADLS and real measurements with equal magnitude.

Sector blanking

Last, the robustness of the retrieved wind profiles to partial data unavailability (BLA), termed

’blanking’, is investigated (Fig. 5.10). In real-world ADL measurements, sectors of the AVAD

scan can be unavailable due to the presence of clouds, obstacles such as mountains or other

disturbances. The effects are simulated by discarding a specific sector of the scan geome-

try before wind profile retrieval (in the ground-based reference system ENU, in which the

disturbance would be present). For analysis, five cases are considered: sector blanking from

0−90°, 0−135°, 0−180°, 0−225° and 0−270°. A sector blanking of 90° leads to a moderate

increase in the average error levels for all background wind cases, without loss in the number of

retrieved wind profile points. With a further increase to 180° sector blanking the wind profiling

quality is more strongly degraded and a noticeable bias is introduced. Nevertheless, the full

number of wind profile points remain retrievable. Beyond 180° sector blanking severe wind

profiling bias develops also in the low turbulence case and profiling error grows rapidly. With

270° sector blanking, the minimum CN is above 20 and relaxed CN quality control criteria

(CN < 25) have to be applied to enable retrieval of any wind profiles. Consequently, due to the

relaxed quality control criteria, no reliable wind profile retrieval is achievable anymore.
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Fig. 5.10.: REL, MAE, Nn and bias for four sector blankings using STP and RET otherwise. a) LES set
A with high surface sensible heat flux and five background wind cases. b) LES set B with
low surface sensible heat flux and three background wind cases. The sector blanking of the
standard retrieval strategy is indicated as a magenta line. For BLA = 270° the CN quality
control criteria is relaxed to CN < 25 as no retrievals fulfill the standard CN < 12 threshold.

An optimized system setup and retrieval strategy

Concluding, in inhomogeneous flow conditions shallow scan elevations (e.g. 45°) should be

utilized to limit the impact of the vertical wind on retrieval quality. The increase in across-track

measurement footprint can be offset by keeping the retrieval volume confined in along-track

direction using a VVP technique. This is possible, because ADLS results show that forward

and aft measurements by the lidar are sufficient to allow for reliable retrieval of the wind vector

without utilizing the full retrieval volume, also for temporally separated measurements from dif-

ferent aircraft positions. Sufficient exploration of the retrieval volume can be ensured through

the reliable CN-based quality control. Thus, high spatial resolution with a confined measure-

ment footprint can be achieved, allowing for high-resolution sampling of flow phenomena in

along-track direction (in the limit, a dual-Doppler technique with additional retrieval of the
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Fig. 5.11.: Comparison of LES truth and AVAD retrieved wind speed for an optimized measurement
system and retrieval strategy for (a) LES set A and (b) LES set B. Color-coded is the histogram
distribution of all measurements. The observable deviations from the 1:1 line reveal the AVAD
retrieval error due to the violation of the flow homogeneity assumption.

across-track wind component is reached). This approach is vastly preferable to the second

option of choosing a steep scan elevation angle (limited across-track footprint) and increased

along-track averaging distance, because many more wind profiles can be retrieved using the

former approach (besides the potential retrieval biases present in the latter approach).

Alongside the shallow scan elevation angle, a system with high scan speeds allows for improved

retrieval quality and increased along-track resolution. In the case of high scan speeds, high

measurement frequencies are preferable and can provide added value (because the correlation

between the measurements is reduced by the fast scan speeds). Vertically, the retrieval may

utilize the highest resolution possible, but one should be aware of the disguised, vertically

correlated wind profiling error due to vertically correlated turbulence. Sector blanking < 180°

is unproblematic, its impact can be reliably controlled through the application of CN-based

quality control.

Based on these insights, an optimized system setup and retrieval strategy for ADL wind pro-

filing inside the BL at highest resolution can be presented. To do so, a simulation of a system

scanning with 45° elevation, 45 °s−1 scan speed and 10 Hz measurement frequency is simulated.

The associated retrieval is conducted with an along-track averaging distance of only 325 m and

increased across-track averaging distance of 2200 m. Thereby, the retrieval footprint is reduced

by more than 30% from the standard retrieval strategy.

The resulting wind profile retrieval characteristics are shown in Fig. 5.11. The wind profiling

error is strongly reduced by approximately 30% (both smaller MAE and bias) for both atmo-
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spheric conditions, despite the smaller measurement footprint and increased retrieval resolution,

compared to the standard system setup and retrieval strategy (Fig. 5.1). The evolution of the

wind field between temporally separated forward and aft observation of the ADL into the small

retrieval volumes does not impede retrieval accuracy, as is shown by the results from LES set B

which considers the time evolving wind field. Further, due to the short horizontal averaging dis-

tance, four times more wind profiles can be retrieved, which is an invaluable asset in real-world

measurements. The increased vertical resolution due to the more shallow scan also results in

the retrieval of more wind profile points for every profile. Therefore, an increase by a factor of

five in the number of retrieved wind profile points is obtained overall.

The optimized system setup and retrieval strategy allow for investigation of flow phenomena

with one symmetry axis at highest resolution (e.g. when the aircraft is able to fly perpendicular

to the flow phenomena). Examples for such flow phenomena with symmetry in the across-track

direction are e.g. flow across a mountain range, wind turbine wakes and cold-pool outflows. Of

course, the improvement of measurement strategies for other flow phenomena is also possible

using the ADLS (e.g. a focus on higher retrieval accuracy at degraded profile resolution). Thus,

the ADLS underlines its effectiveness and utility in the analysis and design of measurement

strategies for ADL BL measurements.

5.4. Evaluation of the data-driven uncertainty estimation method

The previous sections show that inhomogeneous flow conditions present an important source of

wind profiling error which cannot be fully mitigated, even when using the most adequate system

setups and retrieval strategies. Therefore, the possibility of a data-driven uncertainty estimation

based on the measured data is investigated here. A data-driven uncertainty estimation method as

proposed in Sec. 3.6 offers the possibility to assess the reliability of the retrieved wind profiles

based on the measured data alone. Thereby, uncertainty estimates can be assigned individually

to every retrieved wind profile point, without the need to know the specific atmospheric con-

ditions in the measurement volume or even the input truth (which is generally unavailable in

real-world measurements).

The ADLS offers the possibility to evaluate any uncertainty estimation method for its validity

and applicability in terms of both absolute and statistical values. Both the retrieved wind pro-

file as well as the input wind profile are known exactly, thereby the retrieval error is directly

accessible as complications such as the representation error can be avoided. Therefore, the

ADLS implementation of the theory outlined in Sec. 3.6 allows for an investigation whether

a data-driven uncertainty estimation is possible and reliable. In this section the metrics used

110



5.4. Evaluation of the data-driven uncertainty estimation method

Fig. 5.12.: Examples of retrieved wind profiles and the associated sub- and supra-scan-volume uncer-
tainties for (a) LES set A and (b) LES set B using an ideal measurement system with STP
and RET. ∆Vw′

proj quantifies the specific supra-scan-volume contribution present but is only
available if the input truth is known. The other uncertainties are also available in real-world
measurements and represent the data-driven uncertainty estimation. The underlying LES in-
put truth, simulated radial velocities and the LSQ-fit are shown in Fig. 4.4 for the 320 m
altitude level.

for evaluation are introduced and the investigation is conducted for the standard system setup

and retrieval strategy as an example. In Sec. 5.4.2, the analysis is extended to all system se-

tups and retrieval strategies discussed previously, to prove the validity and applicability of the

uncertainty estimation method for a wide range of system setups and retrieval strategies.

Figure 5.12 displays examples of the uncertainty estimation obtained using the theory outlined

in Sec. 3.6 and Appendix A.3, for the same wind profiles as shown in Fig. 4.3. The profiles

illustrate the added value of the data-driven uncertainty estimates developed as a part of this

work. Previously, no data-driven uncertainty estimates could be assigned to the retrieved wind

profiles, which is clearly problematic given the large observed errors due to flow inhomogene-

ity. At first glimpse, the magnitude of the data-driven uncertainty estimates appear related to

the magnitude of error present, a promising sign which is thoroughly checked in the following

sections. The data-driven uncertainty estimation exhibits varying levels and ratios of resolved

sub-scan-volume uncertainty and parameterized supra-scan-volume uncertainty. Additionally,

both contributions vary with altitude due to the changing sampling as well as turbulence char-

acteristics. As expected, the exact amount of supra-scan-volume flow inhomogeneity and the

associated erroneous mapping can only be determined and corrected with full knowledge of

the wind field in the ADLS. This is especially noticeable for retrievals with large supra-scan-

volume contributions, for example the profile retrieved from the 2 and 15ms−1 background

wind cases for LES set A. Another prominent example occurs in the entrainment region of the
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profile retrieved from the 10ms−1 background wind case for LES set B. There, gravity waves

are present which lead to non-negligible supra-scan-volume contributions. In this region, the

parameterized supra-scan-volume uncertainty is not expected to capture the full extent of supra-

scan-volume error for individual profiles. Nevertheless, the parameterized supra-scan-volume

uncertainty should capture the average magnitude of erroneous mapping, which is checked in

the following.

In order to evaluate the validity and applicability of the data-driven uncertainty estimation

method, two characteristics are checked. First, the mean estimated uncertainty (UNC) should

on average be equal to or larger than the ADLS observed MAE for a conservative estimation.

Second, the distribution of the observed error compared to the estimated uncertainty should fol-

low a Gaussian distribution with σG < 1 for a conservative estimation. In this case, at least 63%
of the ADLS observed true wind profile points lie within ±1σG and 95.5% lie within ±2σG of

the estimated uncertainty, as is expected for a conservative estimation. A σG > 1 corresponds

to less than 63% of the observed wind profile points falling within ±1σG, representing a non-

desirable underestimation of uncertainty from a statistical perspective. The latter case can occur

even when the UNC is larger than the observed MAE, which makes the check of both absolute

and statistical properties necessary. The calculation of both metrics is detailed in the following.

On average, the UNC should be larger than the ADLS observed MAE. The UNC consists of two

contributions, the sub-scan-volume uncertainty and the supra-scan-volume uncertainty (Sec.

3.6). The sub-scan-volume uncertainty contribution is calculated using the covariance matrix

based uncertainty propagation and utilizes the effective sample-size corrected residual velocity

variance as input. The supra-scan-volume contribution can be calculated using two different

approaches (Sec. 3.6 and Appendix A.3). If the supra-scan-volume contribution is determined

directly from the ADLS, the overall UNC is calculated in the following way:

UNCdir = Σ
N
n

(
εVm n + |∆Vw′

proj n |

)
/N . (5.4)

The following discussion also uses subsets of these uncertainty contributions to explain the

functionality. These are

1. UNCcov for the raw covariance matrix based uncertainty estimate with neither effective

sample size correction nor supra-scan-volume correction,

2. UNCe f f for the covariance matrix based uncertainty estimate with only effective sample

size correction (no supra-scan-volume correction) and
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3. UNCsup for the uncertainty estimate with only supra-scan-volume correction (no covari-

ance matrix based sub-scan-volume correction).

Correspondingly, if the supra-scan-volume contribution is parameterized statistically based on

physical considerations (Appendix A.3) the UNC is calculated using

UNCphy = Σ
N
n

(
εVm n +∆Vphy n

)
/N . (5.5)

Besides the average values of the uncertainty estimates the statistical properties also have to be

evaluated. In this work, the evaluation is done with the use of histograms relating the ADLS

observed wind profile error to the estimated uncertainty. The individual location of a histogram

member is given by

phis n =
(V R

m n+∆Vw′

n proj)−VT
m n

εVm n

(5.6)

for the direct approach and correspondingly for the subsets discussed above. For the parame-

terized approach the individual histogram member location is given by

phis n =
V R

m n−VT
m n

εVm n +∆Vphy n
, (5.7)

because the sign of the supra-scan-volume contribution is unknown. After obtaining the his-

togram from all members, Gaussian distributions are fitted to the histograms using a least-

squares minimization.

5.4.1. Functionality for standard system setup and retrieval strategy

This section investigates the question whether the uncertainty of the retrieved profile can be

estimated based on the measurements from a statistical point of view. Statistical results of

various uncertainty estimation methods are shown in Fig. 5.13 for LES set A using STP and

RET for three measurement frequencies FME = 1,5,10 Hz.

A number of general observations can be made from the distributions which are present in

all of the panels. The uncertainty estimate based on direct estimation through the covariance

matrix (UNCcov), using the residual variance directly as a proxy for data variance, does not have

predictive quality, especially for higher measurement frequencies. Two reasons are responsible

for this uncertainty estimation failure. Firstly, the data variance is greatly underestimated due to

strong correlation among the residuals in the LSQ-fit. Using the effective sample size estimation
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Fig. 5.13.: Statistical properties of different uncertainty estimation methods for an ideal measurement
system with STP and RET using LES set A.
(a), (b), (c) 0 ms−1 background wind case, FME = 1,5,10 Hz respectively.
(d), (e), (f) 2 ms−1 background wind case, FME = 1,5,10 Hz respectively.
(g), (h), (i) 5 ms−1 background wind case, FME = 1,5,10 Hz respectively.
(j), (k), (l) 10 ms−1 background wind case, FME = 1,5,10 Hz respectively.
(m), (n), (o) 15 ms−1 background wind case, FME = 1,5,10 Hz respectively.
The histograms displayed show the distributions of the following uncertainty estimation meth-
ods:
1. 20 % opaque, UNCcov, uncorrected residual variance propagation through covariance ma-
trix.
2. 40 % opaque, UNCe f f , only including effective sample size correction, taking into account
correlation in measurements due to high measurement frequency.
3. 60 % opaque, UNCsup, only including ADLS-based correction for supra-scan-volume con-
tributions.
4. 80 % opaque, UNCdir , effective sample size correction and ADLS based supra-scan-
volume contribution.
5. 100 % opaque, UNCphy , effective sample size correction and physically parameterized
supra-scan-volume contribution (data-driven real-world method).
Gaussian fits to every histogram are displayed with the same color. The magenta line is the
envelope of a Gaussian distribution with µ = 0, σ = 1.
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increases the quality of the uncertainty estimate noticeably (UNCe f f ), but still does not yield

the desired Gaussian distribution. The second problem is the presence of supra-scan-volume

flow inhomogeneity in the wind field, which is not detectable in the LSQ-fit residuals. The

effect of supra-scan-volume flow inhomogeneity can be analyzed and taken into account using

the ADLS, but by itself it also does not lead to a reliable uncertainty estimation (UNCsup).

Due to the biased retrieval at low wind speeds the distributions exhibit mean values shifted

slightly towards the positive (Fig. 5.13 a, b, c). UNCcov shows a higher µG than UNCe f f , even

though they originate from the same wind profile points without bias correction. This difference

is because the bias is more influential if the estimated uncertainty is small, as in this case the

members of the histogram are located more towards positive values (consequently µG is higher).

The uncertainty estimation is improved and yields the desired conservative estimation and Gaus-

sian distribution qualities, if both the effective sample size corrected sub-scan-volume residual

variance uncertainty propagation through the covariance matrix and the ADLS based supra-

scan-volume flow inhomogeneity error analysis are combined (UNCdir). Results are indepen-

dent from background wind speed (except for influences by the retrieval bias), proving the

general suitability of the covariance based uncertainty estimation approach using the residual

velocity variance as a proxy for data variance. Further, the results are also independent of the

measurement frequency, proving the suitability of the effective sample size estimation to ac-

count for correlation among the measurements (Eq. 3.41). It should be noted that the model

based supra-scan-volume analysis does not fully correct the retrieval bias at low wind speeds,

hence, a µG > 0 remains. The skewed distribution is because the sub-scan-volume contribution

is not corrected by the direct approach, thereby, members of the histograms cluster on the pos-

itive side. Similarly, for higher wind speeds two bumps in the vicinity of +1σG and −1σG are

detectable. These bumps are also caused by the partial correction due to the exact ADLS based

supra-scan-volume analysis, systematically leaving ±1σG of the sub-scan-volume uncertainty

analysis for correction.

The data-driven uncertainty estimation (UNCphy), based on a physically parameterized supra-

scan-volume error contribution, also presents a successful conservative uncertainty estimation

for all cases. The distribution and fitted Gaussian curves of UNCdir and UNCphy are very

similar for both σG and µG, showing the good quality of the physical parameterization. It

should be noted that the data-driven uncertainty estimate cannot correct the retrieval bias at

low wind speeds, because it does not yield signed supra-scan-volume contributions but rather

average, absolute values of uncertainty that can be positive or negative. Hence, µG is a function

of the retrieval bias and the statistical distributions do not posses a µG close to zero for low

wind speeds. Nevertheless, the data-driven uncertainty estimation does capture the average
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magnitude of supra-scan-volume flow inhomogeneity, as shown by the σG values below one for

the 0 and 2 ms−1 background wind cases.

The following analysis on the applicability and reliability of the uncertainty estimation method

for different system setups and retrieval strategies is limited to the 10 Hz measurement fre-

quency case. The additional problems due to correlation of neighboring radial velocity mea-

surements make an estimation of the effective sample size necessary. Thus, the 10 Hz measure-

ment frequency case is the most challenging uncertainty estimation to perform. Though the

1 Hz uncertainty estimates are not shown in the following, its results are always slightly more

conservative than those of the 10 Hz case. Further, the analysis is limited to an evaluation of

the data-driven UNCphy uncertainty estimation, in order to limit the length of discussion and

because it is the one applicable to real-world measurements. UNCphy also presents the most

challenging method as no information from the LES is introduced except for the BL height

and the vertical profile of the mean absolute vertical wind (which can both be extracted from

nadir measurements in real-world scenarios). Therefore, the condensed results are presented by

displaying only σG and µG of the data-driven UNCphy uncertainty estimation histograms.

Vertical profile of uncertainty estimation parameters

The two LES sets A and B exhibit differing vertical distributions of wind profiling error, as well

as different contributions of sub- vs. supra-scan-volume flow inhomogeneity due to the different

BL heights. Further, the scan-volume diameter also varies with altitude, changing the ratio of

resolved sub-scan-volume and parameterized supra-scan-volume uncertainty contributions. The

vertical changes in profiling error characteristics have to be captured and resolved by a reliable

data-driven uncertainty estimation method.

Figure 5.14 shows the vertical profile of the condensed uncertainty estimation quality evaluation

parameters for the most challenging estimation method UNCphy, with the aircraft flying at

the standard flight altitude of 1100 m. Figure C.10 shows the vertical profile with the aircraft

flying at 1700 m, changing the ratio between the sub- and supra-scan-volume contributions and

exploring the full BL for both LES sets.

The increase in wind profiling MAE from the surface towards the middle of the BL (where

up- and downdrafts have maximum intensity) is captured by the UNCphy uncertainty estimate,

as is the decrease towards the BL top for both flight altitudes (Fig. 5.14, C.10). Further, the

differences in error magnitude between the background wind cases are also represented in the

uncertainty estimation (e.g. 15 ms−1 having the largest profiling error). The uncertainty esti-

mation is conservative at all levels inside the BL, UNCphy overestimates the observed MAE
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Fig. 5.14.: Profile of uncertainty estimation parameters UNCphy , MAE, µG and σG as a function of
height. Displayed data are for an ideal system using the standard system setup (aircraft flying
at 1100 m) and retrieval strategy for (a) LES set A and (b) LES set B.

by approximately a factor of 2. Only small variations in σG are observed despite the changing

error magnitude. Due to the positive retrieval bias µG is not centered on 0 but shows slightly

positive values up to 0.7 instead for LES set A and B, especially for the 0 ms−1 background

wind case. The uncertainty estimation becomes more conservative with decreasing wind speed.

Potentially, this is due to the decreased variance of the low background wind case retrievals

(because they are confined to positive wind speeds), which is not accounted for by the uncer-

tainty estimation method. Elevated σG levels are present in the entrainment zone and above for

LES set B, although the average UNCphy remains larger than the MAE (as well as generally

more variation due to the smaller sample size compared to LES set A, Fig. 5.14b). The slight

statistical underestimation is due to the supra-scan-volume parameterization, which is designed

for BL turbulence. The noticeable presence of gravity waves in the entrainment zone of LES

set B (see Fig. 4.2 for their vertical wind magnitude, Fig. 5.12 for the resulting retrieval error

and uncertainty estimation failure) violates the assumptions of the parameterization for the low

flight altitude (e.g on the dominant eddy size). When the aircraft is flying higher, the gravity

waves in the entrainment zone are captured through the resolved sub-scan-volume uncertainty
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contribution (because the scan-volume is increased), consequently the uncertainty estimation

is improved (Fig. C.10b). Overall, it should be noted that the data-driven uncertainty estima-

tion method is far from being unreliable even in this region and presents a strong improvement

compared to the more basic approaches discussed above. Future work can improve the param-

eterization scheme to also include the effect of gravity waves.

5.4.2. Reliability and applicability

The previous sections show the possibility of a data-driven uncertainty estimation for the stan-

dard system setup and retrieval strategy. The wind profiling error magnitude and characteristics

change for other system setups and retrieval strategies, as do the contributions and the ratio

of resolved sub-scan-volume and parameterized supra-scan-volume uncertainty contributions.

Consequently, the appropriate functionality of the data-driven uncertainty estimation method

needs to be validated for these cases as well, which is done in the next section. To do so, the

reliability of the uncertainty estimation is evaluated for the same range of system setups and

retrieval strategies as in Sec. 5.2 and 5.3.

The reliability of the data-driven uncertainty estimation for varying scan elevation angles can be

evaluated from Fig. 5.15. The ADLS results (see also Fig. 5.5) show a strongly increasing MAE

with steeper scan elevation angle, due to the increased impact of the vertical wind contribution

as well as a biased retrieval discussed previously. The estimated UNCphy increases in-line

with the increased retrieval error up to the highest levels with MAE > 2 ms−1, as desired. On

average, the estimated UNCphy values are larger than the observed MAE for all atmospheric

conditions, background wind cases and scan elevations, yielding a conservative estimation. The

different error levels of different atmospheric conditions and background wind cases are also

captured by the uncertainty estimation. For example, the uncertainty estimated for LES set A is

much higher than that estimated for LES set B. Similarly, the uncertainties estimated for higher

background wind cases are higher than those for lower background wind cases, in-line with the

observed MAE. The estimation is slightly more conservative for steep scan elevation angles,

due to the stronger influence of the vertical wind on the radial velocity variance. With less

influence of the vertical wind for shallow scan elevation angles, the overestimation is reduced

and σG approaches 1. A small excess of σG > 1 is observed for LES set A at 30° scan elevation.

This excess is because the supra-scan-volume parameterization is based on w and does not

consider flow inhomogeneity of the u or v component which can also influence retrieval error,

especially for shallow scan elevations. The small σG excess is unproblematic as the UNCphy

estimation still exceeds the MAE level (and errors are generally smaller). As before, the µG of
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Fig. 5.15.: Data-driven uncertainty estimation quality for six scan elevation angles and STP and RET
otherwise. (a) UNCphy , MAE, µG and σG obtained from the histogram analysis for LES set
A with high surface sensible heat flux and (b) for LES set B with low surface sensible heat
flux. The scan elevation angle of the standard system setup is indicated as a magenta line.

the distributions fluctuate around 0 for all background wind cases, except for cases when the

underlying retrieval is biased.

The reliability of the data-driven uncertainty estimation method for varying scan speeds can

be evaluated from Fig. C.11. A decrease of profiling error was observed for faster scans, due

to better explored retrieval volumes and reduced correlation between the measurements. The

decrease is also present in the estimated uncertainty, although at reduced magnitude. For faster

scans the uncertainty estimation becomes more conservative because the parameterized supra-

scan-volume parameterization is of the same magnitude for all scan speeds. This constant level

leads to an overestimation, because the better exploration of the scan volume does identify non-

perfect horizontal gradients of the vertical wind better. Thereby, the magnitude of erroneous

mapping is reduced and flow inhomogeneity is resolved in the residuals. The better exploration

of the volume can be accounted for through improved parameterization in future work (e.g
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by multiplying with a factor accounting for the number of rotations). A weak uptick of σG

is observed at the fastest scan speed of 90 °s−1 (shortest scan duration of 4 s). This uptick

is because measurement positions from subsequent scan rotations are separated by only 4s ·
65ms−1 = 260m in along-track distance for the fastest scan speed. This distance is below the

integral length scale of turbulence encountered in the LES, therefore the measurements are not

completely independent but correlated instead. This correlation is not accounted for by the

effective sample size correction, which only takes into account the correlation of measurements

in the temporal domain. Consequently, the effective sample size reduction is not captured fully

anymore, which is unproblematic given the general conservative overestimation.

The retrieval strategy also influences measurement quality and thereby the data-driven uncer-

tainty estimation method, which also needs to be validated hence. The reliability of the data-

driven uncertainty estimation for along-track averaging distances can be evaluated from Fig.

C.12. Generally, the increase in error levels with shorter averaging distances is captured, as

well as the decrease for longer averaging distances. σG varies only slightly, showing the relia-

bility of the data-driven uncertainty estimation also for challenging conditions with application

of CN-based quality control.

Increased vertical averaging does not improve retrieval quality noticeably due to the strong

vertical correlation of turbulence. Hence, the uncertainty estimation should also be unaffected,

despite the increased number of measurement available. The independent estimation of the

uncertainty method can be validated from Fig. C.13, proving the suitability of the along-beam

sample size reduction formula (Eq. 3.40).

Last, the reliability of the data-driven uncertainty estimation method under the presence of sec-

tor blanking can be evaluated from Fig. C.14. The estimated UNCphy captures the increase

in error levels up to a sector blanking of 180° conservatively. Above this, while the estimated

uncertainty captures the strong increase in MAE and yields a conservative estimation of the

mean error level, there is a slight increase of σG to levels greater one for a sector blanking

> 225° (CN-based quality control was relaxed to CNmax < 25 in this region). The slight sta-

tistical underestimation of uncertainty is due to difficulties in estimating the effective sample

size reliably for very short measurement segments (and thereby very few data points) and be-

cause of increasing retrieval bias. Although UNCphy levels show a conservative estimation on

average, the effective sample size is not always estimated reliably, which can lead to elevated

tails of the Gaussian distribution. The increasing retrieval bias is also the reason for the slight

underestimation of the average MAE level for the 0 ms−1 background wind case for very large

sector blankings. Hence, the uncertainty estimation method is best used together with the appli-

cation of reasonable CN quality control criteria, e.g. CNmax < 12. Overall, even in this case, the
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data-driven uncertainty estimation method presents a one order of magnitude better uncertainty

estimation compared to the direct covariance matrix based approach. Further, the absolute er-

ror levels of the uncertainty estimation qualify the retrieval as unusable, thereby the statistical

properties are not as relevant as the overall error level.
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6. Assessment and application of airborne Doppler lidar wind
observations using a prototype system

In this chapter, results obtained with a new prototype ADL system based on four research flights

conducted in the vicinity of Brunswick (Germany) are presented. It is demonstrated that the

new measurement system, onboard a low and slow flying medium-range turboprop aircraft,

enables high resolution and high accuracy measurements of the turbulent BL wind field. The

uncertainties associated with real-world ADL measurements inside the BL are analyzed and

quantified, both for wind profiling and nadir retrievals. To this end, existing procedures from

a number of previous studies are combined, refined and extended, leading to an in-depth data

processing and quality controlling scheme. Thus, it is shown that the new system enables the

detailed study of turbulence characteristics in the BL. The usefulness of such ADL observations

is demonstrated through the analysis of three application studies, which show that the ADL can

provide substantial added value.

6.1. Prototype system and measurement flights overview

In order to assess the potential of ADL wind measurements for BL research, four research test

flights were conducted in the vicinity of Brunswick in summer 2019. The characteristics of the

aircraft and lidar system used for the research flights are described in Sec. 2.3.3. Unfortunately,

due to unforeseen difficulties in the development process as well as management problems, the

intended scanner system could not be readied by the manufacturing company in time. Conse-

quently, the scanner was not available during the research flights. Therefore, a prototype version

of the system was designed and certified for flight as a part of this work. The prototype system

does not utilize a scanner, instead the lidar is mounted on the aircraft floor and points through

an opening in the aircraft floor (Fig. 6.1). The fixed beam points almost exactly along the

aircraft vertical axis towards the ground, the exact determination of the beam pointing-angle is

described in Sec. 6.2.II.

Despite the limited functionality of the prototype version compared to the envisaged scanning

version, all intended research purposes (nadir and wind profiling) can be investigated to their

full extent. On the one hand, nadir observations are provided through the default setting of
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(a) (b)

Lidar

RASP

Mount Chiller

TCU

SCC

Work
station

Fig. 6.1.: Prototype ADL installation inside the Dornier 128-6 aircraft used for the research flights an-
alyzed in this work. (a) Lidar transceiver mounted on the aircraft floor, pointing along the
aircraft vertical axis through an opening. Real-time advanced signal processing (RASP) unit
for data acquisition mounted in rack. (b) Operator position. Mounted in rack are: work station
to control all components, system control computer (SCC), transceiver control unit (TCU) and
chiller for lidar cooling (Chiller).

the prototype system with the aircraft in straight and level flight. On the other hand, wind

profiling can be conducted by using the aircraft as a scanner, e.g. by banking the aircraft in a

turn. Although the spatial resolution of such wind profiles is coarsened compared to a scanning

version, all basic measurement principles and the measurement accuracy can be investigated.

The obtained data differs slightly from that of a scanning system. On the one hand, due to the

fixed position of the beam, no scanner movement and scanner position need to be considered,

and no scanner clock needs to be synchronized. On the other hand, a number of features avail-

able with the intended scanning system cannot be utilized. For example, the envisaged scanner

is designed to enable real-time aircraft movement compensation. Thereby, the scanning system

would be able to point nadir at all times, independent of the aircraft orientation. As the proto-

type version can deviate from nadir, the effects introduced thereby need to be considered, e.g.

for variance measurements of the vertical wind in the BL (Sec. 6.2.VI). The differences, both

in data processing and measurement quality, between a fixed beam versus scanning system are

discussed in the following sections wherever necessary.
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During the four prototype test flights the Do128 operated out of Brunswick airport, conse-

quently the measurement flights covered the surrounding regions. All four flights were success-

ful and are analyzed in the following sections. An overview of the flight tracks is provided in

Figs. C.15 - C.18, an overview of the ADL measured data in Figs. C.19 - C.22. For overall

measurement quality analysis, the flights are divided into individual legs to distinguish between

nadir and turn segments. Further, level flight is distinguished from ascending or descending

flight both for nadir and turns. The full set of flight legs analyzed for measurement quality

evaluation in the next section is given in Tables B.2 - B.5. All flights contained in-situ at-

mospheric soundings conducted by the aircraft, which are used for accuracy evaluation of the

ADL retrieved wind profiles. The first three of the four flights also contained pitch-roll-yaw

(PRY) maneuvers, which can be used to gain detailed insight into the INS motion correction

accuracy. Some additional experimental flight maneuvers, which do not fall into any of the pre-

vious categories, were also conducted and are not analyzed here. These are labeled as category

’other’, and include e.g. short transfers without specific measurement strategy or a Lagrangian

cloud-updraft tracking attempt at the end of flight 4.

An initial test flight was conducted on 10 July 2019 in order to demonstrate the basic func-

tionality of all components in flight. Beside this, the focus of the flight was on wind profiling

accuracy evaluation, but also incorporated two extended nadir legs over flat terrain. On the first

nadir leg the aircraft was flying above an almost cloud-free BL section. Shallow accretions of

cumulus humilis were present elsewhere and a thin cirrus was present above (analyzed in Sec.

6.5, see Fig. C.33 for an impression of the cloud field at the beginning of the flight). During

the course of the flight, the cirrus was further advected from northwestern Germany over the

measurement region and thickened. The second nadir leg was conducted inside the BL along a

similar track, again with some shallow cumulus humilis present above the aircraft and a thick-

ened cirrus layer at high altitudes. The BL height during this flight was around 1100 m above

mean sea level (MSL, which corresponds to 1000 m above ground level, AGL, all heights are

given in MSL in the following unless specified otherwise), with limited further growth, poten-

tially due to the advancing cirrus.

The second and third flight were both conducted on 18 July 2019. During the day, a small upper-

tropospheric ridge passed over Germany and a subsequent weak cold front (associated with the

following upper-tropospheric trough) slowly approached Germany from west. Preceding the

cold front, a convergence line developed over western Germany and advanced eastward during

the day, influencing the conditions in the investigation area. Linked with the progressing con-

vergence line, the horizontal wind field in the measurement region was complex and evolving

throughout the day, a snapshot from an NWP model is provided in Fig. C.23. First, a morn-
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ing flight (flight 2) was conducted across the moderately complex terrain of the Harz mountain

region to capture spatial differences in the BL development during the onset of convection in

the morning (take-off 3 hours after sunrise). During the first part of the flight, which consists

of long nadir transects at high altitude, interrupted by wind profiling turns every 10 minutes,

cloud-free conditions and a shallow BL prevailed. Towards the end, with a higher BL top and

the development of convective clouds (cumulus humilis) above the Harz, some legs inside the

BL (below cloud base) were also conducted.

Second, a similar flight pattern was repeated on the afternoon of the same day (flight 3). During

this flight laser stability issues were encountered after take-off, which led to a data loss of 30

minutes flight time (≈ 20% of the flight time). The instability of the laser after take-off was most

likely due to a too high laser temperature on the ground. The aircraft was parked on the tarmac

for two hours before take-off, which allowed for substantial heat build-up in the cabin due to

insolation. Hence, pre-cooling of the laser unit while on the ground is recommended for future

deployments. For flight 3, both synoptic forcing as well as temporal evolution led to a noticeably

altered BL compared to flight 2. Extended cumulus humilis were present, which developed to

cumulus mediocris above the Harz. The observed cloud bases were in the region 1500−2000m
and the cloud tops in the region 2500−3000m. Following this (and due to the VFR limitation

of staying below 3000 m), only one extended flight leg could be conducted above the BL. The

rest of the flight legs was conducted with the aircraft flying in close proximity to the cloud base

and the lidar measuring below. Thereby, the vertical structure of below-cloud updrafts can be

captured and differences in the wind field over moderately complex terrain and the surrounding

mostly flat terrain can be analyzed. The two flights on 18 July 2019 are analyzed in Sec. 6.6.

A fourth flight was conducted on 19 July before the passage of a weak, partially occluded cold

front (which continued its approach to Germany from the previous day and was associated with

an advancing trough structure). During this flight the observed wind speeds were higher than

on previous flights. The flight was conducted over flat terrain, where extended fields of cumulus

mediocris were present, developing into cumulus congestus in a few instances. The cloud base

was around 1200 m, whereas cloud tops were around 3000 m but also reaching higher in some

places. Two extended nadir transects above the clouds were conducted, again with intermediate

wind profiling. The rest of the flight was flown below cloud base and also contained an in-situ

self-validation of one nadir transect (utilized in Sec. 6.2.VII). Due to the higher wind speeds, the

difference in turbulence structure between along- versus across-wind sampling can be analyzed

(Sec. 6.7).

Overall, the diverse meteorological conditions encountered on the four flights are favorable for

assessment of the ADL measurement accuracy and potential for a range of measurement and
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atmospheric conditions, as well as a number of measurement scenarios, which are presented in

the following.

6.2. Measurement processing and quality evaluation

The real-world ADL measurement platform is much more complex than the idealized plat-

form in the ADLS. Consequently, a number of procedures not present in the ADLS have to

be implemented in order to achieve high measurement quality. Corresponding with these syn-

chronization, calibration and correction procedures, a number of additional sources of error and

associated uncertainties have to be evaluated to control the performance of the procedures. In

order to achieve real data synchronization, calibration, correction as well as accuracy assess-

ment I follow the approach of existing studies, which are combined, refined and extended as a

part of this work. Before continuing, if not done already, the reader is advised to read Sec. 3.5

of Chap. 3 for an overview of the concepts and terminology used in the following.

In this section, it is evaluated to what degree the mentioned sources of error discussed in Sec.

3.5 can be quantified through conservative error assessments as well as uncertainty estima-

tion methods in real-world measurements. The influence of each error source on the first- and

second-order moment is quantified. Thereby, the results also allow a discussion of the valid-

ity of the assumption to neglect the effects applicable to real-world ADL measurements in the

ADLS simulations in the first place.

6.2.I. Time synchronization

The data acquisition of the Do128 aircraft and the WTX lidar are physically separate systems

and do not share a common time server to synchronize the internal system clocks during flight.

Thereby, time synchronization between the internal aircraft and lidar clocks has to be performed

as a post-processing step, which yields the time difference ∆t between aircraft and lidar data

acquisition. The time synchronization needs to deal with the problem that the measurement

frequency of the aircraft INS data is 100 Hz, whereas the effective measurement frequency of

the lidar is 10 Hz. Further, the time synchronization should provide high temporal accuracy.

It is shown that despite the lower lidar measurement frequency, time synchronization can be

achieved with an accuracy better than 0.1 s. Finally, the time synchronization has to enable

control of the temporal variation of the aircraft and lidar clock offset. It is shown that the time

synchronization offset is stable over the duration of one flight, whereas for different flights the

offset may vary.
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Fig. 6.2.: Illustration of lidar sensing distance as a function of aircraft roll angle. The number of range
gate with maximum SNR is displayed as a function of aircraft roll angle φ for the morning
flight on 18 July 2019. The roll rate is color coded, gray values show data which do not fulfill
the time synchronization criteria.

Time synchronization procedure

In this work, time synchronization is achieved based on a newly developed procedure. The pro-

cedure exploits the variation in the maximum lidar sensing distance (e.g. distance to the ground)

during aircraft maneuvers. For example, an increase in aircraft roll angle causes an increase in

slant path length of the lidar beam in the atmosphere, linking the independent measurements of

the two systems. The time synchronization procedure is demonstrated for the morning flight of

18 July 2019, but applied to all other flights in a similar manner.

Before time synchronization, a rough value of the time offset with accuracy < 2 s is obtained

by visual analysis of aircraft and lidar data. Visual determination is easily possible using the

measured radial velocities, for example during turns or PRY maneuvers (Appendix A.6). At

the beginning of the time synchronization procedure, the maximum SNR value along the beam

is determined for each individual lidar measurement. The number of the range gate in which

the maximum SNR value occurs is stored as RSNRmax . This data serves as a proxy for ground

detection by the lidar (it is independent from the aircraft data). The data is quality controlled

by processing only values with SNR > 5 dB, further, in order to exclude clouds and other erro-

neous measurements, the number of the detected ground range gate needs to be within ±2 of
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the ground range gate detected using a digital elevation model (DEM, Appendix A.5). Then,

the 10 Hz RSNRmax data is interpolated to 100 Hz by means of nearest neighbor interpolation.

Although the interpolated data is physically not meaningful (and still digitized) it is useful in

order to enable calculations using both the aircraft and lidar data set. The aircraft data is also fil-

tered for defined roll movements (which exhibit large magnitude and thereby show the stronger

signal compared to pitch and raw movements), only data with roll angle φ > 10°, roll-rate

|dφ/dt | > 2°s−1 and 60 s averaged vertical aircraft velocity |dH60s/dt | < 1ms−1 are consid-

ered. These settings have to be adapted should the procedure be applied to another type of

aircraft.

Figure 6.2 shows RSNRmax for every measurement as a function of the aircraft roll angle φ. As

expected, for an increase in aircraft roll angle, RSNRmax also increases, yielding a wine-glass

shape (at different levels, as turns are conducted at different altitudes). Assuming a fixed beam

installation pointing nadir in ARD (a valid approximation, as is shown in Sec. 6.2.II), the length

of the lidar beam slant path in the atmosphere due to roll is proportional to 1/bE
z (1/cos(|φ|)

if only the roll angle is considered), which is used to linearize the relationship. Thus, a linear

correlation coefficient can be calculated for each detected roll movement between the aircraft

attitude angles and the lidar measured ground range gate number RSNRmax .

In order to obtain robust results, roll movements are detected as full oscillations, meaning both

the increase in absolute roll angle (e.g. beginning of turn) and decrease in roll angle (e.g. end of

turn) are used for calculation of the correlation coefficient. Figure C.24 provides a display of the

used data as a function of time, including the detected begin and end time of each turn segment.

Roll maneuvers during each PRY maneuver (multiple oscillations) are combined and used to-

gether. During the morning flight on 18 July 2019 PRY maneuvers were conducted at the begin-

ning of the flight (06:33:20-06:35:20 UTC), the middle of the flight (07:41:55-07:43:50 UTC)

and twice at the end of the flight (08:37:00-08:38:30 UTC, 08:38:50-08:40:15 UTC) in order to

gain insight into the stability of the time offset between aircraft and lidar system.

The high accuracy time offset ∆tDo128−WT X,raw is determined through a correlation analysis

in which the aircraft data is lagged against the lidar data. The procedure is conducted for

all detected roll maneuvers on the interval −1s < ∆tDo128−WT X < 1s iteratively, until the best

agreement is reached (e.g. maximum correlation at lag zero). The result of the lagged corre-

lation analysis, using an optimum ∆tDo128−WT X,raw = 18.12s, is displayed in Fig. C.25. Most

curves show a maximum on the investigated interval, especially the correlation analysis ob-

tained from the four PRY segments show a distinct maximum. In the following, the vertical

distance between the maxima and minima of the correlation curve on the investigated interval,

the so called correlation peak prominence, is used to identify the reliability of the time synchro-
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Fig. 6.3.: Time difference ∆tDo128−WTX at which the correlation curves from Fig. C.25 are maximal as a
function of flight time for the morning flight on 18 July 2019. The raw time difference applied
is ∆tDo128−WTX,raw = 18.12s. The correlation peak prominence on the investigated interval is
color coded. Values obtained from PRY maneuvers are circled in green, values obtained from
other maneuvers are circled in black.

nization achieved. Confirming the suitability of the time synchronization procedure, it should

be noted that the localization of the maxima has higher time resolution than the raw lidar data

which exhibits only 0.1 s resolution. Th higher time resolution is enables by the interpolation of

the lidar data to higher measurement frequency, while maintaining the stability and accuracy of

the solution due to the exploitation of low frequency roll movements. Correlation curves which

do not show a maximum on the investigated interval are linked to either a non-sufficient detec-

tion of full turn-segments, deficiencies of the aircraft INS data during maneuvers or an imperfect

ground range gate identification. Due to the well-localized maxima, time synchronization from

PRY maneuvers is more reliable and preferable.

Time synchronization results

The time offset stability over the course of the flight can be extracted from Fig. 6.3. Due to the

less prominent maxima, analysis of turns and other maneuvers yields higher scatter and is less

reliable for time synchronization (although far from being unusable). The PRY maneuvers yield

stable results for the time difference ∆tDo128−WT X,raw, with prominent maxima localization.
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The difference between the time synchronization offsets determined from the individual PRY

maneuvers is < 0.03 s, much smaller than the lidar measurement resolution. Based on this

analysis, it is clear that the time synchronization offset between aircraft and lidar system is

constant over the duration of one flight.
Tab. 6.1.: Time synchronization offsets between air-

craft and lidar for each flight.

Flight number ∆tDo128−WT X,raw

1 - 10 July 2019 18.37 s

2 - 18 July 2019, morning 18.12 s

3 - 18 July 2019, afternoon 18.10 s

4 - 19 July 2019 18.17 s

The procedure illustrated above is repeated

for all flights, yielding the time synchroniza-

tion offsets displayed in Table 6.1. Based on

the time synchronization accuracy achieved

during PRY maneuvers, the remaining time

synchronization uncertainty is conservatively

estimated to be < 0.1 s.

Influence of time synchronization on mean and variance of motion-corrected

radial velocity

During stable flight, aircraft movements cancel out over short intervals of time, therefore the

influence of an imperfect time synchronization cancels out on average, as times with an over-

estimation or underestimation occur with equal likelihood. Consequently, an imperfect time

synchronization does not lead to a systematic uncertainty in the estimated first order moment.

The random uncertainty is estimated based on the average aircraft velocity change during a 0.1 s
interval, its value below 1×10−4 ms−1 does not require further consideration.

For the lidar configuration presented here, the maximum additional variance (systematic in-

fluence on the second order moment) introduced due to imperfect time synchronization is the

aircraft velocity variance during a 0.1 s interval. As the lidar points almost straight down, the

variance in aircraft velocity along the aircraft z-axis is relevant, it is determined to be vvv2
a z,0.1s <

0.005m2 s−2 for all measurement flights. As a result, the uncertainty in the lidar measured vari-

ance due to time synchronization is thereby conservatively estimated as β2
t < 0.005m2 s−2. A leg

specific maximum time synchronization uncertainty can also be calculated for analysis based

on the same assumptions and theory.

Scanning system changes

For a scanning ADL time synchronization between lidar and scanner also becomes important.

Due to the fast scan rates accomplished by the scanner, as well as the much larger horizontal

aircraft speed being projected into the measurement for horizontal scans, the possible error due

to insufficient time synchronization is much larger. However, for scanning systems, an even
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more accurate synchronization is achievable through exploiting the projection of the horizontal

aircraft onto the beam itself, based on a slightly modified version of the above correlation tech-

nique. Should a (desirable) common time server be available for all instruments the procedure

discussed here can be used to evaluate the reliability of the time distribution to the individual

clients.

6.2.II. Beam alignment

The beam pointing-angle needs to be determined accurately for reliable measurements. An er-

roneous beam pointing-angle will result in wind measurement offsets depending on the angle

between the aircraft heading and the wind direction. The beam pointing-angle cannot be deter-

mined with sufficient accuracy (<0.5°) through examining the geometric installation of the lidar

in the aircraft. Consequently, a beam pointing calibration is conducted based on the procedure

developed by Haimov and Rodi (2013, for ADR) as a part of this work.

Beam pointing-angle calibration procedure

The beam pointing calibration procedure developed by Haimov and Rodi (2013) exploits the

fact that the theoretical ground return velocity is vvvp = 0ms−1, as the ground is a stationary tar-

get. Therefore, the measured ground return velocity should come to zero after correction of

the measured data for the aircraft motion contribution using the aircraft INS data. Systematic

remaining ground return velocities are associated with a beam pointing-angle offset, thereby

the ground return velocities can be used to calibrate the beam pointing-angle. Short-term errors

in the ground return velocities cancel out when using long flight times and multiple flights seg-

ments from different flights. Therefore, the procedure can be applied despite the presence of

short-term errors in the ground return velocities due to the other measurement errors (discussed

in Sec. 6.2.III and Sec. 6.2.IV, as well as errors associated with identifying the ground return,

see Appendix A.5). For the calibration procedure, the equation system (Eq. 3.12) is reformu-

lated for N measurements of the ground return velocity (assuming the theoretical vvvp = 0ms−1),

with the beam pointing direction bbb = [bA
x ,b

A
y ,b

A
z ] as calibration constants, and vvvL

A according to

Eq. 3.10, giving:

vDi = bA
x v

A
Lx,i + bA

y v
A
Ly,i + bA

z v
A
Lz,i, i = 1,2,3, ...,N (6.1)
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and the additional constraint √
(bA

x,i)
2+ (bA

y,i)
2+ (bA

z,i)
2 = 1. (6.2)

The second condition is necessary and useful, as the determination of the beam pointing di-

rection in y-direction is prone to larger uncertainty (Haimov and Rodi, 2013). The larger un-

certainty results from the smaller beam direction component in y-direction as well as smaller

projection of aircraft velocities in this direction. Typical ARD aircraft velocity components

in y-direction do not exceed 5ms−1, due to the small crosswind component compared to the

aircraft velocity vector and small side-slip angles during normal measurement flights (for a di-

rectional cosine of the y-direction by less than 0.5° from 90° the vvva y-component is less than

0.1ms−1 and therefore difficult to determine accurately).

The calibration is performed in ARD, as the aircraft moment-arm contribution is simple in this

coordinate system compared to ENU. The beam pointing calibration conducted utilizes a ground

return identification based on DEM ground elevation data (Appendix A.5). For solution of the

equation system the MatLab least-square solver ’fmincon’ is employed in standard setup, other

solvers were also tested and give similar results. All segments from all flights are analyzed for

beam pointing-angle calibration, as the lidar installation was not changed between flights (see

Tab. B.2 - B.5 for an overview of all flight segments analyzed).

Beam pointing-angle calibration results

The results obtained from the beam pointing-angle calibration are displayed in Fig. 6.4. In line

with the results obtained by Haimov and Rodi (2013), due to the reasons outlined above, the

calibration of the bx,bz beam components yields a sharper distribution with less outliers, com-

pared to the by direction. bx shows by far the sharpest distribution, due to the large magnitude

of the aircraft velocity vector in this direction. The bz component shows more scatter, as the

aircraft velocity component in the vertical direction is more difficult to determine (Lenschow

and Sun, 2007). Due to this difficulty, beam calibration results from ascending and descend-

ing legs also show degraded accuracy. Contrary to the results obtained by Haimov and Rodi

(2013), the calibration results obtained from turns are less accurate compared to those from

nadir legs. As discussed by them, their greater nadir uncertainty is because their nadir legs

were flown in along-wind direction frequently, which is not the case in this work. However,

the beam calibration results obtained from turns should yield a more accurate determination of

the beam pointing angle than observed here, which points to problems with the INS used. This

conclusion is further manifested by the observation that the by direction shows an almost linear
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Fig. 6.4.: Results of beam pointing-angle calibration as a function of average roll angle. (a), (b), (c)
beam pointing directional cosines obtained from calibration for bx,by,bz . The leg type is color
coded and the average atmospheric variance w2 measured by the aircraft is displayed through
the circle area. The horizontal black lines represent the median values used as calibrated beam
pointing-angles. Please note the differences in y-axis scaling. (d), (e), (f) beam pointing direc-
tional cosine histograms for bx,by,bz . Grey histograms show the original distributions for all
legs, black histograms show the quality controlled distributions according to the specifications
given in the text. Please note the different bin-widths used for calculating the histograms.

change as a function of roll angle, with opposite behavior for right vs. left turns. A systematic

temporal evolution of the beam pointing angle during the course of a flight is not observed,

hinting against the Schuler-oscillation as the main driver of the observed INS deficiency. A

faulty aircraft moment-arm contribution correction is also ruled out, as the raw ground return

velocities show no systematic error during turns (which they do if the moment-arm contribution

correction is turned off for test purposes). In summary, the observations made here point to an

inferior quality of the INS onboard the Do128 compared to the INS available in Haimov and

Rodi (2013), especially during turn and non-constant level maneuvers (see also Sec. 6.2.IV).

Nevertheless, the Do128 INS quality is sufficient to enable reliable beam pointing-angle calibra-

tion, as is shown by the well-defined histograms, which can be further quality controlled. Due
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Tab. 6.2.: Beam pointing-angles and associated uncertainties obtained from quality controlled calibra-
tion.

median in deg ε1 in deg
cos−1 bx 89.756 0.036
cos−1 by 89.815 0.301
cos−1 bz 0.373 0.170

to the problem during turns, only the results from PRY maneuvers and straight and level nadir

legs are used for calibration (for a description of PRY maneuvers see Appendix A.6). For nadir

legs, sufficient exploration of the bx,by and bz directions needs to be assured to avoid an ill-

posed problem with larger condition number. For this reason, only calibration values obtained

from flight in a disturbed atmosphere are used and a threshold w2 > 0.5m2s−2 (as measured by

the aircraft) is applied for nadir legs.

The average calibrated beam pointing-angle is calculated as the median of the quality controlled

distribution. Obtained values of the beam directional cosines and their associated uncertainties

are given in Table 6.2. Combining the uncertainties in the least-favorable way results in a

maximum beam pointing-angle uncertainty of δb = 0.303°, largely driven by the cross-beam

directional uncertainty (and smaller than the algebraic addition of the uncertainties because the

uncertainties in y, z direction are strongly co-dependent). Calculating the beam pointing-angle

separately for straight and level nadir vs. PRY legs yields very similar solution, giving further

confidence in the obtained results. The calibrated beam pointing-angles given in Table 6.2

correspond to beam vector components of (the deviation of the vector magnitude from 1 is due

to round-off error of the shown values):


bx

by

bz

 =

0.0043
0.0032
0.9999

 . (6.3)

Influence of beam pointing-angle on mean and variance of motion-corrected

radial velocity

The erroneous component in the motion-corrected radial velocity due to the remaining beam

pointing-angle uncertainty can be estimated in ARD based on Damiani and Haimov (2006):

β1
b = (bbb

A− bbbA
ε ) · vvv

A
a . (6.4)
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bbbε is a conservative estimate of the beam pointing-angle uncertainty, obtained through adding or

subtracting one standard deviation of the beam pointing-angle uncertainty in the least-favorable

way (assuming a constant beam pointing-angle offset). Compared to Damiani and Haimov

(2006), the above formulation neglects the shear term of the horizontal velocity in the cross-

beam direction. For the single Doppler retrieval presented here, a potential cross-beam dis-

placement of the beam under the presence of shear simply measures another region of the wind

field but does not influence the retrieval accuracy, as no dual-Doppler analysis is conducted.

Further, the uncertainty due to an erroneous aircraft motion correction is also excluded, as this

effect is analyzed separately in Sec. 6.2.IV.

As discussed above, an error in the beam pointing-angle results in an error in the motion-

corrected radial velocity depending on the angle between aircraft heading and wind direction.

If the beam pointing angle error can be assumed to be constant, the erroneously introduced

velocity in ARD depends only on the aircraft velocity vector encountered during the flight leg.

As the Do128 cabin is unpressurized, aircraft frame distortion due to changing cabin pressure

is not a problem compared to the Beechcraft Super King Air 200T used by Haimov and Rodi

(2013), therefore the beam pointing angle is unaffected by flight level changes. Further, distor-

tion of the aircraft frame due to external forces (turbulence, pilot maneuvers) plays a minor role

for the beam pointing-angle, based on the results by Haimov and Rodi (2013) and the observed

minor increase in ground return velocity variance in turbulent flight conditions (Fig. 6.11). In

conclusion, the beam pointing-angle error can be assumed to be constant for all flights.

Using the maximum values of vvvA
a = [92.29,20.02,16.17]ms−1 encountered during any flight leg

and the least-favorable beam pointing uncertainty, the maximum random velocity introduced is

estimated as ε1
b < 0.17ms−1 for the mean. This maximum velocity can appear as a constant

offset in the motion corrected radial velocity for individual legs. However, the effect on the

retrieved wind (in ENU) varies depending on the angle between aircraft heading and wind di-

rection. Hence, it may vary between subsequent legs, mandating its description as a random

uncertainty for the overall accuracy assessment of the mean. Additionally, the above method

allows for calculation of a leg-based uncertainty, which is useful as the uncertainty is reduced

for straight and level nadir legs with smaller aircraft velocities in the y- and z-direction. The

potential systematic offset due to remaining beam-pointing angle uncertainty is estimated based

on the maximum measured systematic offset of the (non-quality controlled) ground return ve-

locity during straight and level maneuvers over any flight, which is given as β1
b < 0.05ms−1

(Appendix A.5). Based on the measured ground return velocities, the values given here are

shown to be strong overestimations in Sec. 6.2.IV.
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The maximum effect on the measured variance during straight and level nadir legs is calculated

as β2
b < 0.033m2 s−2, which is based on the maximum variance in the aircraft velocity vector

encountered during any straight and level nadir leg (V2
a < [12.01,4.92,2.12]m2 s−2) and the most

unfavorable beam pointing uncertainty. For the variance measured during turns the contribution

is estimated to be β2
b < 0.37m2 s−2, again calculated from the maximum variance in the aircraft

velocity vector encountered during any turn (V2
a < [90.17,53.34,25.79] m2 s−2). As for the

mean, the conservative values given here are shown to be strong overestimations based on the

measured ground return velocities in Sec. 6.2.IV.

Scanning system changes

An accurate beam pointing-angle calibration is even more important for a scanning ADL sys-

tem compared to the fixed beam system investigated here, due to the approximately one order

of magnitude larger aircraft velocity components introduced into the radial velocity measure-

ments. However, due to the larger aircraft velocity components, the calibration procedure is

also expected to yield an order of magnitude more accurate results, yielding an overall similar

measurement accuracy.

6.2.III. Lidar signal quality control

Quality control of the lidar data involves two closely linked procedures. A quality control mask

has to be applied in order to exclude unreliable lidar measurements, which can be caused by too

low SNR or hard targets such as clouds. In this work, a two-pass SNR-based quality control

mask is applied, with additional checks for consistency and plausibility (similar techniques have

been used by Gamache, 2005, and Weissmann et al., 2005b). The ground is identified using

both the signal to noise ratio and a DEM model. Clouds are detected through their hard target

characteristics at altitudes different from the ground. In this section, first the functionality of

the quality control mask is explained. The specific SNR thresholds used by the quality control

mask are determined based on an uncorrelated noise estimation, which is explained thereafter.

The two procedures are intertwined and developed iteratively in practice, as on the one hand the

quality control mask needs SNR-thresholds determined from uncorrelated noise estimation. On

the other hand, the uncorrelated noise estimation works most reliably with quality controlled

data and provides a cross-check on the quality obtained.

137



6. Assessment and application of airborne Doppler lidar wind observations using a prototype system

Quality control mask

The quality control procedure is demonstrated for the morning flight on 18 July 2019 using data

from the first range gate (Fig. 6.5). The flight was conducted at high altitude (up to 3000 m),

thereby presenting challenging conditions due to the low SNR in the free troposphere. The first

range gate is both highest up as well as the most difficult to process, as measurement artifacts

from the lidar blind zone are present sometimes (e.g. Fig. 6.5 shows a lot of measurements

scattered around 0 ms−1).

The quality control procedure is implemented as follows: First, high quality measurement time

series are created for all range gates using a strict quality control criteria of SNR > −5dB (this

threshold is motivated based on the uncorrelated noise results). A few remaining unreliable

measurements remain even at high SNR, these are excluded by applying a jump filter eliminat-

ing subsequent measurements with a velocity difference |∆VD | > 5ms−1. After this procedure,

a time-dependent valid measurement range is determined based on the high quality measure-

ments (if any are available, otherwise the data is not used). To this end, for every time the range

is calculated as the minimum and maximum radial velocity obtained from all range gates on a

10−s interval (the 10−s moving minimum and maximum envelope). This procedure yields a

time varying valid measurement corridor, shown by the blue lines in Fig. 6.5. Subsequently,

all measurements present in this corridor and fulfilling a relaxed SNR quality control criteria

> −15dB are considered. The final, quality controlled time series is obtained through applica-

tion of a spike filter eliminating spikes with a peak |∆VD | > 2ms−1 compared to the preceding

and subsequent neighboring measurements (the red points in Fig. 6.5). If the neighboring val-

ues are missing, an artificial radial velocity level is constructed as the running median on a

10−s interval, similar to Kiemle et al. (2007) but only for the purpose of spike detection. The

spike filter removes measurements which fall into the valid measurement corridor but are ran-

dom in nature. Visual analysis of the filtered time series for all flights and range gates ensures

that the applied spike filter does not remove any data during measurements in the BL. Figure

6.5 shows the added value of the two-level quality control procedure. A great number of ad-

ditional measurements are available in the valid measurement corridor in regions of low SNR

(e.g 07:15 UTC - 07:45 UTC). The spike filter removes points which are unreliable or wrongly

included due to a too large corridor interval (which also reveals that some of the faulty 0 ms−1

values show elevated SNR > −5dB, e.g 06:45 UTC - 06:50 UTC). The additionally obtained

measurements are less important for nadir analysis (as they are located in the free troposphere,

where turbulence levels are low), but more important for wind profiling purposes, where addi-

tional retrieved wind profile points become available in the free troposphere.
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Fig. 6.5.: Illustration of quality control procedure for the first range gate during the morning flight on
18 July 2019. (a) shows the raw Doppler velocities (gray), the strict SNR quality controlled
Doppler velocities (black, −5 dB threshold) and the additional Doppler velocities obtained by
the second pass (green). Additional velocities are obtained by thresholding in a 10−s moving
minimum-maximum limited measurement corridor (blue lines), based on the strict SNR quality
controlled Doppler velocities from all range gates. Outliers detected as spikes are shown in red.
(b) shows the associated SNR values.

After the basic quality control routine additional quality flags are set for the data. The range

gate intersecting with the ground is determined using a DEM model for ground elevation (Sec.

A.5). The measurements of the two range gates above ground intersection can be compromised

by chirp effects and are flagged for unreliability (as the ground return velocity is an important

control parameter in the following sections it is only flagged for meteorological analysis but not

excluded during data processing in general).

Clouds are determined by evaluating the cross-check between the DEM determined ground

range gate and the range gate exhibiting maximum SNR and the maximum backscatter gradient,

individually for all beams. If the numbers of the range gate with maximum SNR and maximum

backscatter gradient agree within ±3 a hard target detection is confirmed. If the confirmed

hard target detection differs by more than 3 range gates from the ground range gate determined

139



6. Assessment and application of airborne Doppler lidar wind observations using a prototype system

using the DEM, the hard target detection is associated with a cloud (fog was not present during

any of the measurement flights, making this coarse resolution valid). As for the ground, the

measurements of the two range gates above the hard target can be compromised by chirp effects

and are flagged for unreliability.

Radial velocity estimation errors

Lidar measurements can suffer from both systematic and random errors in the estimated radial

velocities. Systematic errors can be caused by hardware issues (e.g. frequency drift of the laser,

non-linear amplifiers, digitization errors). Systematic errors have been shown to be small for the

type of system used in this work. Frehlich et al. (1994) shows that the systematic uncertainty of

a single pulse estimate is < 0.04ms−1, which becomes < 0.004ms−1 for a PRF of 750Hz and

averaging of 75 pulses based on Frehlich (1997), it is thereby negligible.

Therefore, random fluctuations of the measured radial velocity remain as an important source of

error when measuring atmospheric variance (they are negligible for measurements of the mean

as they average out over short time intervals). Important drivers of random fluctuation in the

radial velocity are internal laser noise, e.g. due to the photon-limited detector noise, as well

as the limited number of scatterers, their random position and turbulence in the measurement

volume (Frehlich, 1997, speckle effect, the lidar signal has random amplitude and phase from

shot to shot). As the atmospheric decorrelation time for the illuminated aerosol is < 1 µs, the

random error from consecutive lidar shots is uncorrelated for a PRF of 750Hz used in this work.

Consequently, averaging a number of lidar shots can reduce the uncorrelated noise in the lidar

measurements (assuming a frozen wind field over the averaging time). The magnitude of the

uncorrelated noise remaining after averaging mainly depends on the SNR. As stated before,

for reliable results the uncorrelated noise estimation should be applied after application of the

quality control mask, which nevertheless requires SNR-based thresholds already.

The uncorrelated noise can present an important (always positive) source of erroneous variance

contribution β2
rv to the atmospheric variance, especially at low levels of atmospheric variance.

Fortunately, a number of methods exist to estimate the systematic uncorrelated noise offset,

thereby it is possible to subtract it from the measured variance in order to retain purely the

atmospheric variance. In the converse argument, the level of noise remaining can also dictate

the number of lidar shots which have to be averaged (and thereby the effective measurement

frequency) in order to obtain acceptable levels of uncorrelated noise. The WTX lidar used has a

PRF of 750Hz and standard setups used for the WTX data output rate vary between 1−10Hz.
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Random radial velocity noise - estimation procedure

In this section, the systematic contribution to the measured variance due to random radial ve-

locity noise (uncorrelated noise) is estimated. Three methods exist for estimation of the random

radial velocity noise, all three methods are shown to perform comparably by Lenschow et al.

(2000) and Frehlich and Cornman (2002). First, the uncorrelated noise can be detected as a

jump in the autocovariance function at lag zero (see Sec. 3.4 for the definition of the auto-

covariance). Two versions exist to quantify the exact magnitude based on this method. The

uncorrelated noise can be obtained as the difference between the autocovariance at lag zero

minus that at lag one (Lenschow et al., 2000; Stawiarski et al., 2013). This version yields very

stable results, as the autocovariance at lag zero is always greater than at lag one, giving a con-

servative overestimation. However, with this method the uncorrelated noise is overestimated,

as the turbulent signal itself can also cause a decay between lag zero and lag one, which is er-

roneously quantified as uncorrelated noise. For this reason, another common version estimates

the level of uncorrelated noise by fitting a linear function through the first lags (usually two

to four for 1Hz measurement data Lenschow et al., 2000, Frehlich, 2001) and extrapolating

to lag zero. This version is expected to capture the real magnitude of the uncorrelated noise

more reliably under turbulent conditions (smaller overestimation), but only if a concave shape

of the autocovariance function at the smallest lags and a well-defined discontinuity at lag zero

exist, which might not always be the case (Träumner, 2010). Second, in the spectral method the

level of uncorrelated noise is calculated as the constant level of the temporal spectrum at high

frequency (Lenschow et al., 2000, see Fig. 6.26 for an illustration). Third, a velocity difference

method based on two independent velocity estimates from even and odd numbered pulses can

also be employed (Frehlich and Cornman, 2002).

Most studies do not analyze the raw pulse-by-pulse data but only the averaged lidar data output.

Consequently the velocity difference method is not widely used and documented, it is therefore

also not employed here. The spectral method was found to be more noisy than the other methods

by Lenschow et al. (2000), it is therefore also not used here. The analyzed data does not always

exhibit concave shaped autocovariance functions at the smallest lags, sometimes producing

unrealistic negative values of uncorrelated noise. This problem requires careful uncorrelated

noise estimation using both, extrapolation as well as the first lag difference method.

Random radial velocity noise - estimation results

The results of the uncorrelated noise estimation using the first lag method are shown in Fig.

6.6 for the 10Hz lidar data. All range gates from all legs and all flights are shown, the SNR is
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determined as the average SNR over the flight leg at the respective altitude. A reliable uncorre-

lated noise estimation is only possible for sufficiently long legs, for this reason the leg length is

displayed through the circle area and a minimum length of 60 s is required (more specifically,

the points display the available time series lengths for the individual range gates).

Fig. 6.6.: Uncorrelated noise in lidar signal as a function of average SNR, estimated using the first-lag
autocovariance difference method. The atmospheric variance present in the time series used for
noise estimation is color coded. Points with an atmospheric variance w2 < 0.1m2 s−2 are filled
and their envelope is shown by the dashed black lines. The leg length is displayed through the
circle area, a the minimum leg length of 60 s is required for calculation. The red line depicts the
random uncertainty of the noise estimation, calculated as the average of the absolute differences
in uncorrelated noise between the direct and the linear estimation methods.

Due to the conservative estimation method, increased levels of uncorrelated noise are observed

at increased levels of atmospheric variance. This increase vanishes if the linear extrapolation

method is used (Fig. 6.7), it is thereby identified as an overestimation due to the first lag

estimation method. However, the linear extrapolation method can yield nonphysical negative

values of uncorrelated noise, if linear or slightly convex shaped autocovariance functions are

present at the first lags. Based on the first lag method, the negative values obtained using the

linear extrapolation method can be attributed to convex shaped autocovariance functions for
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Fig. 6.7.: Uncorrelated noise in lidar signal as a function of average SNR, estimated by extrapolation of
the autocovariance function to lag zero using a linear fit through the first four lags. The atmo-
spheric variance present in the time series used for noise estimation is color coded. Points with
an atmospheric variance w2 < 0.1m2 s−2 are filled and their envelope is shown by the dashed
black lines. Values with uncorrelated noise β2

rv < 0.001m2 s−2 are set to 0.001m2 s−2 as these
are caused by convex shaped autocovariance functions at the smallest lags. The leg length is
displayed through the circle area, a the minimum leg length of 60 s is required for calcula-
tion. The red line depicts the random uncertainty, calculated as the average of the absolute
differences in uncorrelated noise between the direct and the linear estimation methods.

higher levels of atmospheric variance (w2 > 0.5m2 s−2), in a regime where uncorrelated noise

becomes negligible compared to the atmospheric variance.

In conclusion, only values of atmospheric variance < 0.1 m2 s−2 are considered for noise analysis

(uncorrelated noise dominated regime). In this regime, the behavior of the uncorrelated noise

as a function of SNR becomes clear and produces very similar results for both methods, shown

by the dashed black envelope lines. In the uncorrelated noise dominated regime, levels of

uncorrelated noise are always smaller than β2
rv < 0.3m2 s−2 for all values of SNR, nevertheless,

the analysis can be refined further. The uncorrelated noise level remains almost constant at

levels < 0.04 m2 s−2 for SNR values larger than 0 dB. For values −6 dB < SNR < 0 dB the

uncorrelated noise increases more rapidly, while still being far from unusable with levels <

0.1 m2 s−2. The uncorrelated noise level is also well-defined for SNR < −6 dB, however, in this
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region the levels can exceed those of the atmospheric variance and therefore should be used

for variance analysis only with caution. The results clearly show the benefit of the developed

quality control procedure, which yields a considerable amount of data with sufficient signal

quality for wind profiling at SNR < −6 dB. The uncorrelated noise values show a clear lower

bound and are well defined for all values of SNR. The defined range and smooth behavior as a

function of SNR enables reliable estimation and removal of the uncorrelated noise for each leg

and each measurement altitude individually. The few identifiable outliers above the bounded

variance level vanish if a longer minimum time series length is required, they are therefore

identified as uncorrelated noise overestimation due to short leg lengths and high atmospheric

variance.

Based on this analysis, for the subsequent analysis, the uncorrelated noise is estimated using

the linear fit method. Values with uncorrelated noise < 0.001 m2 s−2 are set to 0.001 m2 s−2,

in line with the above reasoning due to the convex shaped autocovariance functions in the high

atmospheric variance regime. The replacement is justified, as negative uncorrelated noise occurs

at values of the atmospheric variance > 0.5 m2 s−2, where the variance due to uncorrelated noise

becomes negligible (< 0.03 m2 s−2 for SNR > 0 dB).

I am not aware of any method to estimate the random uncertainty ε2
rv associated with the un-

correlated noise estimation. Therefore, a simple approach is chosen here: Based on the above

discussion, the random uncertainty is calculated as the average difference between the uncor-

related noise levels estimated using the first lag versus the linear fit estimation method (for the

atmospheric variance thresholded points on a 1 dB interval).

Overall, the level of uncorrelated noise is very low even for a lidar measurement frequency of

10Hz, pointing to an excellent lidar measurement quality. Further, for low levels of atmospheric

variance the level of uncorrelated noise can be accurately estimated, whereas for higher levels of

atmospheric variance it is negligible. The low levels of uncorrelated noise for all levels of SNR

are aided by the viewing geometry of the ADL compared to ground based systems. The ADL

system is looking through the free troposphere with less aerosol (lower SNR) down into the

BL with more aerosol (higher SNR). Thereby, first the low signal return regime is encountered

by the lidar beam, but due to the high signal power sufficient return signal is generated despite

the low values of the backscatter coefficient. As the lidar pulse enters and travels through the

BL, the signal power rapidly weakens with range, as more aerosol is present which absorbs and

scatters the lidar signal along the way. However, due to the increase of aerosol content with

distance, sufficient return keeps being generated for high quality measurements throughout the

BL.

144



6.2. Measurement processing and quality evaluation

Scanning system changes

For a scanning system, the lidar signal is expected to be of similar quality due to the similar

system setup (a noticeable exception is an upward looking scanner, where ground based signal

characteristics apply, leading to reduced signal quality above the BL). A slightly increased level

of uncorrelated noise is possible due to transmission losses occurring when the lidar beam

passes the mirror as well as the protective window. The level of noise can be estimated using

the same analysis procedures as presented here.

6.2.IV. Platform motion correction

After synchronization of the aircraft and lidar data, beam pointing-angle calibration and quality

control of the lidar data, the motion correction is applied to all acquired ADL data. In this

way, the aircraft contribution to the measured radial velocities is removed and the atmospheric

contribution is extracted.

This section outlines the procedure of motion correction and quantifies the associated error

based on the measured ground return velocities. The techniques developed as a part of this work

allow for assessment of the aircraft motion correction accuracy for a wide range of measurement

conditions. It is shown that even disturbed flights inside the BL allow for high accuracy radial

velocity measurements. For highest accuracy measurements an improved motion correction

using the measured ground return velocities is presented, similar to the procedure proposed in

Ellis et al. (2019).

Demonstration of motion correction procedures

The motion correction procedure is illustrated for the first PRY maneuver during the morning

flight on 18 July 2019. PRY maneuvers consist of extreme aircraft movements, which exceed

the pitch, roll and yaw angles as well as rates encountered during any measurement leg used

for meteorological analysis later on (Appendix A.6). PRY maneuvers therefore provide a test

environment for the functionality and quality of the motion correction procedure. They present a

conservative upper limit of the error expected due to motion correction for normal measurement

conditions, including for strongly disturbed flight conditions inside the BL (for a more detailed

description see Appendix A.6). A PRY maneuver during a morning situation is chosen because

the atmospheric conditions at this time are favorable for accuracy assessment. The vertical

profile of the horizontal wind (Fig. C.26) shows moderate wind speeds in the range 2 - 6 ms−1

with a maximum at approximately 500 m (400 m AGL). The wind direction is approximately

south (around 170°) in the upper part of the profile, changing by more than 45° to approx.
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southeast (around 120°) in the lower part of the profile. The aircraft heading during the PRY

maneuver is 180°, giving an upwind heading in the upper part of the profile, which changes

towards a crosswind heading for the lower part of the profile (Tab. B.3). The terrain in the

vicinity of the maneuver is mostly flat (elevation change < 100 m). Due to the early morning

situation, the BL is very shallow (O(100m) AGL), with little turbulence in the residual layer

from the previous day and the undisturbed free troposphere above. Consequently, the lidar

measurements contain very little turbulence, making an identification of measurement errors

due to platform motion correction easier.

Figure 6.8 shows a 2D curtain display of the measurements obtained during the PRY maneu-

ver. The corresponding aircraft roll, pitch and heading angles are shown in Fig. 6.9, alongside

with the radial velocity measurements from individual range gates at three different levels and

the aircraft vertical velocity measurement. The lidar SNR is sufficient for high quality mea-

surements during the whole PRY maneuver and over the full range, making the contribution of

uncorrelated noise small (Fig. 6.8d). The raw radial velocity (Fig. 6.8a) shows the influence

of the aircraft maneuvers on the measured radial velocity. During every pitch oscillation the

aircraft moves up and down (relative to the surrounding air), which clearly influences the radial

velocity. In comparison, the roll movements have a much smaller effect on the measured radial

velocity, as less aircraft velocity is introduced into the beam during these maneuvers. The same

is applicable for the yaw maneuvers, although these are conducted at much lower amplitude

(flight dynamics of the aircraft allow for less deflection in this direction). Further, as the roll

maneuvers show the largest amplitude, the beam path through the atmosphere is greatly elon-

gated. The effect is visible through the high-frequency variation of the number of ground range

gate during the roll maneuver (resembling grass on the ground, this correlation was used for

time synchronization in Sec. 6.2.I).

For motion correction, two procedures have been developed and are analyzed here. First, the

raw motion correction is conducted by fully relying on the aircraft navigational data available

through the INS (Fig. 6.8b). Results presented in the next section show that the accuracy of

this procedure is usually reliable enough for usable measurements, except in turns or during

ascent/descent, when INS errors can become large. The advantage of the purely aircraft-based

correction procedure is its permanent availability at all times of flight. Second, if a ground return

is available, the motion corrected radial velocity can be further corrected for the remaining

ground return residual velocity in a refined motion correction procedure. The refined motion

correction has been used for ADR by Ellis et al. (2019), and for ADL calibration purposes by

Lux et al. (2018). To my knowledge, a refined motion correction at highest temporal resolution

has not been applied for ADL before. The procedure uses the 1 s moving averaged ground
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Fig. 6.8.: Illustration of motion correction procedure for PRY maneuver during the morning flight on
18 July 2019. Red colors depict flow towards the lidar, blue colors flow away from the lidar.
For simplicity, the measured 3D spatio-temporal data is displayed using a 2D curtain as a
function of time. (a) Uncorrected lidar radial velocity measurement. (b) Raw motion corrected
lidar radial velocity measurement (atmospheric contribution), obtained from correction using
only aircraft INS information (color coded curtain). Additionally, the aircraft vertical wind
measurement is extended vertically by ±50m and displayed at flight level as a color coded
line. Please note the adjusted colorbar range. (c) Refined motion corrected lidar radial velocity
measurement (atmospheric contribution), additionally corrected using the 1s moving average
of the ground return velocity residual. Aircraft vertical wind measurement as in panel above.
(d) Lidar SNR. The ground elevation determined using a DEM is displayed as a black line in
all panels.
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Fig. 6.9.: Data for motion correction procedure for PRY maneuver during the morning flight on 18 July
2019 (Fig. 6.8). (a) Aircraft measured pitch, roll and heading angles. (b) Raw motion cor-
rected lidar radial velocity measurement, obtained from correction using only aircraft INS in-
formation, for three different distances from the lidar. Additionally, the aircraft vertical wind
measurement is also displayed. Please note that the two quantities are different, as the lidar
radial velocity measurement contains the horizontal wind contribution. (c) Refined motion cor-
rected lidar radial velocity measurement, additionally corrected using the 1s moving average
of the ground return velocity residual. Aircraft vertical wind measurement as in panel above.
(d) Ground return velocity residual and 1s moving average used for refined motion correction.
Please note the adjusted y-axis limit.
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return velocity (Fig. 6.9d), in order to exclude ground return variation with higher frequency.

Higher frequencies do not necessarily contain physical information on the motion correction

accuracy (e.g. due to moving ground targets such as leaves, crops on the ground, see Fig.

6.9, extensively discussed in Ellis et al., 2019). Using the refined procedure the INS errors

can be further corrected, yielding very high accuracy measurements as shown in the following.

However, this procedure is only available when usable ground returns are identifiable (e.g. no

clouds, which is the case for > 80 % of the measurements, see Appendix A.5 for statistics).

Both procedures remove the majority of the measured radial velocity during the pitch maneu-

vers, as can be seen in Fig. 6.8b, c. During the roll and yaw maneuvers, again both procedures

perform similarly and extract the atmospheric contribution due to the horizontal wind (which

does not change noticeably during the yaw maneuvers). The magnitude of the atmospheric con-

tribution varies with altitude due to the changing wind speed and direction, with a maximum

below 500 m (Fig. 6.8, 6.9b, c). The discussed maneuver is conducted in an upwind direction

for the upper part of the profile, changing to a more crosswind component towards the lower

part of the profile. Consequently, at a southerly heading, the pitch maneuver is prone to sam-

ple more of the horizontal wind, especially in the upper part of the profile. However, as the

pitch amplitude is only 1/3 of the roll amplitude, the dominant effect visible is the atmospheric

contribution in the roll maneuver. The roll effect becomes even more dominant towards the

lower part of the profile, where the u and v components of the wind are approximately equal

(southeasterly direction) and the horizontal wind speed increases to 6 ms−1.

While the raw correction yields slightly more positive values compared to the refined correc-

tion, it is impossible to say which procedure is more reliable from these results alone, as the

atmospheric contribution is still included in the measurements (it is removed in the next sec-

tion). However, Fig. 6.9d shows that the measured ground return velocity residual is clearly

in phase with the pitch as well as roll maneuvers, giving rise to the assumption that there are

significant errors present in the INS. Further, Fig. 6.9c shows that the aircraft in-situ measured

vertical wind is also noticeably influenced by the PRY maneuvers, which it should not be for

an ideal aircraft measurement. Again, the aircraft vertical wind measurement is correlated with

the ground return velocity residual (but not exactly in phase), pointing to INS errors as a source.

Please note that the aircraft measured vertical wind has to be different from the lidar measured

radial velocities as no horizontal contribution is included. The two measures are only compa-

rable after removal of the horizontal wind contribution in the lidar measurement (Sec. 6.2.VI).

Summarizing, it is assumed that the ground return velocity correction is able to identify INS

navigational errors. This assumption is confirmed in the following sections, additionally it is

shown that the refined motion correction outperforms the raw motion correction considerably.

149



6. Assessment and application of airborne Doppler lidar wind observations using a prototype system

Motion correction accuracy assessment using measured ground return

velocities

The measured ground return velocities can also be used to perform an overall motion correc-

tion error assessment and quantification. As discussed in Sec. 3.5, assuming a perfect motion

correction procedure and ideal ground return velocity measurement, the ground return velocity

should always be 0 ms−1 after motion correction. The actual observed ground return velocities

include errors due to time synchronization, beam pointing-angle calibration and motion correc-

tion as well as ground return velocity measurement (e.g. errors in ground determination, lidar

radial velocity noise). The lidar radial velocity noise is not included in this error assessment as

the ground return shows systematically higher SNR compared to the atmosphere and thereby

incurs less uncorrelated noise. Consequently, an analysis of the ground return velocities al-

lows for a conservative estimation of the error associated with the time synchronization, beam

pointing-angle calibration and motion correction procedure.

Ground return mean

Figure 6.10 shows the leg-averaged mean values of the ground return velocity as a function of

aircraft pitch variance using the two previously discussed motion correction procedures. Air-

craft pitch variance is chosen as the abscissa, as it is closely associated with the vertical accel-

eration and motion of the aircraft, which is the most difficult component to determine using an

INS (Lenschow and Sun, 2007). Further, the pitch angle fluctuates around an almost constant

value for individual flight segments (as otherwise stable flight could not be maintained), mak-

ing the calculation of a variance meaningful. A histogram of the ground return velocities as a

function of distance from the ground level, obtained using the raw motion correction procedure,

is shown in Fig. A.2.

Starting with the values obtained from nadir legs, the mean ground return velocities cluster

around 0 ms−1 if the raw motion correction procedure is used, as desired (Fig. 6.10a). The

standard deviation of the mean ground return velocity is low (0.021 ms−1) and no correlated

increase with pitch variance is observed. For turn legs, the average ground return velocity is

also centered around 0 ms−1, showing that there is no systematic error in the motion correc-

tion. However, the standard deviation is noticeably increased to 0.053 ms−1. This observation

explains why no reliable beam pointing-angle calibration can be achieved from turn legs. PRY

maneuvers show the highest pitch variance, exceeding the pitch variance encountered during

any normal measurement leg. Thereby their suitability as a test environment for motion correc-

tion accuracy under extreme conditions is confirmed. The ground return velocity measurement

150



6.2. Measurement processing and quality evaluation

Fig. 6.10.: Ground return based assessment of motion correction errors for mean values using two differ-
ent motion correction procedures. Displayed is the leg-averaged mean ground return velocity
obtained using (a) only the aircraft data for motion correction, and, (b) the refined motion
correction procedure including ground return velocity residual correction. Results from all
flights and all legs are displayed as a function of aircraft pitch variance. The leg type is color
coded.

error for PRY is comparable to that during turns. An interesting feature is observable for as-

cending versus descending turns and nadir segments. All ascending legs shows systematically

low-biased ground return velocities, whereas the opposite is true for descending legs. This ob-

servation proves that there is a systematic error in the INS determined vertical aircraft velocity

during ascending and descending legs (which also biases the aircraft measured vertical wind,

not shown). Consequently, ascending or descending legs should not be used for analysis with-

out the availability of ground return velocity measurements, which can correct this systematic

error.

When using the refined motion correction procedure, the mean is brought to 0 ms−1 independent

of the flight situation, as expected and mandated by the correction algorithm (Fig. 6.10b).
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Fig. 6.11.: Ground return based assessment of motion correction error for variance measurements using
two different motion correction procedures. Displayed is the variance of the ground return
velocity for every leg, obtained using (a) only the aircraft data for motion correction, and, (b)
the refined motion correction procedure including ground return velocity residual correction.
Results from all flights and all legs are displayed as a function of aircraft pitch variance. The
leg type is color coded.

Ground return variance

The measured ground return velocity variance for each leg gives additional insight into motion

correction errors (Fig. 6.11). Using the raw motion correction, the measured ground return vari-

ance is low for all legs, V2
COR(RGRD) < 0.1m2 s−2. There is a clear separation in ground return

variance between nadir and turn legs. Straight and level nadir legs show systematically lower

ground return variances (< 0.01 m2 s−2), whereas turn legs show systematically higher ground

return variances. This observation is important, as it illustrates that the accuracy of the INS is

much higher during nadir legs compared to turns. Both nadir and turn legs show an increase

in ground return variance with increasing pitch variance, pointing to an increased raw motion

correction error for disturbed flight situations (if no ground return is available for correction).
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Nevertheless, the overall variance level for nadir legs remains so low that this increase is not

concerning and reliable variance measurements are possible from a motion correction perspec-

tive. Caution has to be used when analyzing variance measurements from turn legs without the

availability of ground return measurements (an exceptional case in any way). Once again, PRY

maneuvers provide an upper bound to the observable ground return variances.

The ground return variance is reduced by almost one order of magnitude (< 0.01 m2 s−2 for

turns and < 0.002 m2 s−2 for straight and level nadir legs), as all oscillations longer than 1 s are

removed. It is interesting to note that the ground return variance in turns is still elevated in turns

compared to nadir legs. Potentially this is due to a more noisy measurement environment in

turns, e.g. stronger high frequency vibrations of the aircraft body and increased g-load, which

may influence the laser uncorrelated noise level. The previously observed increase in ground

return variance with increasing aircraft pitch variance is strongly reduced, demonstrating that

the ground return correction works under all flight conditions.

It should be noted that the refined ground return velocity characteristics discussed here, achieved

with the refined motion correction, do not prove more accurate measurements by themselves.

For example, one could still imagine systematic errors in the ground return velocity determi-

nation (e.g. due to chirp, although this effect seems unlikely based on the results in Appendix

A.5). In this case, ground return correction would actually worsen the achieved measurement

accuracy (which also seems unlikely based on the in-phase variation with aircraft PRY maneu-

vers, Fig. 6.9). Further, for atmospheric wind measurements, additional effects such as the

projection of wind components onto the radial direction need to be accounted for. Therefore,

the next section proves that the refined ground return correction actually improves the measure-

ment accuracy and quantifies the improvement due to the refined motion correction procedure

based on atmospheric wind measurements.

Summary

Overall, based on the measured ground return velocities a conservative quantification of the

errors in the motion corrected radial velocity mean and variance due to time synchronization,

beam pointing-angle calibration and motion correction errors, is possible individually for every

leg. The average bias of the motion corrected velocities is determined to be negligible for both

nadir and turn legs. The standard deviation of the mean is determined as 0.021 ms−1 for nadir

legs and 0.053 ms−1 for turn legs before application of the refined motion correction. Both

bias and standard deviation are negligible for measurements obtained using the refined motion

correction procedure. The average systematic error of the measured radial velocity variance
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due to the aforementioned terms is calculated as the mean of the individual leg variances. It

is determined to be 0.003 m2 s−2 for nadir legs and 0.017 m2 s−2 for turn legs. The additional

variance becomes negligible when using the refined motion correction procedure. Theoretically,

the additional variance could be removed again from the atmospheric variance for each leg

based on the measured ground return variance over the respective leg. However, due to its small

magnitude, as well as the possible overestimation due to other factors influencing the ground

return velocity, the variance removal is not performed (instead, it is treated as an additional

uncertainty).

Scanning system changes

The methodology developed here is applicable to a scanning system in the same way. While the

accuracy of the INS is expected to be similarly for a scanning system, a number of additional

components can introduce errors in the beam pointing direction and therefore aircraft velocity

contribution. Important additional beam pointing errors can be introduced by the movement

of the scanner as well as twisting and bending of the whole installation (e.g. movement in

the shock mounts, vibration of the scanner boom outside the aircraft, gear play of the scanner

mirror). The developed ground return based accuracy assessment and refined motion correc-

tion procedure is therefore valuable for performance evaluation of a scanning system as well.

Further, the fixed aircraft installation investigated here can provide an important benchmark for

comparison as it does not suffer from the discussed additional error sources.

6.2.V. Terminal fall velocity of aerosol scatterers

The combined results of sections (I-IV) show that high accuracy motion corrected radial veloci-

ties can be obtained with the prototype ADL system. For wind profiling and nadir measurements

of the atmosphere, the radial velocity should be representative for the atmospheric wind contri-

bution. An important factor which could prevent a meaningful analysis is terminal fall velocity

of the scattering particles. Their velocity can differ from the atmospheric wind systematically

or randomly.

For example, for ADR, the scattering particles are cloud and rain droplets of varying size. De-

pending on their size, these droplets exhibit a systematic, non-negligible terminal fall velocity

which needs to be accounted for. For the used prototype ADL (wavelength 1.6 µm) the scatter-

ing particle size is typically in the range 0.1− 10 µm (Mie-scattering regime). Consequently,

the terminal fall velocities are on the order of 10−7 − 10−3 ms−1 (0.1− 1000 cmh−1), which

are negligible for wind measurement purposes (Fig. 6.12, extracted from Seinfeld and Pandis,
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2006). Velocity retrieval from clouds or rain must be avoided, as there terminal fall velocity

can be larger and an additional chirp effect is present due to the hard target characteristics. The

procedures to avoid cloud retrievals are outlined in Sec. 6.2.III.

Fig. 6.12.: Terminal fall velocity of particles in air
at 298 K and 1000 hPa as a function of
particle diameter. Figure taken from Se-
infeld and Pandis (2006). © John Wiley
and Sons, re-used with permission.

Random movement direction and speed of the

scattering particles is a factor which needs

to be considered for ADL. All particles are

subject to random motion which is superim-

posed on the mean motion. The kinetic en-

ergy of the random motion is proportional to

the temperature of the particles. The scat-

tering aerosols are rather large compared to

molecular components, therefore their ran-

dom motion is smaller. Aerosol motion can

be considered as a random process (as the

movement of the particles is not systemati-

cally oriented), which leads to a broadening

of the Doppler spectrum (Werner, 2005). The

mean wind is unaffected, as the aerosols do not exhibit a systematic motion. Thereby, aerosol

movement within the probe volume also contributes to the radial velocity noise εrv (Frehlich,

1997). Consequently, the effects of random aerosol movement are generally small and cap-

tured as part of the uncorrelated noise estimation. Hence, they do not require separate detailed

treatment here.

6.2.VI. Non-nadir beam pointing - horizontal wind contribution removal

The combined results of sections (I-V) show that high accuracy motion corrected radial veloci-

ties, representative for the atmospheric wind projection onto the beam, can be obtained with the

prototype ADL system. Thus, the previous sections are sufficient to demonstrate the reliability

and accuracy of the ADL prototype measurement system for wind profiling purposes. For wind

profiling, the additional error due to a violation of the flow homogeneity assumption needs to

be considered. However, this error is not part of the measurement system accuracy evaluated

here as it is investigated using the ADLS in Chap. 5.

Besides wind profiling, an important task of an ADL system for BL research is the analysis of

the vertical wind by means of nadir measurements. For this purpose, additional error contribu-

tions exist, which need to be further analyzed and quantified (see overview in Sec. 3.5). This
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Fig. 6.13.: Illustration of motion and horizontal wind correction procedure for PRY maneuver during the
morning flight on 18 July 2019, display characteristics as in Fig. 6.8. As motion and horizon-
tal wind correction is performed, the corrected velocities theoretically show the atmospheric
vertical wind contribution to the measurement. (a) Uncorrected lidar radial velocity measure-
ment. (b) Raw motion and horizontal wind corrected lidar measurement (color coded curtain),
with motion correction obtained using only aircraft information. Additionally, the aircraft ver-
tical wind measurement is extended vertically by ±50m and displayed at flight level as a color
coded line. Please note the adjusted colorbar range. (c) Refined motion and horizontal wind
corrected lidar measurement (color coded curtain). Motion correction obtained by addition-
ally using the 1s moving average of the ground return velocity residual. Aircraft vertical wind
measurement as in panel above. (d) Lidar SNR. The ground elevation determined using a
DEM is displayed as a black line in all panels.
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Fig. 6.14.: Data for motion correction procedure for PRY maneuver during the morning flight on 18 July
2019 (Fig. 6.13). (a) Aircraft measured pitch, roll and heading angles. (b) Raw motion and
horizontal wind corrected lidar measurement, using only aircraft information, for three dif-
ferent distances from the lidar. Additionally, the aircraft vertical wind measurement is also
displayed. Please note that the measurements are taken at different locations both horizontally
and vertically. (c) Refined motion and horizontal wind corrected lidar measurement, addition-
ally corrected using the 1s moving average of the ground return velocity residual. Aircraft
vertical wind measurement as in panel above. (d) Ground return velocity residual and 1s
moving average used for refined motion correction. Please note the adjusted y-axis limit.
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section deals with the problem that the beam does not point exactly towards nadir at all times.

Due to the fixed installation of the lidar inside the cabin, aircraft movements due to pitch, roll

and yaw are not compensated. Consequently, the lidar beam deviates from the nadir direction

and samples a contribution of the horizontal wind, as previously seen, which is unwanted for

vertical wind measurements. The magnitude of the horizontal wind projection depends on the

deviation of the beam from nadir as well as the vertical profile of the horizontal wind. If the

vertical profile of the horizontal wind is known, this unwanted contribution due to the horizontal

wind can be removed again, as done by Leon et al. (2006) and Chouza et al. (2016b).

Demonstration of horizontal wind contribution removal

In the following, the principle of the mean horizontal wind contribution removal (also termed

post-processing in the following) is illustrated based on the same PRY maneuver analyzed in

the previous section. The horizontal wind present during the PRY maneuver is estimated from

the obtained ADL wind profile directly prior to the PRY maneuver (Fig. C.26). Results are

presented in Fig. 6.13 and Fig. 6.14 using the previous display arrangement, but showing the

lidar measurements corrected for the horizontal wind contribution (VPST , post-processed). Both,

the post-processed, raw motion corrected measurements (Fig. 6.13b) and the post-processed,

refined motion corrected measurements (Fig. 6.13c) remove the majority of the atmospheric

contribution due to the horizontal wind present in Fig. 6.8b, c. However, especially during the

roll maneuver, structures in-phase with the roll movement are still identifiable. For the presented

PRY maneuver the refined motion correction performs noticeably better, with the measurements

centered around the expected 0 ms−1 and weaker discernible residual structures. This improved

performance is shown to be systematic in the following.

Detailed analysis of the post-processed measurements reveals further interesting features (Fig.

6.14b, c). The raw motion corrected, post-processed lidar measurement still exhibits unwanted

noticeable structure during the pitch maneuver, similar to the vertical wind measured in-situ by

the aircraft. The refined ground motion corrected lidar measurement, on the other hand, shows

no such artifacts and clearly outperforms the in-situ vertical wind measurements during pitch

maneuvers. This invariance to pitch maneuvers is an important finding, as it provides confidence

in the applied ground correction algorithm even under extreme measurement conditions. The

finding also confirms that the vertical aircraft velocity component is the most difficult to estimate

using the INS, as potential errors are unbounded (Lenschow and Sun, 2007). For the roll and

yaw maneuvers the refined values are centered more around zero, but amplitude-wise both the

raw and refined procedure provide similar results, which are also comparable to the aircraft
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vertical wind measurement uncertainty. The larger lidar uncertainty during roll maneuvers is

founded in the less certain lidar beam pointing-angle in the by-direction (Sec. 6.2.II), as well as

the smaller aircraft velocities introduced in this direction, making the impact of noise and other

measurement errors more important.

As a summary, the results of the horizontal wind contribution removal in post-processing are

promising. This is especially true when bearing in mind the extreme non-steady aircraft states

reached during the PRY maneuver, which strongly exceed normal measurement conditions. The

absolute accuracy of the lidar vertical wind measurement can equal or surpass that of the in-situ

aircraft measurement. The additional variance introduced due to the projection of the horizontal

wind into the measurement is strongly reduced.

Horizontal wind post-processing accuracy assessment

For overall quantification of the vertical wind measurement accuracy under a range of condi-

tions, this work employs a two-step approach to account for the influence of the horizontal wind

projection on both the vertical wind mean and variance.

As a first step, already demonstrated, the contaminating contribution of the horizontal wind to

the nadir measurement is strongly reduced by removing the contribution of an assumed hori-

zontal wind field along the flight track (Leon et al., 2006; Chouza et al., 2016b). The horizontal

wind field is calculated from quality controlled wind profiles obtained from wind profiling,

which was conducted in the vicinity of each nadir leg. For short legs with < 5 min duration the

closest available wind profile is used, whereas for longer legs a linearly interpolated wind field

is calculated from the preceding and subsequent wind profiles. A well-suited measure to assess

the overall error of the post-processed data is the mean vertical wind measured by the ADL

over extended legs. For continuity reasons the vertical wind must average to 0 ms−1, if longer

flight legs are used and no large scale processes (e.g. synoptic forcing, meso-scale phenomena,

complex terrain) are present. As a second step, the uncertainty of the calculated vertical wind

variance, due to the non-nadir pointing beam, is estimated based on an uncertainty estimation

method developed by Strauss et al. (2015). Last, their method is modified to account for the

reduced uncertainty due to horizontal wind post-processing in the work presented here.

Vertical wind mean retrieval error

Results for the leg-averaged mean vertical wind measurements are shown for all legs on all

flights in Fig. 6.15 for the second range gate and in Fig. 6.16 for all range gates. All measure-

ments with a minimum data availability of 60 s are analyzed.
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Fig. 6.15.: Leg-averaged mean values of the motion and horizontal wind corrected ADL vertical wind
measurements as a function of aircraft pitch variance. In (a) the vertical wind measurements
obtained using only the aircraft INS data for motion correction are shown. In (b) the vertical
wind measurements obtained using the refined motion correction procedure are shown. Re-
sults are shown for all flights and all legs with a minimum length of 60 s. The leg type is
color coded, the leg length is displayed through the filled circle area. The displayed data is
calculated using the second range gate from the aircraft, as the first range gate contains fewer
measurements due to the lidar blind zone proximity.

When using the raw motion corrected data for post-processing (Fig. 6.15a, 6.16a), the values

fluctuate around the desired 0 ms−1, but exhibit non-negligible scatter independent of the air-

craft pitch variance. The scatter is larger for turns compared to nadir legs (besides the obvious

result of larger scatter with shorter averaging), as during turns the motion correction accuracy is

compromised (see Sec. 6.2.IV). The scatter present in the nadir leg estimates of the mean verti-

cal wind appears too large to be explainable by large-scale processes, pointing to measurement

errors as a cause.

This assumption is confirmed by an investigation of the mean vertical wind obtained from the

refined motion corrected data with horizontal wind post-processing applied (Fig. 6.15b, 6.16b).
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All flight situations show a much more defined distribution of the vertical wind with strongly

reduced scatter, while still being narrowly centered on a mean value of 0 ms−1. Both nadir

and turn legs show a slight increase in scatter with increasing aircraft pitch variance, which is

explained with the difficulty of an accurate horizontal wind projection removal under turbulent

conditions (the ground return variance only showed a minor variance increase with increasing

pitch variance, therefore decreased motion correction accuracy is unlikely as a cause). Turn legs

still show an elevated level of scatter compared to nadir legs, which can be explained by three

reasons. First, turn legs are systematically shorter than nadir legs, leading to a less fulfilled zero-

mean vertical wind assumption. Second, turn legs are conducted in a more limited spatial area

(due to the circle flight path) and thereby also suffer more from local flow phenomena, violating

the zero-mean vertical wind assumption. Third, as previously discussed, the refined motion

correction accuracy is slightly degraded in turns compared to nadir legs. Nadir legs show very

little scatter, therefore the observed residual scatter may well be due to actual meteorological

meso-scale phenomena violating the zero-mean vertical wind assumption (see Sec. 6.7 for an

example).

For the overall accuracy assessment, the remaining average bias and standard deviation of the

mean vertical wind for all range gates on all legs is used for the estimation of an upper er-

ror bound. This is clearly a very conservative estimate, since all remaining atmospheric wind

contributions present in the measurements are attributed to ADL measurement error. Further,

all error sources from the terms (I-V) are included in this estimate as well. Consequently, one

obtains a bias of 0.029 ms−1 and a random error of 0.219 ms−1 for nadir measurements of the

mean vertical wind using INS-based motion correction. Using the refined motion correction

this accuracy can be improved by lowering the bias slightly to 0.027 ms−1 and the random error

substantially to 0.125 ms−1. Turn legs show slightly degraded accuracy due to the three factors

discussed above, but nevertheless very reliable results.

Overall, this analysis shows that the ADL measurements of the mean vertical wind provide

excellent accuracy under a wide range of conditions. The achieved accuracy confirms both

the reliability of the motion correction procedure as well as the horizontal wind removal in

post-processing. The refined motion corrected data performs superior to the raw motion cor-

rected data. This outcome was suggested by the results in the previous section already and the

mean vertical wind analysis provides the final confirmation. Although the raw motion corrected

data is far from being unusable, the added value of the refined motion correction procedure is

substantial. Consequently, in the following all presented results are obtained using the refined

motion correction procedure, whenever a usable ground return signal is available.
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Fig. 6.16.: Leg-averaged mean values of the lidar motion and horizontal wind corrected vertical wind
measurements as a function of aircraft pitch variance. In (a) the vertical wind measurements
obtained using only the aircraft INS data for motion correction are shown. In (b) the vertical
wind measurements obtained using the refined motion correction procedure are shown. Re-
sults are shown for all flights and all legs with a minimum length of 60 s. The leg type is
color coded, the leg length is displayed through the filled circle area. The displayed data is
calculated using all range gates starting from the second.

As a side note, one can also compare the leg-averaged lidar data to the leg-averaged in-situ

aircraft measurements for investigation of measurement accuracy, although the two measure-

ments are collected at different altitudes and therefore may suffer from systematic differences.

For nadir legs, this comparison yields results similar to the pure lidar results discussed here.

However, the aircraft vertical wind measurement is strongly positive biased for left turns, and

slightly negative biased for right turns, making the comparison meaningless in turns. The bi-

ased aircraft measurements during turns were discussed with the operator of the aircraft but no

solution could be found before the completion of this work (see previous discussion on INS

accuracy and Sec. 6.3).
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Accuracy of the vertical wind variance retrieval

The variance obtained using the post-processed, horizontal wind corrected data cannot be easily

evaluated for uncertainty as is possible for the mean, because it is not bounded by a constraint

similar to the zero-mean vertical wind. Direct comparison to the in-situ aircraft measurements

is also not advisable, as the variance exhibits a non-constant vertical profile and other factors

such as pulse-volume averaging also play a role (Sec. 6.2.VII).

Due to the difficulty in assessing the influence of the horizontal wind projection on the measured

variance directly (see Fig. 6.13 for an example with extreme aircraft movement), an extensive

method for uncertainty estimation has been developed by Strauss et al. (2015). The method

was developed for usage with raw motion corrected data (not corrected for horizontal wind

contribution in post-processing), as the assumption of a linear wind field is not fulfilled in their

study due to measurements in complex terrain. Therefore, the method is adapted here to provide

uncertainty estimates when using horizontal wind contribution post-processed data (which is

preferable as the removal of the horizontal wind contribution greatly reduces the erroneously

introduced variance).

The uncertainty estimation method developed by Strauss et al. (2015) splits the erroneous vari-

ance contribution in the lidar signal into two separate factors (see Appendix A.7 for the theory

and formulas associated with this paragraph). First, additional variance β2
HC is contributed by

the horizontal wind projection, e.g. due to variance in aircraft pitch and roll, creating a biased

variance measurement as this contribution can only be positive. In their study, the additional

variance is created due to the atmospheric mean wind contribution (Fig. 6.9c), as well as due

to the additional movement of the lidar beam along the track (e.g. slicing through additional

up- and downdraft to the left and right of the track due to roll maneuvers). Their uncertainty

estimation only provides an upper bound of the possible systematic offset and not an exact es-

timate, therefore, the systematic offset cannot be removed (as is done for the random radial

velocity noise contribution) but has to be treated as an additional systematic uncertainty. In this

work, the former contribution is strongly reduced using the discussed post-processing of the

lidar measurements to remove the horizontal wind contribution. The latter term for additional

variance cannot be mitigated when using a fixed beam system and needs to be accounted for (it

could be mitigated when using a motion compensated scanning lidar system). Second, an addi-

tional random uncertainty ε2
HC , which can have either sign, can be present in the measurements,

e.g. due to non-zero mean pitch and roll angles (there is a constant pitch-up angle for the Do128

for regular straight and level flight, increasing with flight altitude) and other contributions.

163



6. Assessment and application of airborne Doppler lidar wind observations using a prototype system

Fig. 6.17.: Uncertainty of the lidar measured vertical wind variance due to horizontal wind contamination
as a function of aircraft pitch variance, calculated based on Strauss et al. (2015). Vertical
lines show the range up to the maximum positive systematic offset β2

HC of the measured
variance. Circles show the random uncertainty ε2

HC in the measured variance, which can
be a negative or positive contribution. (a) shows both terms considering the full horizontal
wind projection as a contaminating source, assuming no horizontal wind correction in post-
processing (as in Strauss et al., 2015). (b) shows the reduced version of both terms, which can
be achieved if a linear wind field is assumed and horizontal wind correction is applied in post-
processing. Results are shown for all flights and all legs with a minimum length of 60 s. The
leg type is color coded, the leg length is displayed through the filled circle area and line width
respectively. The displayed data is calculated using the second range gate from the aircraft, as
the first range gate contains fewer measurements due to the lidar blind zone proximity. Please
note that (differing from previous figures) both panels use the more accurate refined motion
corrected data.

Both uncertainty contributions are visualized in Fig. 6.17. The full uncertainty estimates based

on Strauss et al. (2015), using the refined motion corrected data but without horizontal wind

removal in post-processing, is shown in Fig. 6.17a. As expected, variance measurements from

turns legs without removal of the mean wind contribution are impossible, as the main variance

contribution is due to the mean wind signal. Consequently, turn legs suffer from high possible
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systematic offsets due to non-zero mean pitch and roll (β2
HC). Turn legs also have increased

random uncertainty due to ε2
HC , which is also expected as pitch and roll are more variable dur-

ing turns compared to nadir legs. For nadir legs, there is a general increase of the uncertainty

with increasing pitch variance for both β2
HC and ε2

HC , as both contain the sampled radial veloc-

ity variance as important terms, which increases with increasing pitch variance. The potential

systematic offset β2
HC increases less compared to the random uncertainty ε2

HC . Compared to

the previously discussed uncertainties, the levels observed here are non-negligible (ε2
HC up to

0.2 m2 s−2, average 0.066 m2 s−2 for nadir measurements) and can present an important contri-

bution to the lidar measured variance.

Due to the potentially high magnitude, a reduction of the discussed uncertainty is desirable for

ADL measurements inside the disturbed BL. To this end, the theory presented by Strauss et al.

(2015) is combined with the procedure of Chouza et al. (2016b) for horizontal wind contribution

removal here, resulting in a modified version of the Strauss et al. (2015) theory, explained in

Appendix A.7.

Figure 6.17b shows the reduced uncertainty estimate obtained using the new approach. As ex-

pected, both the systematic offset and random uncertainty during turn legs are greatly reduced.

Thus, variance measurements are also possible during turn legs (as conducted by Lothon et al.,

2005, for ADR already, however, without estimating the uncertainties discussed here). Even

better accuracy can be achieved for nadir legs, where the potential systematic offset is further

reduced to negligible values < 0.01 m2 s−2. The random uncertainty is also reduced, although

less, and a noticeable increase with aircraft pitch variance up to values of 0.15 m2 s−2 remains.

Overall, the random uncertainty in nadir variance measurements due to ε2
HC is not generally

negligible and can cause noticeable uncertainty for disturbed measurement flight conditions.

Fortunately, a leg-specific, conservative estimation is possible through the modified Strauss

et al. (2015) framework.

Scanning system changes

For a scanning system, the above discussed errors can be mitigated or at least strongly reduced,

if the scanner is able to compensate for the aircraft attitude in real time, based on transmitted

INS data. In this case, the beam points towards nadir at all times, and thereby no contaminat-

ing horizontal wind projection is introduced. The limitation in this case is the accuracy of the

transmitted aircraft attitude angles (pitch, roll, yaw) as well as the scanner motion compensation

speed and accuracy. The theory and algorithms developed here, especially using PRY maneu-
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vers, allow for quality control of the motion compensation accuracy of the scanner in the same

way as conducted here for the fixed beam installation.

6.2.VII. Pulse-volume averaging

The spatial extent of the lidar pulse and range gate volume cause smoothing of fine-scale struc-

tures present in the wind field (Sec. 3.1). In general, this PVA results in an underestimation of

the variance and an overestimation of the length scales measured by the lidar (Fig. 3.1), com-

pared to what would be measured by an ideal in-situ measurement (Frehlich, 1997; Frehlich

et al., 1998; Frehlich and Cornman, 2002; Davies et al., 2004; Frehlich et al., 2006; Lothon

et al., 2006; Stawiarski, 2014; Brugger et al., 2016). To resolve this problem procedures exist

to correct for the PVA based on theoretical turbulence models. In this work, PVA is corrected

based on a method introduced by Frehlich et al. (2006), which is presented, modified for air-

borne application and evaluated in the following.

As the moving lidar beam from the ADL samples a two-dimensional plane in the atmosphere,

two averaging processes can occur. First and most importantly, along-beam averaging takes

places due to the spatial extent of the lidar pulse along the beam. Second, for a nadir staring

beam, moving with the speed of the aircraft platform, averaging in the direction of the horizontal

movement (orthogonal to the lidar beam direction) also occurs as 75 pulses are combined to

produce one radial velocity measurement (duration 0.1 s). Frehlich and Cornman (2002) show

that the horizontal averaging, orthogonal to the lidar beam direction, can be neglected if the

movement ∆h of the lidar during one velocity estimation is much smaller than the range gate

length of each velocity estimate (∆h << ∆p). In this work, ∆h ≈ 6.5m (10 Hz measurement

frequency at an aircraft speed of ≈ 65ms−1) and ∆p = 72m, thereby ∆h/∆p ≈ 0.1, which is

sufficient to fulfill this condition according to Frehlich and Cornman (2002). Consequently,

spatial averaging in the horizontal (orthogonal to the lidar beam direction) can be neglected

in this work. Thereby, the averaging in along-beam direction remains as an important driver

of PVA and needs to be accounted for. In this work, the along-beam PVA is corrected using

the azimuthal structure function technique introduced by Frehlich et al. (2006). The azimuthal

structure function technique corrects along-beam PVA based on a structure function calculation

orthogonal to the beam direction, which should not be confused with the neglect of averaging

in this direction. The technique is introduced in the following, it is modified for usage with the

vertical wind, its applicability is checked and the uncertainty associated with the correction is

evaluated. For the sake of brevity, the associated formulas are not shown here but provided in

Appendix A.8 instead.
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Pulse volume averaging correction procedure

Due to the lidar viewing geometry, most often the PVA effect is corrected through structure

function calculation and analysis in along-beam direction (Frehlich, 1997; Frehlich et al., 1998;

Frehlich, 2001; Frehlich and Cornman, 2002). However, a disadvantage of this technique is its

coarse vertical resolution for nadir measurements. A number of range gates are necessary to

determine the structure function, thus only one PVA corrected value of variance and integral

length scale can be obtained for the whole BL. Due to this disadvantage, an extension of ex-

isting techniques is proposed by Frehlich et al. (2006). He provides a model of the structure

function and associated PVA correction for a two-dimensional plane, calculated for movement

orthogonal to the beam pointing direction (while still neglecting spatial averaging in the move-

ment direction, orthogonal to the beam pointing direction, and requiring ∆h << ∆R, with ∆R

being the effective range resolution, ∆R = ∆p+∆r). Consequently, the resolution in along-

beam direction is significantly improved, enabling PVA correction for every individual range

gate along the beam. Frehlich et al. (2006) proposes a version of the pulse-volume averaging

correction for scans over varying azimuths at fixed elevation (PPI scans, hence azimuthal tech-

nique), while assuming a two-dimensional cartesian geometric analysis plane (orthogonal to

the beam pointing direction). The cartesian geometric analysis plane assumption is fulfilled for

the ADL from the beginning, making the technique applicable. Differing from Frehlich et al.

(2006), the technique is applied to the vertical wind in the work presented here, as in Lothon

et al. (2006). According to Frehlich (2000), the analysis of the vertical wind is the most robust

analysis scheme, since the mean vertical wind is zero and vertical wind velocity statistics are

well behaved. For analysis, isotropy is assumed, therefore the length scales of the vertical wind

in both transversal directions are assumed to be equal (e.g. in the horizontal x and y direction,

see Lothon et al., 2006, for the differentiation between longitudinal and transversal length scales

for the vertical wind). Consequently, no distinction is made in the PVA correction procedure for

cross-wind vs. along-wind legs. The validity of this assumption is checked in Sec. 6.7. Based

on the results by Frehlich and Cornman (2002), the averaging in the direction orthogonal to the

beam is neglected and only the PVA in along-beam direction is considered (as is also done in

Frehlich et al., 2006).
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Fig. 6.18.: Vertical wind measurements and structure functions used for PVA correction for two flight
legs during flight 4 discussed in Sec. 6.7. (a) Displayed is the motion and wind corrected
ADL measurement for the range gate R8 (10:46:30-10:55:15 UTC). Further displayed is the
Do128 in-situ vertical wind measurement (10:58:30-11:07:45 UTC), conducted in close spa-
tial and temporal proximity by approximately retracing the measurement path of R8 at a sim-
ilar vertical level. (b) Structure functions calculated using the vertical wind measurement and
modeled using the modified azimuthal structure function technique based on Frehlich et al.
(2006). Labels according to the specifications given in the text, measured structure functions
are marked as points and their symbols denoted with a hat, whereas idealized structure func-
tions are marked as lines. The Do128 structure functions extends to smaller separations due
to the higher measurement frequency of 100 Hz compared to 10 Hz for the ADL.

In the following, the PVA correction procedure using the modified azimuthal structure function

technique is illustrated and discussed for one representative example (Fig. 6.18). The PVA cor-

rection procedure is applied exemplary for the flight legs discussed in Sec. 6.7. For this flight

section the path of the lowest lidar measurement level (R8) was retraced by the aircraft after the

initial measurement, in close spatial and temporal proximity. Thereby, additional in-situ data is

available to illustrate and verify the PVA correction procedure, although the in-situ data cannot

correspond to the lidar measured data in absolute values (details on the measurements are pro-

vided in Sec. 6.7). A maximum of 22 minutes passed between the two measurements (begin
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of lidar measurement to end of aircraft measurement), a time period for which stationarity can

usually assumed to be valid. Unfortunately, no co-located ground measurements were available

to capture the temporal evolution of the wind at a fixed location due to the test character of the

flights. Besides the temporal evolution, comparison of the absolute values has to be interpreted

with care, as the measurements were conducted in the presence of vertical gradients, thereby

small vertical displacements can cause differences. Nevertheless, basic visual analysis shows

that the in-situ data of the aircraft exhibits more and stronger fluctuations at small scales com-

pared to the lidar data (Fig. 6.18a). The aircraft measured in-situ data shows a higher vertical

wind variance of 1.03 m2 s−2 compared to the PVA compromised value of 0.87 m2 s−2 for the

lidar. Further, the aircraft measured integral length scale of 82 m is noticeably shorter than the

lidar measured, PVA compromised integral length scale of 141 m. The same analysis scheme

as discussed already is also shown in Fig. C.27 during the first leg (for the same time as the

measurement of V2
PST,GRD(R8)), but for the uppermost lidar range gate R1 and the aircraft in-situ

data measured 400 m above. Due to the temporal co-location of measurements, some agreement

between the vertical wind time series is observed. However, the aircraft was flying close to the

BL top (approx. 0.9zi, below the cloud base), therefore the vertical gradient in the variance and

integral length scale profile makes a direct comparison impossible. Further, during the second

part of the leg, the lidar measures noticeably different turbulent structures compared to the air-

craft (the vertical wind magnitude exceeds the ADL measurement uncertainty by an order of

magnitude and the structures are vertically persistent towards the ground).

The PVA effect is corrected based on idealized structure functions, which are generated utiliz-

ing a von-Karman turbulence model (see Appendix A.8 for the associated formulas). For these

idealized structure functions, the PVA effect can be taken into account based on existing theory

(Frehlich, 1997; Frehlich et al., 1998; Frehlich and Cornman, 2002; Frehlich et al., 2006). Based

on the theory by Frehlich et al. (1998, 2006), idealized PVA-compromised structure functions

Dwgt are generated utilizing the structure function of a von-Karman model Draw. The idealized

PVA-compromised structure function takes into account the pulse length and range gate length

of the lidar setup (Sec. 3.1) as well as the measurement geometry (two-dimensional plane).

Then, the real, observed structure function D̂wgt (also PVA-compromised, noise corrected from

D̂noi) is fitted to the idealized PVA-compromised structure function. For calculation of the

structure function VPST,GRD is used. Figure 6.18b shows that the idealized PVA-compromised

structure function generally matches with the observed structure function down to small sepa-

rations. This general agreement gives confidence in the applicability of the von-Karman model

(discussed in detail in the next section) as well as the simulated PVA effect using the azimuth

structure function technique. Another example is given in Fig. C.27b, where the idealized com-
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promised structure function and the lidar measured structure function differ more noticeable.

The PVA correction works as expected (variance increase, integral length scale decrease), but

due to the deviations the PVA correction should be treated with caution (also shown by the in-

creased length scale uncertainty). The LSQ-fit contains V2
PV A,wgt,LPV A,wgt as free parameters,

which are fitted as a function of the structure function separation s. The LSQ-fit is bounded

by the coefficient limits 0-10 m2 s−2 for the variance and 0-1500 m for the integral length scale

(0-2000 m for the outer scale), structure function estimates in the range 10m < s < 6000m are

used (a higher upper bound is used compared to ground-based studies due to the faster aircraft

speed compared to the wind advection speed). Thereby, the best suited parameters to describe

the observed measurements are determined from the model, but with consideration of the PVA

effect. The PVA-corrected values of V2
PV A,wgt,LPV A,wgt are also those which can then be used

to reconstruct a not PVA compromised structure function Dcor , using the original von-Karman

model again without accounting for the effect of PVA (for illustrative purpose only). This re-

construction is the structure function as it would be measured by an in-situ measurement not

affected by PVA. Comparison with the aircraft in-situ measured structure function D̂Do128 (Fig.

6.18b) shows that the reconstructed structure function Dcor agrees better than the original struc-

ture function Draw, both in level and in shape. Observable differences are related to temporal

and/or spatial displacements between the measurements as well as uncertainty in the applied

PVA correction procedure.

Figure 6.18b also clearly shows the advantage of using the azimuthal structure function tech-

nique compared to the longitudinal technique. Due to the calculation orthogonal to the beam

pointing direction, the structure function is resolved down to very small separations of 7 m
(compared to every 72 m for along-beam calculation). Besides the aforementioned higher verti-

cal resolution of 72 m compared to several hundred meters, the critical, strongly varying region

of the structure function is captured better and can be evaluated.

Applicability and uncertainty of the pulse volume averaging correction

procedure

Before relying on the PVA correction procedure the general applicability of the von-Karman

model in describing the turbulence present needs to be evaluated (besides investigating the

LSQ-fit quality). Applicability is checked by comparing the V2
PV A,raw,LPV A,raw values obtained

from the raw transversal von-Karman model fit (without accounting for PVA) to those obtained

from the direct calculation, as is done by Brugger (2014).
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Fig. 6.19.: Comparison of (a) the variance and (b) the integral length scales obtained using the direct
calculation and the fit of the observed structure function to the raw transversal von-Karman
model. ADL measurements are displayed for all altitudes on all nadir legs with a minimum
leg length of 60 s. The leg length is displayed through the circle area. The altitude of the
individual measurements compared to the BL height is color-coded, the von-Karman model
is only expected to yield reliable results inside the BL. Vertical deviations from the 1:1 line
show the uncertainty ε2

PV A associated with the PVA correction procedure, due to questionable
applicability of the idealized von-Karman model. For points circled in gray the PVA correc-
tion cannot be applied due to their location above 1.0 zi and the associated non-applicability
of the von-Karman model.

Before getting started, a remark on the transversal versus longitudinal von-Karman model and

its application in the Frehlich et al. (2006) procedure is necessary: One should not confuse the

neglect of averaging in the direction orthogonal to the beam with the calculation of the measured

structure function in a direction transversal to the vertical wind (orthogonal to the beam pointing

direction, in the horizontal, therefore transversal to the vertical wind direction). Consequently,

for the results presented here, the applicable model structure function is the transversal von-

Karman model as in Frehlich et al. (2006) (which is derived from the longitudinal model but

includes an additional term). However, as discussed in Appendix A.8, PVA correction of the

vertical wind warrants a modification of the Frehlich et al. (2006) technique, as the length

scales defined therein are in a longitudinal direction, whereas they are measured in a transversal

direction when using the vertical wind. Hence, a factor 2 is necessary to capture the difference

between the length scales (Houbolt et al., 1964).
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The results obtained from the raw model fit are shown in Fig. 6.19 for the raw transversal von-

Karman model using ADL measurements for all flights from all nadir legs and all levels with a

minimum data availability of 60 s (including turns gives very similar results but is not displayed

here to avoid overcrowding the figures). The variance shows very high agreement over the full

range with very limited deviation from the 1:1 line, independent of the available leg length. This

finding is promising, as it shows that the raw transversal von-Karman model is generally able to

represent the measured variance well. Good agreement is also observed for the integral length

scale, although noticeably more scatter is present. The scatter, as well as unreliable length scales

> 500m, are associated with measurements above the BL (the BL height is determined from the

lidar measurements themselves and aircraft profiles in close proximity). In this region, the von-

Karman model cannot yield reliable results as no homogeneous turbulence is present (therefore

also the definition of a length scale itself becomes futile). As expected, the PVA correction can

thereby not be applied outside the BL (and this is also unnecessary, as the non-PVA corrected

lidar measurement are reliable in this region already, as is shown in Sec. 6.4).

It should be noted, that the agreement between the directly calculated quantities and the raw

von-Karman model fit, shown here, is substantially better than the comparison shown in Brug-

ger (2014). Most likely, the improvement is due to the more reliable statistical properties of

the analyzed time series when using airborne measurement platforms, as well as the more ap-

propriate usage of the transversal von-Karman model for the vertical wind, including the factor

2 mentioned before. Non-negligible differences between aircraft and ground-based measure-

ments for vertical wind statistics are also documented by Adler et al. (2019). Stationarity is

better fulfilled when using airborne platforms compared to ground-based measurements due to

the shorter measurement periods. Similarly, the applied Taylor hypothesis is also better ful-

filled, as the aircraft speed is considerably higher than the wind advection speed. As another

side effect, the autocorrelation of the data is thereby also reduced, providing for more reliable

statistics (as an averaging over more eddies is possible).

To my knowledge, no theory exists on the estimation of the uncertainty associated with the

PVA correction procedure. For this reason, a simple approach is chosen here: The uncertainty

ε2
PV A associated with the PVA correction procedure, e.g. due to questionable applicability of the

idealized von-Karman model, is approximated by the difference between the raw von-Karman

model fit and the direct estimates.

All of the procedures outlined above were also implemented using the autocovariance functions

instead of the structure functions, based on the theory provided by Frehlich (2000) and Brug-

ger (2014). The results (not shown for the sake of brevity) are very similar to those obtained

using the structure function based approach, giving confidence in the applied algorithms. As ex-
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Fig. 6.20.: Effect of PVA correction procedure on (a) the variance and (b) the integral length scales. The
PVA corrected values are shown in comparison to the raw von-Karman model estimates. ADL
measurements are displayed for all altitudes on all nadir legs with a minimum leg length of
60 s. The leg length is displayed through circle area. The altitude of the individual measure-
ments compared to the BL height is color-coded, the von-Karman model is only expected
to yield reliable results inside the BL. Deviations from the 1:1 line show the PVA correction
β2
PV A. For points circled in gray the PVA correction is not applied in the final data due to their

location above 1.0zi and the associated non-applicability of the von-Karman model. Vertical
bars illustrate the uncertainty ε2

PV A associated with the PVA correction procedure based on
the raw von-Karman model applicability.

plained by Brugger (2014), small existing differences in the obtained results between using the

structure and autocovariance function can be explained due to the different weighing of points

by the fit routines. The more stable results reported by Brugger (2014) when using the auto-

covariance based approach can not be confirmed here, possibly due to the already very stable

results when using the structure function based approach.

Effect of pulse volume averaging correction procedure

After evaluation of the applicability of the von-Karman turbulence model the PVA correction

can be applied to all measurements inside the BL. The results are shown in Fig. 6.20, comparing

the values obtained from the raw von-Karman model fit to those using the PVA weighted model.

The comparison to the directly estimated values is shown in Fig. C.28.
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Both show results as expected and are very similar between each other. The PVA corrected

variances are considerably increased on the order of 0−30%. The relative increase is stronger

for lower variances, where the lidar ’loses’ more of the variance due to PVA because these

are associated with shorter integral length scales on average. Consequently, in absolute num-

bers, the PVA correction increase is almost constant over a wide range. For the variance, the

PVA correction magnitude is well above the uncertainty associated with the application of the

von-Karman model (which is ε2
PV A = 0.024m2 s−2 on average for nadir legs). The rather large

corrections stress the importance of performing a reliable PVA correction. The PVA corrected

integral scales are reduced by 0− 20% through the PVA correction procedure (average uncer-

tainty 57 m). As explained before, the von-Karman model is not applicable outside the BL and

the definition of an integral scale becomes futile, consequently the integral scales obtained from

the PVA deviate in this region. The results show that the deviation already starts in the region

of the BL top under some circumstances. Potentially, the deviation is due to more organized

convection as well as entrainment and detrainment processes becoming important, which may

invalidate the von-Karman model (Fig. C.27). This finding is an interesting subject for further

study. Application of the PVA correction can be associated with larger uncertainties. However,

uncertainties in the region 100− 400m (encountered most often) are small and decrease with

decreasing integral scale, making the PVA correction also reliable.

The procedures developed here can be applied to a scanning system in the same manner without

fundamental changes. However, for a scanning system there is potentially faster movement

of the beam through the atmosphere which needs to be considered (depending on the scan

pattern, e.g for wind profiling scans). Due to the faster movement, the condition ∆h << ∆p,

formulated by Frehlich and Cornman (2002), may be violated for some scan pattern (nadir

stares are still unproblematic and results are expected to be comparable). Therefore, fulfillment

of the condition needs to be monitored for a scanning system. In case of violation, averaging

orthogonal to the beam pointing direction (in the direction of the beam movement) also needs

to be considered in the PVA correction. Consideration is possible using a similar framework as

presented here.

6.2.VIII. Data processing and uncertainty due to finite measurement length

In order to obtain meaningful atmospheric variances based on the lidar data, a number of ad-

ditional procedures need to be a applied to the data, besides the quality control procedures

explained in Sec. 6.2.III. First, data gaps can be present in the lidar data for various reasons.

Second, detrending and windowing of the time series should occur to mitigate undesired edge
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effects in the spectral analysis. Third, systematic and random uncertainties of the statistical

properties remain due to the finite length of the observed time series (substitution of the ensem-

ble mean with the temporal mean). An overview on the basis of the time series and spectral

analysis techniques discussed here is provided in Sec. 3.4 and therefore not repeated here.

Data gaps in the lidar data can be present for various reasons, e.g. too low SNR or other

quality filtering reasons, blocking due to clouds and instrument calibration (e.g. closed shutter).

Whereas the data gaps are less critical for wind profiling, they can prevent the calculation of

meaningful statistics during nadir legs. Besides the data gaps, blocking due to clouds also

introduces a systematic effect, as the region of the strongest updrafts are often missed due to

their position below the clouds. Possible remedies and ways to deal with these data gaps are

discussed by Kiemle et al. (2007, 2011) in-depth and the approach outlined by Kiemle et al.

(2011) is followed here. Consequently, only cloud free legs and legs with data gaps smaller

than the size of the dominant turbulent structures are used for statistical analysis during nadir

legs (generally, very few data points are missing inside the BL if no blocking by clouds occurs).

Any existing data gaps are zero-padded and the variance reduction thereby is compensated with

a factor N/Nvalid , both for the total variance as well as for the spectral decomposition. Thereby,

N is the number of theoretically available data points and Nvalid is the number of available data

points. Nevertheless, the sudden jumps due to zero padding can result in elevated spectral noise

levels (it should be noted that the data series cannot be pasted together as this would destroy

the phase relationships). However, due to the generally high data availability in the BL and the

few instances of occurrence, based on the results by Kiemle et al. (2011), this effect is deemed

negligible compared to the other uncertainties discussed.

Before application of the spectral analysis the data needs to be conditioned carefully, in order to

avoid undesired edge effects due to the applied technique but while preserving the atmospheric

features. Generally, data conditioning includes straight-forward removal of the mean and linear

trend also conducted in as a part of this work. More caution needs to be exerted when applying

a data window to suppress spectral leakage, as too strong windowing can alter the statistical

properties of the time series. Based on the recommendation by Stull (1988), a Tukey window

is applied here which smoothes 10 % of the data edges with a tapered cosine function (r = 0.2).

The weights of the Tukey window are defined through the following relation:

W(n) =


0.5{1+ cos(2πr [n− r/2])}, 0 < n < r

2

1, r
2 < n < 1− r

2

0.5{1+ cos(2πr [n−1+ r/2])}, 1− r
2 < n < 1.

(6.5)
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6. Assessment and application of airborne Doppler lidar wind observations using a prototype system

The Hanning window (a special case of the Tukey window with r = 1) applied by Kiemle et al.

(2011) was found to alter the statistical properties too strongly for the time series investigated.

As for the data gaps, a portion of the variance is lost due to application of the window function

which needs to be restored again.

Overall, the following description to correct the variance correction (in the spectrally decom-

posed version based on Kiemle et al. (2011) is obtained:

S( f ) =
2
∆ f

N
Nvalid

N∑N
k=1 W(k)2

|SFFT (W · x, f )|2. (6.6)

The proper functionality of the spectral decomposition is controlled by comparing the variance

computed from the spectral decomposition with that calculated directly from the processed time

series (also after undergoing the data conditioning), which gives equal results as should be. It

should be noted that in the data processing no filter function (e.g. high-pass filter or others) is

applied to the time series. When investigating variances (compared to fluxes) the spectral gap

does not always exist, nor is it necessarily clearly defined (Lenschow and Sun, 2007). Further,

the contribution to variances from the meso-scale can be interesting to analyze and should not

be omitted.

Even after careful data conditioning, systematic and random uncertainties remain because the

observed time series is finite. These uncertainties are calculated based on Lenschow and Kris-

tensen (1984) and Lenschow et al. (1994) as explained in Appendix A.9. For the variance, the

systematic underestimation β2
sys is added to the measured variance. However, to my knowl-

edge no uncertainty estimation for the estimation of β2
sys is available from literature, therefore

the random uncertainty ε2
sys is equated to the systematic underestimation. Besides the system-

atic uncertainty, the much larger random uncertainties are also calculated based on Lenschow

et al. (1994), both ε1
ran for the mean and ε2

ran for the variance. The random contribution only

decreases with
√
τ
T compared to τ

T for the systematic contribution, which makes it the more

prominent source of uncertainty for reasonably long flight legs.

Results for the variance are shown in Fig. C.29 for all altitudes on all nadir legs with a mini-

mum data availability of 60 s. Turn legs show a similar behavior, although with slightly elevated

uncertainty levels, because on average their leg length is shorter compared to nadir legs. As ex-

pected, the systematic offset is much smaller (< 0.1 m2 s−2) compared to the random uncertainty,

which can be considerable up to 0.45 m2 s−2. Both measures are functions of the absolute vari-

ance observed and thereby increase with increasing variance. At any given variance, longer leg

lengths result in more accurate measurements. Nevertheless, some scatter exists between equal

leg lengths due to the varying integral length scales present. The average random uncertainty
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6.3. Wind profiling measurement summary

of the variance is 0.095m2 s−2 for nadir legs, although of course in practice individual estimates

are available and used for all range gates on all legs. The average random uncertainty of the

mean is 0.11 ms−1 for nadir legs (not shown).

The data processing methods for random and systematic uncertainty estimation applied here can

be used in the same manner for a scanning system. Finally, all relevant sources of error for ADL

measurements inside the BL have thereby been assessed and quantified through their associated

uncertainties. Following this, the retrieval accuracy for wind profiling and nadir measurements

is evaluated in a comparative analysis and by a comparison to aircraft in-situ measurements.

6.3. Wind profiling measurement summary

A synopsis of the ADL measurement accuracy is provided in Table 6.3 for the first order mo-

ment. The wind profiling accuracy is dependent on the radial velocity measurement accuracy

during turns, which is used as the input for wind profiling (as the aerosol movement (V) is neg-

ligible). The error contributions (I-IV) matter for the radial velocity accuracy, from these the

combined errors of (I)+(II)+(IV) can be conservatively bounded and further refined based on

the measured ground return velocities (Sec. 6.2.IV).

Overall analysis of the results obtained and discussed in the previous sections demonstrates that

none of the error sources degrades wind profiling accuracy considerably. The largest potential

contributor of systematic offsets and random uncertainty is the beam pointing-angle. However,

this potential uncertainty contribution is identified as a strong overestimation. Most of the

uncertainty in (II) is due to the insufficiently explored by-direction, which does not influence

the motion correction process noticeably due to the small aircraft velocities in this direction.

This reasoning is validated through the measured ground return velocities, which provide a

conservative bound of the actual error present and show small deviations. The second largest

potential influence is the INS accuracy. If no ground return is available for refined correction

(e.g. wind profiling above clouds) the magnitude of uncertainty introduced by the INS can be

up to 0.12 ms−1, which is still low. If the refined motion correction procedure is applied, using

the residual ground return velocities for correction of INS error, the uncertainties due to the

terms (I-IV) become negligible.
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6.3. Wind profiling measurement summary

This evaluation is confirmed by an assessment of the mean vertical wind retrieval accuracy. The

horizontal wind correction error, including the contributions (I-V), can be bounded conserva-

tively through the deviation of the measured mean vertical wind from a 0 ms−1 mean vertical

wind expected for continuity reasons, when measured over extended legs. Using the INS-based

motion correction one obtains a bias of 0.03 ms−1 and a random error below 0.22 ms−1 for ADL

measurements of the mean vertical wind. This accuracy can be improved by using the refined

motion correction procedure, which leads to a slightly lowered bias and a substantially reduced

random error of 0.13 ms−1. Together with the random uncertainty of 0.10 ms−1 due to analysis

of a finite time series (VIII), it can be assessed that the ADL measurements of the mean vertical

wind provide excellent accuracy under a wide range of conditions.

To capture the effect of the errors (I-IV) on wind profiling their associated uncertainties are

propagated through the retrieval uncertainty estimation framework, in the same manner as is

done for the radial velocity variance due to flow inhomogeneity. Besides the accuracy of the

radial velocity measurements, the validity of the flow homogeneity assumption used for wind

profile retrieval can present a major driver of AVAD retrieval error. This error was investigated in

depth using the ADLS (Chap. 5), and the data-driven uncertainty estimation method developed

there is applied to the real-world measurements here.

If the ADL retrieved wind profiles are compared to those from another measurement system

(e.g. aircraft in-situ data), additional sources of disagreement can occur. These are measure-

ments errors in the system used for comparison as well as differences due to spatial and/or

temporal displacement of the compared wind profiles. In this work, the ADL retrieved wind

profiles are compared to those obtained from the Do128 in-situ measurement system. For this

purpose, aircraft vertical soundings were flown prior to or after ADL wind profiling turns for a

number of profiles. During flight 1, the aircraft soundings were conducted by circling in prox-

imity to the ADL wind profiles. During the other flights, comparisons were also made by using

straight climbing or descending legs (at the cost of increasing distance between ADL and air-

craft profile). Both flight types entail non-negligible in-situ wind measurement errors. Firstly,

during vertical maneuvers the aircraft INS shows a systematic bias which influences the vertical

wind measurement (see Sec. 6.2.IV). Second, during turns the in-situ wind measurement was

found to exhibit periodic error in dependence of the heading (partially due to INS error but with

further systematic contributions, potentially to an error in the nose-boom orientation). Both

sources of error can be of considerable magnitude up to 1 ms−1. Besides the pure measurement

system errors, differences between the ADL retrieved and Do128 in-situ measured winds can

also be introduced by spatial and/or temporal displacements between the measurements.
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6. Assessment and application of airborne Doppler lidar wind observations using a prototype system

Fig. 6.21.: Comparison of all co-located wind profile points on all flights, showing Do128 in-situ mea-
sured and ADL remotely sensed wind speed from AVAD retrieval. For comparison, the air-
craft measured in-situ wind profile is averaged to the lidar altitude resolution. The horizontal
distance between aircraft and ADL profile is color coded, as agreement can only be expected
in close horizontal proximity. Only profiles with a horizontal center distance <10 km are used
for the calculation of statistical parameters. Only CN-based quality control is applied to the
ADL retrieved wind profiles (CN < 12), to increase spread of the CN the ADL profiles are
artificially sub-sampled for full 360° turns. Vertical bars illustrate the uncertainty estimate
of the ADL retrieved wind speed based on the theory developed using the ADLS. Horizontal
bars show the standard deviation of the Do128 in-situ measured wind speed during passage
of the corresponding ADL height interval.

In summary, the additional sources of error and the differences introduced thereby can be much

larger than the typical expected ADL wind profiling error, making an assessment of ADL wind

profiling accuracy based on real-world comparisons difficult (hence the ADLS was developed).

Nevertheless, the comparison is shown here for completeness and as some interesting features

in similarity to the ADLS results can be detected, further, another very conservative bound of

ADL wind profiling error can be obtained. No attempt is made to quantify and separate the

above error contributions as a part of this work, as these sources of error can be neglected in the

ADLS, where the data-driven uncertainty estimation applied here is developed and validated.

In some instances the aircraft flew more than one full 360° circle for wind profiling, because a

directional change was linked to the profiling or for measurement consistency evaluation. For
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6.3. Wind profiling measurement summary

comparison, all circles with more than one full circle are subdivided in order to retrieve multiple

wind profiles. While these profiles are not statistically independent (because the wind field is

very similar between circles), the subdivision and shorter rest-circles serve to create artificial,

challenging measurement conditions by increasing the spread in the condition number. As a

consequence, the measurement quality of the raw profiles is degraded and the applicability and

reliability of the quality control criteria can be thoroughly investigated.

The comparison between Do128 in-situ measured and ADL retrieved vertical profiles of the

horizontal wind is shown in Fig. 6.21 for the wind speed, in Fig. 6.22 for the wind direction

and in Fig. C.30 for the u, v, w components. For comparison, the in-situ measured wind profile

is averaged to the lidar altitude resolution. Therein, the measurement error present in the Do128

in-situ measurement, as well as the potential effect of spatio-temporal separation of the profiles,

is approximated through a simple measure: the horizontal bars show the variability of the wind

speed as measured by the Do128 during the passage of the respective lidar altitude bin. The

vertical bars represent the uncertainty as given by the data-driven uncertainty estimation method

developed in the ADLS when applied for the ADL. Further, color-coding reveals the horizontal

separation of wind profiles used for comparison. For statistical evaluation only profile points

with a separation distance <10 km are compared.

Despite the many additional sources of error, which are not attributable to the ADL measure-

ment accuracy, a generally good agreement is observed. Npp = 900 wind profile points are avail-

able for comparison with an MAE of 0.58 ms−1 (REL = 0.15, bias = 0.01 ms−1, R2 = 0.62). A

good agreement is also observed for the wind direction with an MAE of 7.4° (REL = 0.04,

bias = 1.2°, R2 = 0.97). The lower REL and higher R2 are due to the much better explored

range of wind directions compared to the wind speed where values cluster around 5 ms−1. The

horizontal wind components show a similar MAE as for the wind speed and a higher R2 > 0.9,

due to the more spread distribution (the REL shows similarly high values as for the wind speed,

but only due to the presence of values around 0 ms−1). A meaningful comparison of the mean

vertical wind retrieved from AVAD scans is not possible using the current comparison strategy,

due to the biased Do128 vertical wind measurements. Nevertheless, small data-driven ADL

uncertainty estimates suggest that some retrieved vertical winds could actually be meaningful.

If all flown circles are used in full, instead of the subdivision after turning 360° (to artificially

create challenging conditions and generate higher CN spread), the achieved quality metrics

are very similar although with fewer points available for comparison (not shown; Npp = 613,

MAE = 0.60 ms−1, REL = 0.156, bias = 0.05 ms−1, R2 = 0.63). This observation proves two

things: First, adding more circles does not necessarily increase measurement accuracy. This is

expected, because the turbulence and thereby violation of the flow homogeneity assumption is
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6. Assessment and application of airborne Doppler lidar wind observations using a prototype system

Fig. 6.22.: Comparison of in-situ measured Do128 and ADL remotely sensed wind direction for all co-
located profiles on all flights. Displayed quantities correspond to Fig. 6.21 except that the
wind direction is shown.

very similar between two circles. Because this violation is the major driver of wind profiling

uncertainty, the error between two subsequent profiles at the same location is very similar and

not decreased. Second, quality control with the CN works reliably. Despite the more challeng-

ing conditions, due to the artificial CN degradation, a similar level of wind profiling accuracy

is achieved.

Another deeper look into the quality control, especially at low wind speeds, provides further

interesting insight (Fig. C.31). Many of the profiles sample low wind speeds < 5 ms−1. Us-

ing the ADLS, this low wind speed region was identified as potentially problematic due to the

erroneous mapping of vertical wind into horizontal wind for inhomogeneous flow conditions.

Associated with the problematic wind speed retrieval at low wind speeds, a number of interest-

ing features in close agreement with the ADLS results can be observed. The quality controlled

data (and the LSQ-fit) shows a positively biased ADL retrieval at very low wind speeds. This

bias is caused by the erroneous mapping of vertical wind into horizontal wind (Sec. 5.1.2). Un-

fortunately, the optimized system setup and retrieval strategy suggested from the ADLS results

(Sec. 5.3) cannot be applied for the prototype version of the ADL because no scanning capa-

bilities are available. Additional circles do not mitigate the problem, since no independent new
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6.3. Wind profiling measurement summary

information is obtained (as discussed above already). Consequently, here the intended scanning

ADL can provide considerable added value.

As in the ADLS, the biased retrieval only occurs for the wind speed, whereas the retrieved u,v,w

components remain unbiased. As already observed in the ADLS results, a clear dependence

of the retrieval bias on the correlation coefficient exists (Fig. C.31a, b, c). Consequently,

quality control with a stricter R2 threshold increases the agreement (smaller MAE), but also

increases the bias at lowest wind speeds due to stronger in-phase filtering for the vertical wind,

as expected. Besides, the number of retrievable profile points is strongly reduced. For example,

setting a R2 > 0.9 threshold, the obtained quality parameters are Npp = 578, MAE = 0.48 ms−1,

REL = 0.11, bias = 0.10 ms−1, R2 = 0.76.

Hence, the added value of the data-driven uncertainty estimation becomes clear. It allows for

assessment of the reliability of the ADL retrieved values without the application of R2-based

quality control, thereby preserving a large number of retrievable points and avoiding a poten-

tially increased bias. Using the data-driven uncertainty estimation method, the actual added

value of the ADL data is also much higher than suggested by the MAE (besides the strong over-

estimation of the MAE due to the above discussed additional error contributions). For example,

during the morning flight on 18 June, ADL retrieved wind profiles are generally more reliable

due to the little turbulence present. Thereby, at this time observed differences between aircraft

and ADL wind profile points are traceable to Do128 wind measurement error or insufficient

co-location (see also Fig. C.26). Different conditions were encountered during the afternoon

flight on 18 June, when low wind speeds combined with inhomogeneous flow were present.

Thereby the uncertainty of ADL retrieved profiles is increased, which is captured by the ADLS

developed data driven uncertainty estimation method, see Fig. C.32 for an example.
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6.4. Vertical wind variance measurement summary

ADL measurements of the vertical wind variance are subject to a number of systematic offsets,

some of them correctable, as well as random uncertainties discussed in detail in Sec. 6.2.I-

6.2.VIII. A synopsis of the magnitude of the individual terms which demand consideration is

provided in Table 6.4. To my knowledge, this table and the preceding analysis present the most

complete investigation of ADL vertical wind variance measurements up to date. Previously, no

studies existed on the possibility of ADL variance measurements from flights inside the BL.

From the error sources (I-IV), the beam pointing-angle (II) maps into the biggest potential

systematic uncertainty contribution to the raw radial velocity variance, especially during turn

maneuvers. Fortunately, an analysis of the measured ground return velocity variance identi-

fies the beam pointing uncertainty as a strong overestimation (it is constructed as a worst-case

scenario). Further, the ground return velocity analysis allows for a conservative estimation of

the measurement error bounds associated with the sum of the terms (I)+(II)+(IV). Results show

that the systematic variance contribution by these terms is small, it is further reduced when the

refined motion correction procedure is available. The uncorrelated noise (III) presents an un-

wanted additional variance contribution to any lidar measurement and can be of non-negligible

magnitude. Differing from the terms (I), (II) and (IV), its systematic effect can be corrected in

the refined analysis with little remaining random uncertainty (using the first-lag autocorrelation

estimation method detailed in Sec. 6.2.III).

A number of additional error sources (V-VIII) demand consideration, if the vertical wind vari-

ance is to be extracted from the measured radial velocity variance. Of these, the uncertainties

associated with the terms (VI-VIII) can be of considerable magnitude, whereas the terminal fall

velocity (V) of the scattering aerosol is typically negligible. The horizontal wind contamination

due to non-nadir beam pointing (VI) is of non-negligible magnitude and it’s effect cannot be

corrected. Nevertheless, both the systematic offset and random uncertainty introduced by it can

be conservatively estimated using the framework provided by Strauss et al. (2015). In a re-

fined version, the magnitude of the uncertainty is reduced in the present work through removal

of the mean horizontal wind contribution, which also enables variance measurements during

turns. PVA (VII) leads to a non-negligible systematic decrease of the ADL measured variance

compared to that obtained by an in-situ measurement. For the refined measurements, the sys-

tematic PVA effect is considered and corrected using the modified azimuthal structure function

technique based on Frehlich et al. (2006). The random uncertainty associated with the PVA

correction procedure is quantified through the appropriateness of the raw von-Karman model

fit, which yields acceptable accuracy. Last, the measured variance is subject to systematic and
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6. Assessment and application of airborne Doppler lidar wind observations using a prototype system

random uncertainties due to the finite length of the time series (which are not ADL specific

but also present in in-situ measurements, e.g. those of the Do128). These effects are evalu-

ated based on the Lenschow et al. (1994) framework. Especially the random uncertainty can

be of considerable magnitude and demands careful consideration, its magnitude can be reduced

through using longer averaging periods.

Overall, the conducted analysis shows that ADL measurements of the vertical wind variance

are subject to a number of non-negligible systematic offsets and random uncertainties. Never-

theless, application of a number of refined, measurement condition dependent and range gate

specific, uncertainty estimation methods allow for reliable variance measurements.

For nadir analysis of the vertical wind variance, an in-situ comparison for accuracy assessment

is even more difficult than for wind profiling. The preferable option would be a co-located

measurement at the point of the lidar measurement, e.g. through a second aircraft flying below.

Unfortunately, such measurements are expensive and difficult to execute, they were not avail-

able during the prototype test flights analyzed here. Therefore, another approach is chosen, in

which the lidar path was retraced by the Do128 in close spatial proximity after completion of

an initial leg. Results from this ADL-aircraft comparison are analyzed in detail in Sec. 6.2.VII

for the PVA correction and Sec. 6.7 for the general comparability. Unfortunately, retracing the

lidar path in such a way still suffers from temporal and co-location differences. Additionally,

the low flight level of the aircraft does not allow for lidar measurements and valuable flight time

is used, which is then not available for other measurement purposes. Therefore, only one such

instance was conducted during the test flights.

Here, another possibility is explored in which the ADL measurements from an upper range gate

are compared to the in-situ measurements of the aircraft. Thereby, measurements are conducted

at the same time, but > 400 m apart vertically. Obviously, this comparison is problematic due to

the different altitudes at which the measurements are conducted. For flights inside the BL, the

aircraft often flew close to the BL top, consequently the lidar measured in the middle and lower

part of the BL. In this case, for typical variance profiles as in Sec. 6.5, the ADL should measure

systematically higher values of vertical wind variance. The exact amount of variance difference

between ADL and aircraft depends on the vertical profile and cannot be generalized easily.

The results of the Do128-ADL comparison are shown in Fig. 6.23. As expected, the ADL

measured systematically higher variances when the aircraft is flying close to the BL top. The

systematically higher values are well above the uncertainty present in the ADL and in-situ

measurements. The systematic difference decreases for legs on which the aircraft is flying more

towards the middle of the BL. If the aircraft flies only slightly above the BL (< 1.5zi), the ADL
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Fig. 6.23.: Comparison of Do128 in-situ measured and ADL remotely sensed (a) vertical wind variance
and (b) integral length scale for all nadir legs on all flights. The ADL measurements are
shown for the second range gate, which is located 470 m below the aircraft. The leg length
is displayed through the marker size, longer legs yield more reliable estimates. The height
of the aircraft flight leg in relation to the BL height is color coded. Black crosses show the
raw variance values before noise and PVA correction. Noise correction is applied to all ADL
measurements. PVA correction is only applied for ADL measurements inside the BL, as the
von-Karman model is not applicable outside (Sec. 6.2.VII). Please note that the systematic
offset between aircraft and ADL measurement is because the aircraft often flew close to the
BL top. Thereby, the ADL measurements sample systematically higher variances compared
to the aircraft due to the vertical variance gradient inside the BL (see Sec. 6.5).

still measures inside the BL or en-/detrainment zone, it thereby also shows elevated levels of

variance compared to the in-situ measurements.

Nevertheless, an interesting opportunity opens for flight legs during which both the aircraft and

the ADL measure well outside the BL. In these cases, both the aircraft and the ADL should

measure comparable low levels of variance. Indeed, this agreement can be observed in the

very low variance region < 0.05m2 s−2, which is challenging to measure for both systems. The

good agreement illustrates the capability of the ADL to measure variances over a wide range of

levels. Further, it stresses the importance and quality of the noise correction procedure. The raw,

non-noise corrected ADL measurements show systematically higher values of variance. After

noise correction, these fall closely within the region of the 1:1 line. The relatively long range

gate setting of the WTX lidar performs better at low turbulence levels compared to other lidar

settings with shorter range gates due to the different scaling of the random velocity error for
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low and high turbulence (Frehlich, 1997; Frehlich and Cornman, 2002). Last, this comparison

also shows that the in-applicability of the von-Karman model outside the BL does not impede

measurement quality there.

The integral length scale comparison shows more scatter and elevated levels of ADL uncer-

tainty. This is especially true outside the BL, where the definition of the integral scale becomes

problematic. No method to estimate the uncertainty of the aircraft measured integral length

scale is known to the author, therefore it cannot be easily quantified. Despite the overall more

scatter, a weak correlation can nevertheless be observed, which is more promising than the re-

sults of Brugger (2014). Further, the method of quantifying the ADL length scale uncertainty

post PVA correction through the raw von-Karman model deviation appears promising, as larger

deviations are mostly associated with larger uncertainties.

In summary, the previous sections have shown that reliable wind profiling and variance mea-

surements are possible using the investigated ADL system. Based on these results, three ex-

emplary case studies are analyzed from the conducted test flights in the following. Hence, the

new insights and added value which can be provided by a high-resolution ADL system on a

medium-range turboprop aircraft are demonstrated for the first time.

6.5. Application 1 - The structure of turbulence in a BL topped with cumulus

humilis above flat terrain

In this section, the ability of the prototype ADL system to provide high resolution vertical wind

measurements throughout the full atmospheric BL is used for a demonstrative retrieval of ver-

tical wind statistics in a cloud-topped BL. For this purpose, flight leg 3 of flight 1 is analyzed,

which was conducted above flat terrain across a cloud-free section of a cloud-topped BL, with

shallow cumulus humilis present elsewhere (see Sec. 6.1 and Fig. C.33). Figure 6.24 provides

an overview of the obtained raw lidar data as well as the motion corrected and post-processed

vertical wind retrieval. The lidar signal quality is sufficient to enable vertical wind retrieval

throughout the full measured column. Additionally, an undisturbed ground retrieval is available

throughout the leg, allowing for application of the refined motion correction procedure. Con-

sequently, after horizontal wind post-processing, the lidar is able to resolve the structure of BL

turbulence in great detail and a number of features are visible with the naked eye already.

Boundary layer structure

The BL is clearly identifiable through its associated turbulence and the increased SNR (Fig.

6.24c, d). In contrast, the free troposphere above shows reduced SNR (although far from being
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Fig. 6.24.: Illustration of ADL measured data in a BL topped with shallow cumulus humilis for leg 3
during flight 1 on 10 July 2019. Displayed are: (a) Uncorrected lidar radial velocity measure-
ment. (b) Refined motion corrected lidar radial velocity measurement (color coded curtain).
Additionally, the aircraft vertical wind measurement is extended vertically by ±50m and dis-
played at flight level as a color coded line. (c) Refined motion and horizontal wind corrected
lidar measurement (color coded curtain). Aircraft vertical wind measurement as in panel
above. (d) Lidar SNR. The ground elevation determined using a DEM is displayed as a black
line in all panels.

unusable) and no turbulence. Based on SNR analysis, the BL height is fairly homogeneous

with zi = 1100m±100m, although a few updrafts appear to lift it slightly. The BL turbulence is

organized into distinct updrafts of varying shapes and spacing. Some up- and downdrafts extend

all the way from the surface to the BL top, whereas others do not (they might elsewhere, but not

within the 2D-plane which was overflown). The area covered by the updrafts is smaller than

those covered by the downdrafts, consequently, the vertical wind in the updrafts is stronger than

in the downdrafts. At 12:04 UTC a small cloud filament was overflown, however the filament

was so thin that the lidar was able to penetrate. The filament is not associated with a very

distinct updraft, possibly pointing to a cloud in the process of decay. Shortly before, however, a

very distinct updraft was passed with vertical winds up to +4ms−1. It appears that the updraft
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has not quite reached the BL top yet, potentially leading to the formation of a clouds shortly

after passage. Already, an increase in SNR is apparent at the top of the updraft, potentially due

to the onset of condensation.

Another interesting feature is visible in the free troposphere. There are defined, extended re-

gions of weak up- or downward motion of air, which extend from the lidar measurements to

the in-situ measurements of the Do128. Consequently, these are not measurement artifacts but

rather physical motions. Analysis of the in-situ measured vertical wind and temperature series

reveals a 90° phase shift of the time series (not shown). Thereby, these features are identified as

weak gravity waves which are induced by the BL turbulence and propagate upward. However,

they are not directly linked to the underlying up- and downdrafts at first glimpse.

Vertical profiles

The vertical wind measurement quality on the analyzed transect is sufficient to allow for the

calculation of the statistical moments and the associated uncertainties using the data processing

and correction scheme outlined in Sec. 6.2. The obtained results are shown in Fig. 6.25. Fig.

6.25a shows the previously discussed data in a different display version, which illustrates the

nearly constant measurement height of the range gates throughout the leg. In this case, already

the second range gate above the ground level allows for vertical wind retrieval.

Fig. 6.25b shows that the mean vertical wind over the analyzed leg is close to 0 ms−1, within the

limits of the measurement uncertainty. The integral length scale profile shows largely similar

integral length scales < 200 m throughout the BL. As expected, a decrease is observed towards

the ground. Towards the top of the BL, the raw length scale estimates tend towards larger values,

whereas the PVA corrected values tend towards zero. As discussed in Sec. A.8 the definition

of a length scales becomes problematic outside the BL, therefore these values should be treated

with caution.

Fig. 6.25c shows the associated second order moment profile of the vertical wind. The shape of

the profile closely resembles that analyzed by Lenschow et al. (1980) for a baroclinic, convective

BL. The profile shows that the maximum variance is reached in the lower half of the BL, where

the full eddy size is reached and organization of updrafts into plumes occurs, at considerable

magnitude w2 > 2m2 s−2. Towards the ground, the profile shows a decrease in variance, as

the size of the largest eddies which contribute to variance production becomes limited by the

ground proximity. Towards the BL top the variance level also decreases, as on the investigated

transect no convective clouds are present above, which could further strengthen the updrafts

through latent heat release (see Sec. 6.7 for such an example). On the contrary, entrainment of
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Fig. 6.25.: ADL measured vertical wind and associated profiles for transect shown in Fig. 6.24. (a) Time-
height cross-section of ADL and Do128 measured vertical wind. (b) Corresponding profile
of the mean vertical wind and integral length scale as measured by the ADL and Do128.
(c) Corresponding profile of the vertical wind variance and fraction of unavailable data. All
symbols and lines according to the respective legends, with additional information provided
in the text.

air from the free troposphere with low associated turbulence levels and higher stability leads to

a decrease of the profile already well below zi. Once zi is reached, the stable layering associated

with the inversion above the BL suppresses turbulence, leading to a further rapid drop in the

variance profile towards 0 m2 s−2. In this region, the PVA correction is not performed anymore

due to the in-applicability of the von-Karman model (Sec. 6.2.VII) and the removal of the lidar

uncorrelated noise becomes important for reliable variance retrieval (Sec. 6.2.III).

All relevant drivers of systematic offsets and random uncertainty in the variance retrieval are

displayed, none of them reaches a magnitude which prevents a meaningful retrieval. Random

and non-nadir beam pointing induced uncertainties are largest and approximately of equal mag-

nitude with up to 20% of the measured variance. The PVA correction corrects the systematic
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lidar underestimation offset and increases the variance by approximately 20%, once again high-

lighting the need for a reliable correction.

Spectra

Fig. 6.26.: Spectral decomposition of the vertical wind time series shown in Fig. 6.25. The ADL mea-
sured spectra are binned logarithmically equidistant and faded with increasing height from the
ground. The ADL range gate closest to the ground is colored in green. The ADL range gate
in the region of the BL height is marked bold. The first ADL range gate is colored blue and
the underlying raw spectral data is shown. The Do128 in-situ measured spectrum is shown in
red, also together with the underlying raw spectral data. The magenta line shows the spectrum
of the measured ground return velocity after raw motion correction. The cyan line shows the
spectrum of the ground return velocity obtained after using the measured ground return for
refined motion correction. The vertical lines represent the 90% confidence intervals of the
averaged spectral estimates. They are only shown for the specific spectra mentioned to avoid
overcrowding and as they are similar for the other ADL spectra. The confidence intervals
are calculated assuming a chi-squared distribution and a Daniell spectral estimator based on
Storch and Zwiers (1999).

The measured time series and associated variance can be analyzed further using spectral de-

composition, which provides additional interesting insight (Fig. 6.26). While the aircraft mea-

surement allows for calculation of only one spectrum at flight altitude, the ADL measurements
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provide continuous spectra down towards the ground. ADL spectra from neighboring range

gates are similar to each other both in level and shape, especially inside the BL. However, the

spectral curves should not be over-interpreted, because the measurements are conducted in close

vertical proximity with strongly correlated turbulence. Thereby, because the measurements are

not independent, the statistical uncertainty in the spectral shape and level is not reduced by

conducting multiple measurements at similar altitudes. Nevertheless, some distinct features are

identifiable and traceable to physical characteristics of the observed turbulence structure of the

vertical wind.

Inside the BL a distinct spectral peak, corresponding the the largest eddy size and turbulence

production, is observed due to the f · S( f ) display. The location of the peak shifts from smaller

wavelengths at the ground towards longer wavelengths at the top of the BL. As stated above, the

individual curves exhibit a similar shape and level due to the vertically correlated turbulence.

The level of the spectra decreases towards the BL top (linked to the decreasing variance pro-

file, see Fig. 6.25). In the region associated with wavelengths > 350 m the ADL spectra inside

the BL show an approximately −2/3 decay, which is expected in the inertial subrange for the

chosen display. For smaller lengths the ADL spectra drop off more rapidly due to the effect of

PVA, which results in a loss of detected variance at the small scales by the lidar. Hence, the

importance of the PVA correction procedure is demonstrated once again (the overall level of

variance is PVA corrected, but the spectral shape is not). A weak uptick is observed in the lidar

spectral level at the smallest lengths (highest frequencies), caused by the presence of uncorre-

lated noise in the lidar measurement. As the SNR decreases above the BL, the uncorrelated

noise level increases. This increase is also detectable in the spectra, as the spectral lines above

the BL exhibit a +1 slope characteristic for uncorrelated noise (Mayor et al., 1997). If a direct

log[S( f )] display style is chosen instead of the log[ f · S( f )] shown here, the variance level in

this region remains constant and can also be used for uncorrelated noise estimation (see Sec.

3.4, Frehlich and Cornman, 2002).

Above the BL, the lidar spectral levels are again similar at much smaller absolute values. A

spectral peak is consistently observed at much longer wavelengths, potentially due to the pres-

ence of gravity waves discussed above. Interestingly, further strengthening confidence in the

ADL measurements as well as the gravity wave hypothesis, the spectra of uppermost ADL

range gate and Do128 in-situ measurement agree very well in this region, both in shape and

level. As the in-situ measurement does not suffer from uncorrelated noise, no increase in spec-

tral level is observed towards higher measurement frequencies. Nevertheless, some artifacts are

present, e.g. a nose-boom oscillation frequency at approximately 10.5 Hz.
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Additionally shown is the spectrum of the measured ground return velocity, both for the raw

and refined motion correction. No concerning spectral features are observable for the measured

raw ground return and the overall variance level is very low. Thereby, the high quality of the

raw motion correction procedure in straight and level nadir flight is proven yet again and the

gravity wave hypothesis is hardened further. As mandated by the correction, the spectral levels

of the refined motion correction drop to even smaller levels of variance for frequencies lower

than 1 Hz. Above 1 Hz raw and refined variance levels are similar due to the 1 s moving average

applied for refined motion correction (Sec. 6.2.IV). The increase in spectral variance levels at

higher frequencies, due to uncorrelated noise, is also clearly identifiable, albeit at much lower

levels compared to the atmospheric spectra due to the higher SNR.

6.6. Application 2 - Spatially resolved wind observations in moderately complex

terrain

In this section, the potential of the prototype ADL system to provide spatially resolved wind

measurements of both the horizontal and vertical wind in moderately complex terrain is demon-

strated. To this end, results from flight 2 and 3 are analyzed above the Harz region, capturing

both the temporal and spatial development of the BL as well as its link to orographic features.

The horizontal wind field encountered during the flights was complex and evolving throughout

the day, related to the passage of a convergence line which was situated over central Germany

in the afternoon. The synoptic situation is discussed in Sec. 6.1, a snapshot of the horizontal

wind field from a NWP model is provided in Fig. C.23.

Figures 6.27 and 6.28 show the vertical wind across the Harz region, as measured on multiple

transects along a similar ground path at different points in time. The associated SNR is shown

in Fig. C.34 and C.35. Figure C.36 provides a 3D illustration of one such transect and the

orography in the region. While some transects explore the full mountain range as well as the

surrounding areas, others are shorter and focus on the main mountainous region due to flight

time considerations or, in the case of the afternoon above cloud transect, visual flight rule limi-

tations not permitting cloud penetration.

The obtained lidar data quality is high, with strong return signal also being available in the free

troposphere. Thereby, a number of interesting features are captured which are discussed in the

following to highlight the added value of an ADL.
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Fig. 6.27.: ADL retrieved and Do128 in-situ vertical wind for three nadir transects across the Harz moun-
tain range during the morning flight on 18 July. The position of the transect is illustrated by the
dotted line in Fig. C.16. The cross-sections are centered with respect to the highest peak called
’Brocken’ and were conducted at different times during the flight, displayed above each panel.
Data gaps are due to non-nadir maneuvers being flown or clouds/ground blocking the lidar sig-
nal. Two ground heights are displayed, as the ideal, intended cross-section of the Harz was not
always exactly maintained by the aircraft. As usual, the solid line shows the SRTM ground el-
evation at the position of the lidar range gate intercepting the ground. Additionally, the dashed
line always shows the ground elevation along the 009.95 ◦E,51.0 ◦N− 011.18 ◦E,52.5 ◦N
transect for reference. Additionally, the quivers show the horizontal wind speed and direction
obtained from ADL wind profiling and the direction of the Harz mountain range using an x-y
topview. The quivers are staggered according to the profile altitude. In the same manner, the
Do128 in-situ measured horizontal wind is shown along the flight path. A scale for the wind
quivers is provided in panel (b).
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Morning situation

The first transect was conducted early in the morning, before the generation of convective clouds

above the mountain range (Fig. 6.27a). Cloud formation of shallow cumulus humilis occurred

approximately 10 minutes after the crossing, as observed by the flight scientist. ADL retrieved

data shows that the horizontal wind in the surroundings of the Harz region is blowing with 2
to 10ms−1, predominantly from south-easterly directions. An exception is the altitude region

from 1 to 2km, where wind speeds are even lower and the direction is more southerly. The wind

profile variations align with structures observed in the SNR, pointing to the presence of multi-

ple layers with different flow regimes in the residual layer (Fig. C.34a). At lower altitudes, the

wind direction is more ridge-parallel, whereas at upper altitudes a stronger southerly wind com-

ponent introduces some cross-ridge component. The horizontal wind at flight level is mostly

homogeneous along the flight path from southerly directions. The observed BL structure aligns

with theoretical expectations. Moderately strong updrafts exist above the mountain range with

vertical winds < 3 ms−1 reaching up to 600 m AGL. In the surrounding, less complex terrain,

BL development has not advanced as far yet and the BL height is still shallow < 200 m AGL.

Above the highest elevations, the updrafts reach higher, are stronger and spaced further apart

compared to the weaker, shallower and closer updrafts above the surrounding area. Little to no

alignment of the updrafts with the individual topographic peaks is observed, likely due to the

mostly along-ridge horizontal wind at lower altitudes.

A similar transect was flown again approximately one hour later (Fig. 6.27b). By then, the

BL evolution has clearly progressed, consistent with theoretical expectations (De Wekker and

Kossmann, 2015). The horizontal wind is still comparable to the previous transect. Interest-

ingly, a weakening of the horizontal wind speed is observed in the in-situ measurements when

crossing the Harz ridge-line. Unfortunately, ADL wind profiles are missing to evaluate whether

this is a persistent effect at all altitude levels. Here, a scanning system would be beneficial as it

allows for continuous wind profile retrieval along the flight path. The flight scientist noted the

development of a few cumulus mediocris over the highest parts of the mountain range. Further,

convective clouds also started to develop over some surrounding areas. The clouds are read-

ily identifiable in the ADL measured data as they block the signal. The high level clouds at a

distance of 30 km from the Brocken are not connected to the BL, instead they are shallow al-

tocumulus. The BL height is identified to be approximately 1000 m AGL above the Brocken and

approximately 500 m AGL in the surrounding areas (Fig. C.34b). Updrafts have strengthened

compared to the previous transect and now exceed +4 ms−1 in a few places. A field of convec-
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tive clouds not connected to the Harz mountain range, but with distinct updrafts, is overflown

at a distance > 50 km from the Brocken.

Interestingly, in many cases the updrafts appear to be connected to weak vertical motions in

the free troposphere above. As in the previous section, many of the weak vertical winds are

consistently observed by both ADL and Do128, pointing to the generation of gravity waves by

BL turbulence again.

After the second high altitude transect the flight track was approximately retraced at lower

altitude, with the aircraft flying just below cloud base whenever BL clouds were present (Fig.

6.27c). As expectable, the measured data looks similar to the previous transect but without

data gaps due to clouds. At flight altitude, the horizontal wind is weaker and changes to south-

westerly directions at distances > 30km from the Harz. Above the Harz, wind speeds are 5−
8 ms−1 from southerly directions, inducing some across-ridge flow at lower altitudes. Vertical

winds exceed +4 ms−1 in some places and the strongest updrafts below clouds are now captured.

Although a direct comparison of measured updrafts is hardly possible, due to the temporal

evolution as well as spatial mismatch, similar features are detectable. Some updraft penetrate

all the way to the flight level and are visible in the in-situ data, whereas other do not (yet).

The altocumulus field at a distance of 30 km from the Brocken does not show any noticeable

updraft structures. In the vicinity of the Brocken, downdrafts have strengthened and extend over

a larger domain compared to the previous transect. Hiwever, it is impossible to tell whether this

strengthening is due to advection, temporal evolution of the horizontal and/or vertical winds or

slight spatial mismatch between the flight tracks. Here, additional ground-based measurements

as well as usage of the autopilot for most accurate flight track retracing is recommended for

future campaigns.

Afternoon situation

A fully different situation was encountered during the afternoon flight (Fig. 6.28), when widespread

cumulus fields were present. In most parts, the cumulus fields consisted of cumulus mediocris

with a vertical extent of approximately 1000 m, while in some parts (connected to an upper level

shading by cirrus clouds) only cumulus humilis with a smaller vertical extent were present. Dur-

ing the flight, stronger westerly winds developed across the Harz and altered the horizontal wind

field situation, especially on the northern side of the ridge. The modeled horizontal wind field is

shown Fig. C.23, the temporal development was connected to the advancing convergence line

mentioned above.
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Fig. 6.28.: Same as Fig. 6.27 but for four nadir transects across the Harz mountain range during the
afternoon flight on 18 July. The position of the transect is illustrated by the dotted line in Fig.
C.17.
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A first transect was conducted below clouds base across the same path as previously (Fig.

6.28a). A noticeable difference in the horizontal wind on both sides of the Harz ridge is ob-

served. On the northern side of the Harz, wind speeds are low at all altitudes and the wind

direction varies (it is problematic to define in low wind speed situations in any case). Above

the Harz mountain range, horizontal wind speeds are increased and blow from a south-westerly

direction (strong cross-ridge component). Towards the south, at all altitudes the wind direction

is westerly (more ridge-parallel, although still with a slight cross component), at wind speeds

around 8 ms−1.

Compared to the morning transects the evolved BL structure is readily identifiable. Much

stronger, wider and deeper updrafts dominate the scene. As before, some updrafts are linked

to clouds above the flight path and therefore also present in the in-situ vertical wind measure-

ments. Differing from before, the Do128 did not ascend with the BL top across the Harz,

therefore the BL top was estimated to be 200-300 m above the aircraft by the flight scientist

above the Brocken. Clearly, different turbulence structures are encountered along the flight

path. Towards the north, a mixed regime with some high reaching updrafts but also a much

calmer region is present. Above the main Harz mountain ridge, a much more ’fuzzy’ scene

exists, with horizontally more narrow but nevertheless strong updrafts, spaced closer together.

Potentially, this is connected to the stronger horizontal across-ridge flow in this region and/or

a superimposed mountain venting circulation (De Wekker and Kossmann, 2015). The updrafts

are not connected to the ridges at first glimpse, although a more sophisticated 3D analysis is

required to evaluate this further. Towards the south, the widest, strongest and most distinct up-

drafts are observed. The vertical wind exceeds +4 ms−1 in large areas. Interestingly, whereas

updrafts appear to exhibit a pronounces difference in structure and intensity across the region,

this does not appear to be the case for downdrafts in the same manner. Downdrafts mostly cover

larger spatial areas but are less intense, with vertical winds not exceeding -4 ms−1, and usually

being in the range 0−2 ms−1.

After obtaining a vertical in-situ sounding, the transect was retraced above the clouds (Fig.

6.28b). Unfortunately, the transect had to be terminated prematurely due to clouds exceeding

the 3000 m flight level and descent was initiated after passage of the Brocken. Clouds tops

regularly reach to 2500 m but exceeded 3000 m in other places as stated above. A consistent

BL height is difficult to define and exhibits large vertical variation especially in the region of

downdrafts. Nevertheless, only a slight influence of the Harz mountain range on BL height

is identifiable, with an increase of approx. 500 m (Fig. C.35). This observation is consistent

with previous observations (Kalthoff et al., 1998) and theoretical expectations (De Wekker and

Kossmann, 2015). Horizontal winds increase to speeds > 10ms−1 above the BL and change to
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a north-westerly direction (along ridge). A similar counter-clockwise veer of the wind direction

above the Harz is observed when flying northward and wind speeds are lower on the northern

side. The obtained vertical wind data matches well with the previously measured transect. Due

to the blocking by clouds, the most vigorous updrafts are systematically missed. Despite this, a

number of strong updrafts can be observed between the clouds which have not reached the BL

top yet and therefore not induced cloud formation. The many observed updrafts structures not

connected to clouds point to a rapidly evolving cloud scene. From this first analysis conducted

here, no distinct subsiding shells can be observed around the cumulus clouds, although some are

linked to downdrafts in the surroundings (similar observation are made during the more cloudy

flight on 19 July but not discussed here for the sake of brevity).

Once again, the cumulus clouds are connected to wave-like vertical wind structures in the free

troposphere above. During the afternoon flight wave formed cirrus clouds were observed above

parts of the measurement domain at higher altitudes (Fig. C.37). Indeed, the phase shift of

the in-situ temperature and vertical wind measurements is close to 90° again, confirming this

hypothesis.

A third transect was subsequently conducted below cloud base, slightly higher than the first

transect, due to the elevated cloud base at the start point (approx. 1 h after the first transect,

20 min after the above cloud transect). Wind speeds are slightly increased compared to the

first transect, especially on the norther side of the mountain range. There is once again a dis-

tinct region of wind veer (at approx. 10 km distance from the Brocken), which has progressed

further north compared to the first transect. The encountered turbulence scene is comparable

to that during the first transect (Fig. 6.28c), with a more ’fuzzy’ turbulent situation above the

Harz. The areas in the direct vicinity of the Harz show extended areas of subsidence and more

narrow and shallow updrafts, as is also seen on the first transect. Thereby, more evidence for

a potentially observed, superimposed mountain venting process is obtained (De Wekker and

Kossmann, 2015). However, the data base is still insufficient to evaluate whether this subsi-

dence is a systematic effect or coincidental.

A fourth and last transect was conducted again 1 h later towards the end of the flight (Fig.

6.28d). The horizontal winds are now blowing from the southwest to west at speeds of about

5− 8 ms−1 throughout the full mountain range (e.g. a slight cross-range component). Once

again, a noticeable veer region is identifiable which has progressed further north compared to

the first and third transect (at approx. 5 km distance from the Brocken). A similar scene as

before is observed although the updrafts have weakened slightly. During this transect, a strong

updraft surrounded by strong downdrafts on both sides is observed, although not connected to

a cloud (at 10 km distance from the Brocken).
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Synopsis

During the morning scene the different BL structure is readily explainable and matches well

with the expected earlier onset of convection above mountainous regions compared to the sur-

rounding lowlands (De Wekker and Kossmann, 2015). While no connection of the observed

thermals to orography could be made here, more frequent horizontal wind observations (e.g.

using a scanning system) and a more sophisticated three-dimensional analysis might allow to

do so.

The afternoon scene is more complex, both in terms of the horizontal as well as the vertical

wind. Wind speeds were generally higher than during the morning flight. Throughout the flight,

a region of higher wind speeds from more westerly directions was observed on its passage over

the Harz mountains. The observed vertical wind scenes are heterogeneous with different extent

and spacing of updrafts observed between the Harz and its surroundings. Potentially, the dif-

ferences are associated with the changing horizontal wind field. The differences could also be

connected to an influence of the underlying topography, which is more complex in the Harz re-

gion compared to the surroundings. Thereby, a superimposed mountain venting circulation can

be induced, which can explain the repeatedly observed, extended regions of subsidence to both

sides of the mountain range. Further, the more shallow BL above the Harz region in absolute

terms may also contribute. The BL height is only slightly influenced by the terrain height in the

afternoon, as observed before (Kalthoff et al., 1998). Consequently, the absolute vertical extent

of the BL actually decreases above the mountain ridge, as it does not fully compensate for the

increase in the terrain height. Thereby, updraft structure and spacing can also be altered, as was

seen in the morning. Further study and more extensive measurements are required to evaluate

these hypothesis further and distinguish their effects. To do so, the linkage of airborne measure-

ments with comprehensive high resolution ground-based measurements (Damiani et al., 2008;

Kalthoff et al., 2013, besides others) is mandatory. The potential of a scanning ADL system ap-

pears promising for further research, as it can provide continuous horizontal wind observations

along the flight track, which is not possible using the prototype ADL.

Similar to the previous section, the ADL measurements also allow for analysis of the statis-

tical parameters associated with the turbulence present above the mountain range and its sur-

roundings. However, due to the moderately complex terrain as well as the inhomogeneous

meteorological conditions present, this is a complex undertaking and requires careful in-depth

evaluation of the individual measurements. It is therefore not conducted here for the sake of

brevity but remains an interesting option for future studies.
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Fig. 6.29.: ADL retrieved and Do128 in-situ vertical wind for three nadir transects during the flight on 19
July. (a) first across-wind transect, (b) along-wind transect (upwind) and (c) second across-
wind transect.

6.7. Application 3 - Differences between along- and across-wind turbulence

probing

The third application study utilizes two across-wind and one along-wind transect (upwind) ob-

tained during the flight on 19 July 2019 to illustrate differences in turbulence characteristics

between along- and across-wind sampling. All transects were conducted at a flight level of

1100 m below a cloud base at approx. 1300 m. During the transects an average wind speed of

5 ms−1 at flight level and 8-10 ms−1 above the BL prevailed (for a description of the meteoro-

logical conditions during the flight see Sec. 6.1).

Fig. 6.29 shows the motion and wind corrected ADL and Do128 in-situ measurements for the

three transects. As expected, differences are already discernible with the naked eye. Whereas

the across-wind transects exhibit a semi-regular spacing of strong updrafts alternating with

wider but weaker intermediate downdrafts, the along-wind transect shows a different picture.

The along-wind transect was conducted in an extended region of sinking motion, with one par-

ticularly noticeable stretch from 10:40-10:43 UTC where blue colors prevail (corresponding to

12 km distance). Updrafts are less clearly defined, less regular and less intense compared to the

across-wind transects. No strong updrafts reach the flight level. In contrast, for the across-wind
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Fig. 6.30.: Profiles of statistical parameters associated with the three transects in Fig. 6.29. (a), (b), (c)
mean vertical wind and integral length scales, (d), (e), (f) vertical wind variance and fraction
of invalid data. Display characteristics as in Fig. 6.25.

transects some of the strongest updrafts do reach the flight level as measured by the Do128

in-situ. While an intensity reduction of intermediate strength updrafts is detectable towards the

top, this is not the case for high intensity updrafts which protrude upward with undiminished

strength. These updrafts gain intensity from the middle of the BL towards the top and appear to

widen, although the latter is difficult to diagnose based on the two-dimensional cross-sections

at hand. This behavior can be explained by the development of clouds above the strongest up-

drafts, which support updraft strength through latent heat release. Weaker updrafts, which do

not reach the BL top, lack the latent heat invigoration.

The turbulence characteristics observed from the time series are also reflected in the vertical

profiles (Fig. 6.30). Whereas the two across-wind transects exhibit a mean vertical wind close

to zero, the along-wind transect shows consistently negative values throughout the BL, with

the magnitude decreasing towards the surface. Associated with the increasing updraft width,

the integral length scale increases from the surface towards BL top. Extrapolating the ADL

retrieved values yields good agreement with the Do128 in-situ measured ones. The along-wind

PVA corrected integral scales are smaller than the across-wind ones, pointing to the anisotropy

of the observed turbulence (Lenschow and Stankov, 1986). An interesting phenomenon occurs

for the direct integral length scales, calculated for the along-wind transect above the lowest

three levels. A sudden, unrealistic jump in the direct integral length scale estimated is observed,

whereas the von-Karman model PVA corrected values follow a more smooth profile. This jump
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illustrates the problem of calculating a reliable integral length scale in some conditions. The

jump is caused by slightly positive autocorrelation over many legs, which is interrupted by a

short zero crossing at the beginning for the lowest altitudes, whereas no zero-crossing occurs at

higher altitudes (not shown). Due to the integration of the autocorrelation function up to first

zero crossing large differences can occur. Here, the fit of an exponential function as conducted

by Lothon et al. (2009) might be more meaningful for the non-PVA corrected integral length

scale estimate. For now, the discrepancy is discussed for illustrative purpose and to show that

the von-Karman PVA correction provides more reasonable estimates in this case (as it is based

on a fit to the structure function) and captures the associated ambiguity by showing an increased

uncertainty.

The differences in turbulence characteristics are also visible in the vertical wind variance pro-

files (Fig. 6.30d, e, f). Clearly, across-wind transects show higher turbulence intensity than

the along-wind transect. Whereas the values at the lowest level are still somewhat similar with

values around 1 m2 s−2, the variance profile for the along-wind transect then shows a noticeable

decrease towards BL top, which can be explained by the large scale subsidence observed on the

along-wind leg. The two across-wind profiles remain near-constant with altitude in the middle

BL, which is in-line with other observed profiles in the cloud-topped convective BL (Lenschow

et al., 2012; Kalthoff et al., 2013). Noticeably, the last across-wind transect also shows a de-

creased in-situ measured value of vertical wind variance at approx. 0.9zi. Only a few strong

updrafts protrude to flight level and calmer conditions prevail in between, which illustrates the

importance of entrainment and detrainment processes at the BL top.

Last, spectral analysis also presents a picture consistent with the previous observations (Fig.

6.31). Associated with the more intense and semi-regular updrafts, the across-wind transects

show higher spectral intensities in the production range than the along-wind transect. Further,

the across-wind transects show a defined peak and rapid decay towards the spectral gap, whereas

this is not the case for the along-wind spectra (e.g. due to the extended downdraft section). All

spectra show a shape in accordance with the −2/3 decay expected in the inertial subrange.

As discussed before, a noticeably steeper decay occurs for wavelengths smaller than approx.

350 m due to the PVA effect of the lidar. Similarly, the uptick in ADL spectral levels for high-

est measurement frequencies, due to uncorrelated noise, is also present again. Especially the

across-wind spectra show a distinct shift of the spectral peak with altitude. In agreement with

theory (Kristensen et al., 1989) and previous studies (Kaimal et al., 1976), closer to the ground

the peak is located at shorter wavelengths whereas it is shifted towards longer wavelengths at

the top of the BL. Good agreement is observed between the Do128 in-situ measured spectra and

the ADL retrieved ones, especially for the shape and course of the spectra, whereas the levels
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Fig. 6.31.: Spectral decomposition of the vertical wind time series shown in Fig. 6.29. Display charac-
teristics as in Fig. 6.26.
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differ slightly at flight level in accordance with the observed variance profiles (Fig. 6.30). The

spectra of the measured ground return velocities show low levels of variance and little variation

with frequency, proving once again the high accuracy of the motion correction procedure during

straight and level flight.

Overall, the results and discussion illustrate two points. First, the prototype ADL measure-

ments allow for previously unavailable insight into BL turbulence with an unprecedented level

of detail and flexibility. Second, ground-based measurements, which have to rely on the advec-

tion of turbulence with the mean wind, may struggle to capture BL characteristics adequately.

Assuming Taylor’s hypothesis of frozen turbulence, the observed along-wind transect requires

approx. two hours for advection past a ground-based measurement station at the observed mean

wind speed. Even if the air mass does not change it’s characteristics during this time period,

which is unlikely, the turbulent exchange processes in the air mass can hardly be assumed to be

a representative sample of the BL state over an extended region, as revealed by the across-wind

transects.
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There is a strong need for further improvement of observational capabilities with respect to wind

measurements, especially in the turbulent BL. This work is dedicated to the commissioning of

a new ADL system, which provides measurements of the turbulent wind field inside the BL at

highest resolution up to date. Due to the turbulent measurement environment and high resolu-

tion, previously unaddressed challenges mandate investigation, both for AVAD wind profiling

and nadir measurement techniques. To overcome these challenges, a two-step approach based

on virtual observations and real-world prototype measurements is pursued. Hence, this work is

able to provide a previously unavailable full assessment of the potential of ADL measurements

for BL research. Thereby, the achievable high measurement accuracy is proven and the added

value of ADL measurements for BL research is demonstrated.

7.1. Advancing ADL wind measurements for BL research using virtual

observations

As a first part of this work a novel LES-based airborne Doppler lidar simulator is developed.

The ADLS utilizes LES generated wind fields at 10-m grid spacing to simulate the turbulent

convective BL. To capture the variability of BL turbulence, two different LES sets A and B are

utilized which are driven by different surface sensible heat fluxes, approx. 170Wm−2 for set A

and 30Wm−2 for set B. LES set A employs five background wind cases at 0,2,5,10 and 15 ms−1

and LES set B three background wind cases at 5,10 and 15 ms−1. The emulated measurement

system consists of an aircraft, scanner and lidar, considering all geometric transformations ap-

plicable in real-world measurements. After system emulation, a simulated measurement is con-

ducted based on the LES wind fields. The ADLS does neither include a simulation of the signal

return (aerosol scattering) processes nor of the lidar instrument physics. These processes have

been investigated adequately elsewhere and problems associated with them are shown to be of

manageable magnitude in practice. Instead, a direct measurement approach using an idealized

system is chosen here. The ADLS allows for theoretical insight into the measurement process

because the input truth used to create the measurements is known exactly, thereby representation

and co-location problems present in real-world studies can be avoided. Hence, a quantitative
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analysis of ADL retrieval error due to the violation of the flow homogeneity assumption used

in AVAD wind profiling can be provided.

The impact of the violated flow homogeneity assumption on AVAD wind

profiling error 1

The retrieval error is first assessed for a standard system setup and retrieval strategy, based on

a most commonly used ADL system setup and retrieval strategy. The system utilizes scans at

60° elevation angle (30° off-nadir) and a scan speed of 18 °s−1, together with a lidar measure-

ment frequency of 10 Hz. AVAD retrieval is conducted using a volume-based technique, with

an along-track averaging distance of 1300 m and the same across-track averaging distance. The

ADLS simulation enables retrieval of 1680 wind profiles from LES set A and 336 wind pro-

files from LES set B, more than what is typically available in real-world accuracy evaluations.

Results show that ADL wind profiling in inhomogeneous flow is possible with acceptable ac-

curacy, despite the violation of the flow homogeneity assumption used in AVAD. Nevertheless,

retrieval errors due to the violation of the flow homogeneity assumption are non-negligible and

can present a major contribution to overall wind profiling error. As expected, there is a strong

influence of BL turbulence on wind profiling accuracy. Wind profiling in LES set A exhibits an

MAE of 0.75 ms−1 and bias of 0.19 ms−1 for wind speed, whereas a reduced MAE of 0.29 ms−1

and bias of 0.05 ms−1 are present in LES set B.

An important new finding of this study is that Doppler lidar wind profiling can be unreliable

and even biased at low wind speeds under turbulent conditions. For low wind speeds, erroneous

mapping of the vertical wind into horizontal wind can occur, thereby biasing the retrieved wind

speed. The bias is only present in the retrieved wind speed while the horizontal wind com-

ponents remain unbiased (as a systematically too large wind vector with random orientation is

retrieved). Results show that the usage of the condition number CN as a quality control crite-

ria is necessary and adequate, as it can improve wind profiling quality by flagging unreliable

measurements (e.g. due to clouds blocking sectors of the scan). However, quality control of the

LSQ-fit by the coefficient of determination R2 can introduce or worsen the discussed retrieval

bias for problematic system setups or retrieval strategies.

1The results of this section are presented in the publication: Gasch, P., Wieser, A., Lundquist, J. K. and
Kalthoff, N., 2020: An LES-based airborne Doppler lidar simulator and its application to wind profiling in inho-
mogeneous flow conditions. Atmospheric Measurement Techniques, 13(3), 1609-1631.
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Measurement system setup and retrieval strategy optimization

In order to minimize the retrieval error due to flow inhomogeneity a measurement system setup

and retrieval strategy optimization is conducted using the ADLS. This optimization is done

in preparation of an upcoming ADL system for BL research which features flexible scan ge-

ometries. While the specific level of wind profiling error depends on the turbulent conditions

present, the ADLS allows for insight into system setup and retrieval strategy characteristics

which hold generally under turbulent conditions.

An adequate system setup improves wind profiling quality. Scan elevation angles steeper than

60° are problematic under turbulent conditions in the BL, due to the strong influence of ver-

tical wind on radial velocity and thereby retrieval error. For elevations greater than 60°, the

wind profiling error grows rapidly and the retrieval becomes increasingly biased at low wind

speeds. A faster scan speed decreases retrieval error, if random system noise remains low. Fast

scans decrease correlation between adjacent measurements, thereby providing more informa-

tion for the wind profile retrieval. For the same reason, an increase in measurement frequency

is not beneficial for retrieval accuracy because the additional measurements obtained are highly

correlated, providing no additional information.

Retrieval settings also impact wind profiling quality. As expected, longer horizontal averaging

distances increase retrieval accuracy. However, the retrieval quality from short averaging dis-

tances can be quality controlled using the reliable CN criterion. Therefore the increase in wind

profiling error is below linear for short averaging distances. In comparison, the vertical aver-

aging distance does not exhibit a strong impact on retrieval error. Vertical averaging improves

retrieval quality only marginally, due to the similar structure of turbulence over multiple range

gates. Under the conditions investigated here, the wind profile retrieval is robust if at least 180°

of the azimuth scan sector are available, at slightly increased error levels which can again be

reliably controlled using the CN .

Overall, the ADLS results allow for determination of preferential wind profiling strategies to

achieve a confined measurement footprint, while maintaining high accuracy and resolution. As

a demonstration, an optimized system for BL wind profiling is presented. The system utilizes

scans with a shallow 45° elevation angle and a fast scan speed of 45 °s−1, together with a high

lidar measurement frequency of 10 Hz. The resulting increase in across-track measurement

footprint to 2200 m is offset by high-resolution retrieval volumes confined to 325 m in along-

track direction (using forward and aft looking lidar shots from aircraft positions before and

behind the retrieval volume). With such a setup, flow phenomena with one symmetry axis

can be investigated at highest resolution when the aircraft is flying perpendicular to the flow
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phenomenon under investigation. The increase in retrieval quality is powerful. Despite the 30%
reduced measurement footprint, the wind profiling error decreases by approx. 30% due to the

shallow scans. Further, five times more wind profile points can be retrieved due to the increased

along-track and vertical resolution compared to the standard system setup and retrieval strategy.

Data-driven uncertainty assessment of the retrieved wind profiles

To generalize the ADLS results and enable transfer to real-world measurements the applicability

and reliability of a data-driven uncertainty estimation method is vetted as a final step of the

theoretical study. In order to achieve an uncertainty estimation, flow inhomogeneity leading to

profiling error is separated into sub-scan-volume and supra-scan-volume contributions.

Results show that the residual variance, obtained from the AVAD LSQ-fit, is a useful estimator

of the unknown data variance, if corrected for correlation among the residuals. Propagation

of the residual variance through the covariance matrix leads to a conservative estimation of

the wind profiling uncertainty due to sub-scan-volume flow inhomogeneity. Uncertainty due to

supra-scan-volume flow inhomogeneity cannot be captured by the residual variance, as it results

in erroneous mapping and is thereby not detectable in the residuals. Therefore, a parameteri-

zation of the supra-scan-volume contribution is developed, which draws on basic available BL

parameters (system and retrieval parameters, BL height, average updraft vertical winds).

The reliability of the data-driven uncertainty estimation method is systematically validated for a

range of atmospheric conditions, varying system setups and retrieval strategies. Analysis of the

mean estimated uncertainty and statistical properties of the estimation method proves that the

proposed method works reliably and yields a conservative uncertainty estimation. It is therefore

suggested that this method be included in standard retrieval schemes used for AVAD retrieval,

besides the usually conducted validation by other measurements systems.

7.2. Advancing ADL wind measurements for BL research using a prototype

system

The second part of this works analyzes real-world ADL measurements from four research flights

conducted in the vicinity of Brunswick in July 2019 and applies the ADLS developed concepts.

Although only a fixed-beam prototype system without scanning capabilities was available for

the measurements, the conducted measurements allow for a full assessment of the potential of

ADL measurements for BL research (e.g. wind profiling is conducted by banking the aircraft

in turns). Thereby, the up to date highest resolution nadir measurements of the vertical wind
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inside the turbulent BL can be presented, which provide previously unavailable insight into BL

flow phenomena and turbulence characteristics.

Data processing and quality control scheme

In order to achieve data synchronization, calibration and correction as well as an accuracy as-

sessment the procedures of multiple existing studies are combined, refined and extended as a

part of this work. Hence, a new level of measurement quality evaluation for ADL systems in

the turbulent BL is attained.

Time synchronization is carried out using a new procedure, which exploits the variation in the

maximum lidar sensing distance (e.g. distance to the ground) during aircraft roll maneuvers.

Thus, a time synchronization with higher accuracy than the 0.1 s lidar measurement resolution

is obtained. A beam pointing-angle calibration is conducted following the techniques outlined

in Haimov and Rodi (2013). The beam pointing-angle calibration yields reliable results, al-

though problems with the accuracy of the aircraft INS during turn maneuvers are revealed. The

lidar radial velocity noise is analyzed using methods proposed by Lenschow et al. (2000). Low

levels of radial velocity noise are diagnosed for the WTX system, although a high measure-

ment frequency of 10 Hz is utilized. The error of the INS based motion correction is assessed

through a statistical analysis of the measured ground return velocities. A reliable ground return

identification allows for detailed insight into the error associated with the motion correction

procedure, including a classification by flight state (distinguishing between nadir, turn and PRY

maneuvers). Thus, reliability and accuracy of the motion correction procedure using the air-

craft INS data is proven. In a further step, a refined motion correction procedure is developed

which corrects for remaining error in the INS motion correction based on the residual ground

return velocities. In doing so, a further strong improvement in motion correction accuracy can

be demonstrated.

For the retrieval of statistical properties of the vertical wind in the turbulent BL, such as the

mean and variance, further effects require consideration. The contribution of the horizontal

wind due to non-nadir beam pointing is removed following a procedure applied by Chouza

et al. (2016b). In this, the horizontal wind contribution is removed by using the horizontal wind

profiles obtained from ADL wind profiling conducted before and after each nadir transect. The

remaining uncertainties due to non-nadir beam pointing and horizontal wind contamination are

quantified based on the theory outlined by Strauss et al. (2015). Thereby it is shown that a

reliable retrieval of the mean vertical wind is possible, especially when using the refined mo-

tion correction procedure. Retrieval of the vertical wind variance requires further consideration
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of the PVA effect. A modification of the von-Karman turbulence model founded technique,

developed by Frehlich (1997), is implemented to correct the effect of PVA on the measured

variance and integral length scales. Applying evaluation schemes suggested by Brugger (2014)

a reliable functionality of the PVA correction procedure is demonstrated. At last, the statisti-

cal uncertainties due to the limited measurement transect lengths are also taken into account

following Lenschow and Stankov (1986).

Overall, the data processing and quality control results show that reliable measurements are

possible even when the aircraft is flying inside the turbulent BL, which is a challenging mea-

surement environment due to the turbulence disturbing aircraft flight and motion. It is recom-

mended that future ADL studies apply a similar scheme for measurement accuracy assessment

in order to represent all relevant errors and quantify the associated uncertainties.

Accuracy estimates for AVAD wind profiling and nadir measurements

The in-depth data processing scheme, together with the ADLS developed methodology, allows

for an evaluation of both the AVAD wind profiling and nadir measurement quality.

Raw measurement system errors are of manageable magnitude and can be controlled using the

measured ground return velocities for measurements of the mean vertical wind and wind profil-

ing purposes (Tab. 6.3). Thereby, for wind profile retrieval the violation of the flow homogene-

ity assumption is left as the major driver of wind profiling error, confirming the assumptions

presented in the ADLS. Hence, the ADLS as an idealized measurement system test bed and the

data-driven uncertainty estimation method developed therein prove their usefulness, as does the

ground return based radial velocity accuracy assessment of the real ADL system. For real-world

comparisons of ADL retrieved wind profiles, additional problems due to co-location, timing and

errors in the reference measurement system cause considerable differences, which are not at-

tributable to the ADL wind profiling accuracy. Nevertheless, a comparison of the ADL retrieved

and Do128 in-situ measured wind profiles (obtained from wind profiling in close proximity) for

900 wind profile points yields good agreement. Conservative error bounds are obtained with an

MAE of 0.58 ms−1 and a bias of 0.01 ms−1 for wind speed, as well as an MAE of 7° and a bias

of 1° for wind direction. An increase in error with increasing horizontal distance between the

two measurement systems is present, as is an increase of retrieval error with increasing turbu-

lence intensity. The effective accuracy of the ADL retrieved wind profiles can be higher than

given by the MAE when using the measurement situation dependent data-driven uncertainty

estimation method (e.g. for low turbulence situations).
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7.2. Advancing ADL wind measurements for BL research using a prototype system

The reliable retrieval of wind profiles enables removal of the horizontal wind contribution and

thus retrieval of the vertical wind with high accuracy. Another highly conservative error esti-

mate is obtained through a comparison of the mean vertical wind obtained on extended legs to a

0 ms−1 reference value mandated by continuity. Thereby, the benefit of the refined motion cor-

rection scheme can be demonstrated, which yields a bias < 0.03ms−1 and a random uncertainty

of approximately 0.13ms−1 for vertical wind measurements.

Enabled by the slow flying aircraft and high lidar measurement frequency, this work presents

nadir measurements of the vertical wind inside the BL at previously unavailable resolution.

Thus, ADL measurements of the vertical wind variance inside the BL are obtained, which rely

on the thorough evaluation of systematic offsets and random uncertainties, as reference mea-

surements are unavailable. To enable accuracy assessment, theoretical models and methods

from a number of studies named above are combined, refined and extended. All applied models

and methods allow for estimation of the associated offsets and uncertainties on an individual

leg and range gate basis. Hence, this works presents the most comprehensive accuracy as-

sessment of ADL variance measurements up to date (Tab. 6.4). Overall, for reliable variance

measurements, corrections of the systematic effects of random radial velocity noise, PVA and

underestimation due to finite measurement lengths are shown to be important, as is the estima-

tion of the systematic variance contamination due to motion correction and by the horizontal

wind, associated with non-nadir beam pointing. Random uncertainties due to horizontal wind

contamination and finite measurement lengths also require consideration and can be of non-

negligible magnitude. Exemplary agreement between Do128 and ADL variance measurements

is shown outside the BL. Another case, in which the lidar path was retraced by the Do128 in

close spatial proximity after completion of an initial leg, also shows good agreement.

Overall, building on the comprehensive uncertainty investigation as well as the few available

in-situ comparisons, the ADL measured variance is regarded to be accurate and reliable after

application of all post-processing procedures, within the bounds of the associated uncertainty

estimation. Thus, it is assessed that insight into BL turbulence characteristics can be gained by

the conducted ADL measurements, offering exciting new possibilities for BL research.

The added value of high resolution ADL BL measurements

Based on these results, three exemplary application studies are analyzed from the conducted test

flights. By this, the new insights and added value which can be provided by a high-resolution

ADL system are demonstrated.
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7. Conclusion and Outlook

In the first application study, the prototype ADL is used for a demonstrative retrieval of vertical

wind statistics in a clear section of a turbulent BL topped with shallow cumulus humilis else-

where. Added value is provided as the ADL is able to retrieve the vertical wind statistics at all

levels simultaneously with reasonable uncertainty. The thereby observed variance profile is in

good agreement with previously reported profiles (Lenschow et al., 1980), with a maximum in

the lower half of the BL and a decrease towards the top. Due to the high resolution a spectral

analysis of the measurements is possible up to high frequencies. Good representation of the ex-

pected spectrum in the production range is observed, with a shift of the spectral maximum from

shorter wavelengths at the ground towards longer wavelengths at the top of the BL. Further,

agreement with the theoretical -2/3 slope in the inertial subrange is observed for wavelengths >

350 m, whereas for smaller wavelengths the ADL spectra drop off more rapidly due to the PVA

effect, as expected.

In a second application study, the potential of the prototype ADL system to provide spatially

resolved measurements of both the horizontal and vertical wind in moderately complex ter-

rain is demonstrated. To this end, multiple transects across the Harz mountain range along

the same ground path are analyzed from a morning and an afternoon flight. Thereby, both the

temporal and spatial development of the BL, as well as its link to orographic features, can be

captured. Transects acquired in the morning show a distinct difference in BL structure between

the orographically structured mountain range and its surroundings. Above the mountains, the

BL reaches higher and development has progressed further, stronger turbulence compared to

the surroundings is noticeable. Rapid temporal development of the BL is observed between

transects. In the afternoon, the scene is dominated by the presence of convective clouds and

a region of higher wind speeds passing the mountain range. The BL height is less influenced

by the mountain range, with only a slight increase which does not reflect the increased terrain

height in full. The observed vertical wind scene is heterogeneous. Compared to the morning,

much stronger, wider and deeper updrafts dominate the scene, which are connected to the cu-

mulus clouds present. Above the main Harz mountain ridge, a more ’fuzzy’ updraft scene can

be detected, with horizontally more narrow but nevertheless strong updrafts, spaced closer to-

gether. In comparison, areas in the direct vicinity of the Harz show extended areas of subsidence

and more narrow and shallow updrafts. Potentially, the change in BL structure is connected to

the stronger horizontal across-ridge flow and/or a superimposed mountain venting circulation

(De Wekker and Kossmann, 2015). Further studies and combination with ground-based mea-

surements are needed to trace and distinguish these processes above the mountainous terrain

better.
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7.3. Outlook

The Harz transect example demonstrates the added value of an ADL compared to ground-based

systems. Through the moving platform, the spatial variability of the wind field is captured, pro-

viding information which is otherwise inaccessible, but which is key to understanding the full

picture. Synergies can be achieved by combining an ADL system with ground-based observa-

tions. While the former is able to capture the spatial variability, the latter are able to capture the

temporal evolution at a fixed point. The combination of both measurement systems can provide

valuable new insights into BL properties, especially over complex terrain.

A third application study analyzes differences in BL turbulence characteristics observed be-

tween across- and along-wind sampling. All transects show consistent characteristics between

the ADL retrieved vertical winds and the Do128 in-situ measurements 400 m above for indi-

vidual updrafts, leg averaged mean values and spectra. Across-wind turbulence properties are

dominated by the semi-regular spacing of strong and narrow updrafts, with weaker but wider

intermediate downdrafts. Analysis of both profiles and spectra reveals characteristic BL turbu-

lence phenomena, e.g. an increasing organization of updrafts towards the BL top and convective

invigoration of updraft strength through latent heat release in cumulus clouds. The along-wind

transect on the other hand is conducted in an extended meso-scale region of descending air. It

thereby exhibits much weaker turbulence with shorter integral length scales. The altered turbu-

lence characteristics in along-wind sampling illustrate the potential problems of ground-based

measurement systems (and thereby the advantage of an ADL). Ground-based measurements

have to rely on the mean wind for advection, which can be problematic due to the observed

organization of turbulence in along-wind direction.

7.3. Outlook

Overall, this work highlights the potential of ADL measurements for BL research. Both wind

profiling and nadir measurements are possible with high resolution and accuracy, thus allowing

for previously unavailable insight into BL flow characteristics with an unprecedented level of

detail. Further, the benefits of LES-based ADL simulations are demonstrated. Linking theory

and measurement, they provide a valuable and cost-effective tool to optimize the quality of

ADL measurement results. The ADLS offers a promising opportunity to investigate the ADL

measurement process more closely, not only with respect to wind profiling, but also with respect

to retrieving turbulent quantities from nadir measurements. For example, the methods proposed

by Strauss et al. (2015) have not been vetted systematically for validity and possible improve-

ment, which can be done using an ADLS. Further, the ADLS can also serve as an algorithm

testbed for more complex retrieval techniques such as airborne dual-Doppler.
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7. Conclusion and Outlook

As mentioned in the beginning, the full scanning measurement system is available with the

completion of this work. It provides for exciting new possibilities and can present another step

towards new insight into BL turbulence. Extending the capabilities of the prototype system, the

full system is able to provide both nadir and wind profiling measurements at highest resolution

(using the ADLS developed optimized system setup and retrieval strategy). Associated with

the new system two measurement campaigns are planned already. The first focuses on the

downstream wake effects of wind farms above the North Sea (Platis et al., 2018) and uses

the ADL to provide two-dimensional insight into flow phenomena. The second focuses on

the characteristics of convective system across the Swabian Alps. Here, the ADL is used to

gain insight into the meso-scale flow phenomena and turbulence characteristics in the vicinity

of these convective systems. Both measurement campaigns will greatly benefit from the high

resolution measurement strategies developed within this work. Finally, ADL capabilities are

of great importance in future research activities in mountainous terrain, where complex flow is

ubiquitous and can only be assessed in limited areas using ground-based measurements alone

(Adler et al., 2020b). While early studies already used coarse ADL capabilities (Weissmann

et al., 2005a), high resolution systems can enable a new level of insight and provide valuable

information in large scale experiments such as TeamX (Rotach et al., 2020).

Due to the complexity of BL characteristics and flow, a further development of airborne obser-

vational capabilities is advised. In this respect, the further advancement of ADL capabilities

and implementation of sophisticated scanning strategies such as airborne dual-Doppler appears

promising. Further miniaturization of laser and scanner components could allow implementa-

tion of ADL systems on smaller aircraft platforms (e.g. motor gliders), which would enable

more widespread and low-cost measurements. Besides the development of pure ADL capa-

bilities, a further extension and combination of ADL measurements with other measurement

systems is also worthwhile. In addition to the invaluable in-situ turbulence probing equipment,

other desirable measurement capabilities include radiation sensors as well as nadir and zenith

directed cameras to capture the location of clouds with respect to the position of the lidar beam.

The combination of ADL with other lidar systems, e.g. DIAL for humidity profiling, is nei-

ther low-cost nor low-complexity but definitely worth pursuing nevertheless, as it allows for

retrieval of the important BL turbulent fluxes (Kiemle et al., 2007, 2011). Of course, combi-

nation of ADL with ADR measurements is also promising, as it enables continuous retrieval

of the wind field outside and inside of clouds. However, due to weight and balance as well as

power limitations it appears difficult to achieve based on one aircraft, therefore simultaneous

coordinated aircraft measurements offer a way forward in this direction. Similarly, coordi-

nated parallel in-situ measurements by a second aircraft also offer a way forward to validate
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7.3. Outlook

the uncertainty estimation concepts and theories applied in this work (although difficult and

expensive to achieve). Especially a validation of the horizontal wind contamination uncertainty

estimation and the PVA correction procedure seems worthwhile to conduct for ADL variance

measurements and has not been attempted to my knowledge. Last, ADL measurements in field

campaigns should be conducted in close coordination with ground-based measurements. The

synergy of spatially resolved, high resolution ADL measurements in combination with exten-

sive ground-based measurements, covering the temporal evolution over extended periods, is

certain to provide new and valuable insight into atmospheric phenomena.
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A. Additional concepts and theory

A.1. Definition of the terms error, uncertainty and accuracy

This work employs a distinction between error, uncertainty and accuracy based on ISO 5725-

1:1994 and JCGM 100:2008.

The term error refers to (observed or expected) quantifiable deviations compared to a reference,

which is either the truth or treated as the truth. The overall error includes contributions due to

systematic error (also called bias) and random error following ISO 5725-1:1994 . The actual

error can only be determined if the input truth is available for comparison (e.g. only in the

ADLS where the input LES wind fields are known, never in real-world situations). Neverthe-

less, the error can also be conservatively bounded or estimated through a comparison to other

reference measurements treated as the truth (e.g. in real-world situations). As these reference

measurements and the comparison are subject to errors themselves, a conservative estimate or

upper bound of the error can be obtained. In this case, however, it has to be ensured that the

error is assessed under representative conditions.

If an error is expected to be present but cannot be quantified by comparison to a reference truth,

the estimation of an uncertainty is required for measurement accuracy assessment. The term

uncertainty refers to an estimation of the average expected error based on theoretical concepts,

here this work follows the guidelines outlined in JCGM 100:2008. Thereby, uncertainty is al-

ways associated with estimation methods, which attempt to quantify the average expected error

of the measurement process, but without having a reference truth available for error assess-

ment. The uncertainty estimation methods can be data-driven or based purely on theoretical

considerations and models. While the uncertainty is thereby similar to an error, as it tries to

represent the expected average error magnitude (if the input truth was known or a reference

measurement was available), the distinction is nevertheless made to stress the different origins

of the estimated quantities. Uncertainty contributions again consist of systematic offsets and

random uncertainties. Systematic offsets present an estimation of the expected systematic error

magnitude of the measurement. Systematic offsets can in some cases be further corrected and

thereby reduced based on theoretical concepts. An example is the underestimation of the mea-

sured variance due to pulse volume averaging by the lidar. The random uncertainties present an
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estimation of the expected random error magnitude based on theoretical concepts. An example

is the random sampling uncertainty due to finite measurement lengths. Random uncertainties

are also associated the correction of the systematic offsets.

Accuracy as used in this work refers to any observed or estimated deviation, whether it is ob-

tained from an error or uncertainty assessment, it thereby includes both systematic and random

contributions for both measures.

At the given definition, the AVAD wind profiling retrieval error due to flow homogeneity vi-

olation is directly accessible in the ADLS as the LES input truth is known. In real-world

measurements, a wind profiling error can also be conservatively estimated in comparison to

other reference measurements (e.g. dropsonde or aircraft), however, in this case the observed

error consists of spatio-temporal co-location errors, measurements system errors (both ADL

and reference) and ADL retrieval errors, which cannot be separated.

Real-world ADL measurements of other quantities such as the vertical wind mean and vari-

ance rarely offer direct access to an input truth or comparison with reference measurements,

therefore they mostly rely on the estimation of uncertainties based on the measured data alone

or theoretical concepts. Three exceptions are present in this work: First, the combined error

due the time synchronization, beam pointing-angle and motion correction procedures can be

conservatively assessed based on the measured ground return velocities. Second, the error due

to the horizontal wind removal procedure (as well as the previous three procedures), can be

conservatively estimated for the mean vertical wind by comparison to a 0 ms−1 reference truth

mandated by theory. Third, a conservative assessment of wind profiling error is obtained in

comparison to the Do128 in-situ measurements discussed above.

A.2. Coordinate transforms

As outlined in Lenschow (1972) and Leon and Vali (1998), transformations between the LES

earthbound (superscript E) coordinate system, oriented east-north-up, and the aircraft (super-

script A) coordinate system, oriented along aircraft-right wing-down, are achieved by using

the standard heading-pitch-roll procedure using the transformation matrix T. The coordinate

transform matrix from the aircraft ARD reference frame to ground ENU reference frame is
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TAE (ARD to ENU). Here, the transformation is conducted for the beam direction vector

bbb = [bx,by,bz] as an example. It can be transferred between the two systems with

bbbE = TAE bbbA (A.1)

and

bbbA = T′AE bbbE . (A.2)

The transformation matrix can be split into separate rotations around the individual aircraft axes.

TAE = HPR. (A.3)

Hereby, H denotes a heading rotation at angle ψ (yaw around the z-axis), P a pitch rotation

at angle θ (pitch around the y-axis) and R a roll rotation at angle φ (roll around the x-axis).

Individually, they are given as:

H =
©­­­«

sin(ψ) cos(ψ) 0
cos(ψ) −sin(ψ) 0

0 0 −1

ª®®®¬, (A.4)

P =
©­­­«

cos(θ) 0 sin(θ)
0 1 0

−sin(θ) 0 cos(θ)

ª®®®¬, (A.5)

R =
©­­­«
1 0 0
0 cos(φ) −sin(φ)
0 sin(φ) cos(φ).

ª®®®¬ . (A.6)

Combined, this results in

TAE =

©­­­«
sin(ψ)cos(θ) cos(ψ)cos(φ)+ sin(ψ)sin(θ)sin(φ) −cos(ψ)sin(φ)+ sin(ψ)sin(θ)cos(φ)
cos(ψ)cos(θ) −sin(ψ)cos(φ)+ cos(ψ)sin(θ)sin(φ) sin(ψ)sin(φ)+ cos(ψ)sin(θ)cos(φ)

sin(θ) −cos(θ)sin(φ) −cos(θ)cos(φ)

ª®®®¬ .
(A.7)
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Additional coordinate transforms for real-world measurements

For real-world measurements, the data processing and retrieval require an additional coordinate

system which is fixed with respect to the Earth’s center. The aircraft INS provides its position

data in reference to the geodetic latitude ϕg, longitude λg and height hg in a geodetic coordi-

nate system (superscript G), using the World Geodetic System WGS84 ellipsoid (NIMA, 2000)

for reference. The transformation from GEO to a local ENU coordinate system involves an

intermediate Earth-centered, Earth-fixed (superscript C) coordinate system to obtain cartesian

coordinates (X,Y, Z).

At first, the geodetic coordinates ϕg, λg, hg are converted to cartesian ECEF coordinates using

the transformation (Hofmann-Wellenhof et al., 2001):

X =
(
J(ϕg)+ hg

)
cos(ϕg)cos(λg) (A.8)

Y =
(
J(ϕg)+ hg

)
cos(ϕg)sin(λg) (A.9)

Z =
(

b2

a2 J(ϕg)+ hg

)
sin(ϕg), (A.10)

with

J(ϕg) =
a2√

a2 cos2(ϕg)+ b2 sin2(ϕg)

. (A.11)

In the above a is the equatorial radius and b the polar radius of the ellipsoid, which are a =

6378.137km and b = 6356.752km for WGS84.

Then, the obtained ECEF coordinates can be transferred to a local ENU coordinate system using

the transformation matrix (according to the procedure provided above):

TCE =

©­­­«
−sin(λg) cos(λg) 0

−cos(λg)sin(ϕg) −sin(λg)sin(ϕg) cos(ϕg)
cos(λg)cos(ϕg) sin(λg)cos(ϕg) sin(ϕg)

ª®®®¬ . (A.12)

The transformation TCE can be inverted by transposing the transformation matrix, as shown for

TAE above. The return operation for transforming from cartesian to geodetic is more cumber-

some. It is therefore not shown for the sake of brevity but can be found in the literature on the

topic (Featherstone and Claessens, 2007, and references therein). In this work, both transfor-

222



mations are combined by using the Matlab functions geodetic2enu and enu2geodetic for the

return operation, again while specifying the WGS84 reference ellipsoid.

A.3. Quantification and parameterization of the unresolved supra-scan-volume

flow inhomogeneity contribution to wind profiling error

In the following, the contribution of supra-scan-volume flow inhomogeneity to the overall wind

profiling error is quantified. This quantification is possible using the ADLS, as it gives access to

the underlying atmospheric input to the measurement. From the ADLS, the overall deviations of

the atmosphere from the mean state can be calculated for each velocity component (exemplarily

conducted for w) as:

wLES = wLES +w′LES . (A.13)

These deviations are the flow inhomogeneity at the location of the measurements. Thereby, they

cause the wind profile error due to AVAD assumption violation.

Further, the difference between the retrieved mean wind and the true LES mean wind can be

mapped into a scan-volume radial velocity difference. For this, the averaged radial velocities

vR
D from the retrieved wind profile are used. In addition, a second radial velocity is modeled

using the LES data, which results from projecting the mean LES wind vector (the true average

wind velocity) into radial velocities. This procedure gives the radial velocity measurement that

would be recorded if the atmospheric flow was truly homogeneous,

vLES
COR = Gvvv

LES . (A.14)

Then, the scan-volume radial velocity difference can be calculated as

∆vCOR = v
LES
COR− v

R
COR. (A.15)

This radial velocity difference expresses the difference between retrieved wind profile and the

LES-truth, projected for the full scan geometry. It can thereby be used to quantify the amount

of error that is caused by the large scale flow inhomogeneity on the order of the scan volume

and beyond. The inversion of this radial velocity difference gives the component-wise error of

the retrieved wind velocity compared to the LES reference:

∆vvv = G−g∆vCOR. (A.16)
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The amount of variation which is caused by supra-scan-volume flow inhomogeneity and not

detectable through the residual variance is quantifiable through the degree of linear correlation

of the component deviations w′LES with the radial velocity difference ∆vCOR. A supra-scan-

volume deviation appears via a linear contribution to the radial velocity difference, as the radial

velocity difference is a smooth function on the scale of the scan volume (the scale that mat-

ters with respect to supra-scan-volume contributions). Sub-scan-volume contributions to the

retrieval error do not contribute to the linear correlation coefficient, due to their shorter scale

and thereby noisy character compared to the velocity difference vector, these are expected to

be captured through the covariance uncertainty propagation. Therefore, the linear correlation

coefficient between the deviations and the scan-volume radial velocity difference is calculated

as:

%w = %(w
′LES,∆vCOR) =

1
N−1

∑N
n=1(w

′LES
n −w′LES)(∆vCORn −∆vCOR)√

1
N−1

∑N
n=1(w

′LES
n −w′LES)2 ·

√
1

N−1
∑N

n=1(∆vCORn −∆vCOR)
2
.

(A.17)

For complex scan pattern with varying elevation, this calculation must be done component-

wise as horizontal wind components can also cause bias (see Koscielny (1984), and Boccippio

(1995)). This study deals only with constant elevation scans, therefore the analysis is restricted

to the influence of the vertical wind here.

The amount of retrieval error caused by the supra-scan-volume flow inhomogeneity (the non-

detectable co-variation of each component with the measurement geometry) is then the scan-

volume radial velocity difference projection (the full error, see above) of each component-wise

deviation, multiplied with the respective linear correlation coefficient (which expresses the error

contributed due to supra-scan-volume flow inhomogeneity of each component),

∆vw
′

COR = G


0
0

w′LES · %w

 . (A.18)

Using this fraction of the radial Doppler velocity, its impact on the retrieved wind vector is

obtained using the standard inversion process (Sec. 3.3):

∆vvvw
′

= G−g∆vw
′

COR. (A.19)
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To calculate the contribution of this velocity difference vector to the overall retrieval error it

remains to calculate its projection onto the overall velocity difference vector:

∆vvvw
′

proj = kw
′

∆vvv, (A.20)

with

kw
′

=
∆vvvw

′

·∆vvv

∆vvv ·∆vvv
=
∆vvvw

′

·∆vvv

|∆vvv |2
. (A.21)

Similarly, the retrieval error of the wind speed can be calculated according to

∆Vw′

proj = kw
′

∆Vm. (A.22)

Thereby, the amount of retrieval error that is caused by supra-scan-volume deviations in the

wind field can be expressed. It should be noted that this quantification of error, as opposed

to uncertainty estimation, is only possible if the input truth is known (i.e. in the ADLS) and

thereby not quantifiable from real-world measurements.

Parameterization of the supra-scan-volume flow inhomogeneity contribution in

a data-driven uncertainty estimation method

In real measurements, the error due to supra-scan-volume flow inhomogeneity is unknown be-

cause the atmospheric wind vector at the lidar measurement locations is unknown. Further, the

wind profiling uncertainty due to supra-scan-volume flow inhomogeneity cannot be quantified

using the covariance matrix based approach, because it does not show up in the LSQ-fit resid-

uals. Therefore, the expected error due to supra-scan-volume flow inhomogeneity needs to be

parameterized to allow for a data-driven uncertainty estimation.

Two ways of parameterization are possible. If an ADLS is available the average magnitude of

mapping can be determined based on its results (e.g. by averaging the ∆Vw′

proj values). This

method is very accurate, as it can be tailored to the specific measurement system, retrieval

strategy and atmospheric condition. However, two reasons can prevent application of an ADLS.

First, it can be very expensive to apply for a variety of flow conditions encountered during one

flight and second, many parameters describing the state of the atmosphere in an LES are usually

unknown during the flight.

Therefore, a physical parameterization of the expected error is proposed here which is based on

a few more easily available boundary layer parameters. The ADLS results allow for a critical
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evaluation and validation of the physical parameterization for a wide range of measurement sys-

tem setup, retrieval strategies and atmospheric conditions. While the physical parameterization

is less accurate it nevertheless shows satisfying results and wide applicability.

The critical parameters which define the likelihood and severity of erroneous mapping are the

vertical wind magnitude, the scan elevation angle and the ratio of the scan area to the dominant

turbulent eddy area, which describes the likelihood of erroneous mapping by supra-scan-volume

fluctuations.

The average absolute vertical wind magnitude |w(z)| is important as the erroneous mapping is

caused by and scales with this quantity. For parameterization, the mean of the absolute vertical

wind (vertically resolved) is used based on the LES data. The results from Sec. 6 show that this

quantity can be obtained with sufficient accuracy from real-world ADL nadir measurements,

which should be used to complement wind profiling.

The average scan elevation angle Φ is an important factor in the parameterization as it deter-

mines the projection of vertical wind into horizontal wind. It is directly available from the

measurement system.

The (altitude dependent) ratio of the dominant turbulent eddy area Aeddy to the scanned area

Ascan is important, as it expresses the ratio of wind profile error due to sub- compared to supra-

volume flow inhomogeneity in a turbulent BL. For a large scanned area, many times the dom-

inant turbulent eddy size, the supra-scan-volume contribution is less crucial as most variations

occur on the sub-scan-volume scale and are thereby captured by the residual radial velocity vari-

ance. With decreasing scanned area or increasing dominant turbulent eddy size, the importance

of supra-scan-volume contributions to wind profiling error increases.

The scanned area is calculated as the product of the altitude dependent scan diameter Xd (de-

termined by the scan elevation angle and the aircraft altitude) and the along-track averaging

distance Xa used for retrieval (assuming a rectangular geometry for simplicity). The scan diam-

eter can be calculated from the measurement system setup for any given altitude.

The dominant area contributing to erroneous mapping is calculated by assuming a field of cir-

cular eddies consisting of up- and downdrafts. For the dominant turbulent eddy wavelength

λmax a value of λmax = 1.5zi is assumed based on the parameterization by Caughey and Palmer

(1979) for the spectral peak wavelength, in-line with the approach by Eberhard et al. (1989).

No altitude variation is assumed, as this eddy wavelength can exist throughout the boundary

layer and thereby the potential for erroneous mapping is given (although the peak wavelength

containing the maximum turbulent energy varies with altitude (Caughey and Palmer, 1979), the

decrease in energy for the dominant wavelength is captured through the reduction in vertical

wind magnitude). The dominant turbulent eddy wavelength has to be multiplied by 0.5 as the

226



critical length for erroneous mapping is half the wavelength, e.g. when updraft and downdraft

maximum coincide with the scan circle diameter (Fig. 3.4).

At last, due to the circular eddy assumption the areal coverage of critical structures has to be

estimated. Here, the results obtained by Lenschow and Stephens (1980) are used which give an

areal coverage of 28% for updraft structures, again similar with the approach by Eberhard et al.

(1989). This parameter can be refined by using nadir vertical wind measurements of the ADL

itself.

The full parameterized uncertainty is multiplied with a factor of 2, because any parameterized

offset can be positive or negative, as, unlike for the ADLS-based direct error analysis, the sign

of the change is unknown. Overall, we arrive at the following parameterization:

∆Vphy(z) = 2|w(z)| tan(Φ)
Aeddy

Ascan(z)
0.28 = 2|w(z)| tan(Φ)

0.25πλ2
max

Xd(z) · Xa
0.28. (A.23)

A.4. Triangle of velocities

Given for this example are the in-air speed I AS, the aircraft ground track direction T R, the

wind speed WS and the wind direction W D. Directions are to be given in degree from north

and speeds in the same units. Needed are the aircraft heading HDG and the ground speed GS,

which can be calculated according to the following formulas:

HDG = T R+ arcsin
(
WS · sin(T R−W D)

I AS

)
, (A.24)

GS = I AS · cos(HDG−T R)+WS · cos(T R−W D). (A.25)

The calculations can be performed for other combinations of given and needed variables as

well.

A.5. Ground return identification and evaluation using a digital elevation model

The ground return velocity is an important parameter for beam pointing-angle calibration as

well as motion correction accuracy assessment and refinement. Determination of the ground

return velocity requires a reliable ground identification, to determine the number of the range

gate intersecting with the ground. Further, an accurate determination of the ground height with

respect to the range gate center is important, because the ground presents a hard target for the

lidar signal.
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Fig. A.1.: Figure and description from Godwin et al. (2012) illustrating the chirp effect for a similar lidar
system: "A schematic of (a)–(c) the variation with height of the intensity of a Gaussian-shaped
pulse as it approaches the surface, (d)–(f) the corresponding periodograms that indicate the
radial velocities associated with the ground return (solid line) and the aerosol return (vertical
dashed line), and (g) the corresponding radial velocity profiles. The radial velocity associated
with the aerosol return [dashed line at −0.5 ms−1 in (d)–(g)] remains constant while the radial
velocity associated with ground return (solid line) linearly shifts from −2 to 0 ms−1 at the
ground." © American Meteorological Society. Used with permission.

Due to the hard target return, the measured Doppler velocities suffer from a chirp effect, which

systematically biases the measured Doppler velocities depending on the distance of the range

gate center to the ground. The chirp effect is caused by a systematic change in the frequency of

the laser during the transmission of every pulse. The chirp effect of a similar lidar system is ex-

tensively discussed in Godwin et al. (2012), who attempt to extend the retrieval of atmospheric

velocities towards the ground. This extension is difficult due to the presence of the ground re-

turn signal (present in the lowest 100−200 m above ground already, due to the Gaussian pulse

shape), which overwhelms the aerosol signal due to its substantially higher return reflectance.

The first figure from Godwin et al. (2012) is reproduced with permission in Fig. A.1 to illustrate

the chirp effect. According to Godwin et al. (2012), the laser frequency decreases systemati-

cally from higher to lower frequencies over the duration of one pulse. For hard targets, this

systematic change introduces a chirp effect, as the returned frequency (and thereby measured
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velocity) depends on the distance of the pulse relative to the ground (for diffuse targets this is

not a problem due to the homogeneous distribution of scatterers along the beam). Extending

the analysis of Godwin et al. (2012), this work shows that a bias-free ground return velocity can

be retrieved once the pulse center has passed the ground, as expected (this was not investigated

by Godwin et al. (2012) because they did not utilize the measured ground return velocity but

instead tried to suppress its effect). Thereby, the unbiased ground return velocity can be used

for motion correction refinement and other analysis.

Due to the chirp effect, the ground return identification requires a reliable estimation of the dis-

tance of the range gate center to the ground. The ground determination and velocity estimation

implemented in this work uses a two-step procedure in order to obtain unbiased high quality

ground return velocities (no extension of the aerosol velocity retrieval towards the ground is

attempted). First, a DEM is utilized to identify the number of the range gate intersecting with

the ground, similarly to Ellis et al. (2019). Through DEM usage, the distance of the range gate

center relative to the ground level is also obtained, thereby the chirp effect can be controlled.

Second, the obtained ground return velocities are quality controlled in a similar fashion as in the

general quality control procedure. Quality control is especially important, as subsequently the

1 s moving averaged ground return velocities are used to refine the motion correction procedure

(Sec. 6.2). Thereby, an erroneous ground return velocity would affect all of the measured lidar

velocities along the beam, which needs to be avoided.

The ground elevation at all lidar beam positions HTOP is determined using data from the Shuttle

Radar Topography Mission (SRTM, Van Zyl, 2001). The SRTM data has a horizontal resolution

of approximately 30 m, a horizontal accuracy of ±8.8m and a vertical accuracy of ±6.2m for the

region studied (at 90% probability, Rodríguez et al., 2006). Thereby, the resolution is sufficient

to allow for high accuracy ground return identification given the lidar range gate length of

69.53 m. It should be noted that pure SNR or backscatter based approaches were tested but do

not allow for a sufficiently accurate ground height identification compared to the DEM model

based approach.

Using the SRTM ground elevation at the lidar range gate positions (determined in the ECEF

coordinate system), a relative distance of every range gate to the ground is calculated based on

the height difference between the range gate center and the ground, normalized by the projection

of the range gate length onto the vertical (HC
TOP −HC(RGRD)/(bC

z ∆p)). This relative distance is

important, as for example for scans close to the horizontal (during steep turns) the ground range

gate will not penetrate the ground for the full range gate length in the vertical due to the shallow

incidence. Thereby, an unbiased retrieval will be achieved at a vertical distance less than the

full range gate length below the ground.
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Fig. A.2.: Histogram of measured ground return velocities obtained after raw motion correction. Data
is displayed as a function of relative distance from the ground for all nadir and turns legs
from all flights. The number of occurrences per ∆x =0.01 ms−1, ∆y = 0.01 bin is color coded.
Additionally shown are the mean (solid line) and standard deviation (dashed lines), separately
for nadir and turn legs. Horizontal lines and labeling illustrate the applied sorting scheme into
above, exact and below ground range gates. Please note that the chirp effect is of opposite sign
compared to Godwin et al. (2012) due to a different convention being used. Extending Godwin
et al. (2012), the exact ground range gate velocities show that the radial velocity is unbiased
again once the pulse peak has ’passed’ the ground (in a temporal sense).

The resulting ground return velocity, as a function of relative distance below the ground, is

shown in Fig. A.2. Above the ground, the velocity profile shows the linear bias effect discussed

by Godwin et al. (2012). Compared to Godwin et al. (2012) the sign convention is inverted, but

also the magnitude of the bias is reduce to values of 0.4 ms−1 at a relative distance of 0.8 above

the ground. Godwin et al. (2012) use a slightly different lidar system and extend their analysis

further up above the ground, explaining the observed difference. Despite the bias, the profile

is well centered and the standard deviation is not increased, demonstrating the accuracy of the

height determination (small errors in height assignment would have a noticeable effect on the

standard deviation due to the linear change with height). Extending Godwin et al. (2012), the

figure shows that once the pulse peak passes the ground (in a temporal sense, e.g. the pulse is
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Tab. A.1.: Statistics of the quality controlled ground return velocity for all flights including overall avail-
ability.

Flight number Availability Nadir µ1 Nadir σ1 Turn µ1 Turn σ1

in % in ms−1 in ms−1 in ms−1 in ms−1

1 95.7 -0.01 0.06 0.04 0.12
2 90.0 0.01 0.05 -0.02 0.12
3 86.2 0.00 0.07 0.01 0.13
4 91.9 0.01 0.06 0.03 0.16

centered on the ground, the retrieval is not literally from below the ground in a spatial sense), the

profile remains constant with height and unbiased. Based on the observed profile, the ground

range gate is defined to be in the region −0.2 to −1.2 relative height units. Only ground return

velocity values from range gates within this region are used for ground return based motion

correction refinement. Below this region, again a biased return profile develops, although with

smaller magnitude. Further, the number of retrieved velocities starts to decay noticeably and

scatter increases (both due to the strongly reduced signal intensity).

Due to the more accurate motion correction during nadir legs (Sec. 6.2.IV), the standard devi-

ation is much lower for nadir legs compared to turns. The standard deviation remains constant

with height. The observable scatter of the ground return is due to errors in motion correction,

mis-identification of the ground return, radial velocity noise and non-stationary ground targets.

A separation and quantification of the importance of each of the drivers is not easily possible.

However, the analysis of all measured ground return velocities, as in figure 6.9 as well as figures

6.10, 6.11, 6.15, provides sufficient evidence that the main contribution to ground return veloc-

ity is due to errors in motion correction (which is thereby corrected using the ground return) as

well as radial velocity noise. Fortunately, the radial velocity noise is low, because the ground

return signal strength is generally high, its impact is further reduced for the refined motion

correction as the 1 s moving average is used.

After ground return identification, for refined motion correction only (not for the general ground

return velocity based quality assessment), the obtained values are further quality controlled in

a manner similar to the general quality control procedure. To this end, all values exceeding

±1ms−1 are discarded and only values with a minimum SNR of −5 dB are used (in order to

restrain the retrieved values for low uncorrelated noise, see Fig. 6.7). Last, a spike filter is

applied which removes all spikes with magnitude > 0.3 ms−1 (> 1σ of the maximum expected

uncorrelated noise level, > 3σ of the average expected uncorrelated noise level).

The overall statistics of the available, quality controlled ground return velocities for refined

motion correction are given in Tab. A.1. The ground return availability is generally high and but
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can be impeded by the presence of clouds. The average ground return is mostly bias-free (|µ1|

< 0.05 ms−1 also for non-quality controlled data), confirming the quality of the beam pointing-

angle calibration. As discussed above, the standard deviation of the ground return velocity is

much reduced for nadir legs compared to turns.

A.6. Pitch, roll, yaw maneuvers

The usage of PRY calibration maneuvers for lidar data analysis is introduced as a part of this

work, based on concepts provided by Lenschow (1986). Haimov and Rodi (2013) utilize sim-

ilar procedures for ADR beam-pointing angle calibration, for an overview of calibration flight

maneuvers to determine nose-boom wind measurement accuracy see Lenschow (1986) and

Wendisch and Brenguier (2013)[A1]. A PRY maneuver consists of pilot-induced periodic os-

cillations around the individual aircraft axis in ARD. First, pitch oscillations are conducted,

reaching absolute values of the pitch angle up to 10◦. Second, roll oscillations are conducted,

reaching absolute values of the roll angle up to 20◦. Third, yaw oscillations are conducted,

reaching absolute values of the roll angle up to 10◦. For an exemplary PRY maneuver and the

associated aircraft attitude angles see Fig. 6.9. PRY maneuvers exceed the variations in aircraft

attitude angles experienced during standard measurements legs used for meteorological analysis

by up to one order of magnitude. Thereby, PRY maneuvers can serve as a lower limit for mea-

surement accuracy during strongly disturbed flight conditions, e.g. due to severe turbulence.

Due to the rapid but defined oscillation cycles, systematic errors in the INS reported motion

correction data can be detected, as well as its accuracy assessed under extreme conditions.

A.7. Vertical wind variance uncertainty due to horizontal wind contribution

The contamination of the measured vertical wind variance due to non-nadir beam pointing

is based on Strauss et al. (2015) in this work. The following formulas for determination of

β2
HC, ε

2
HC are taken from their work, the assumptions and derivation are not repeated for the

sake of brevity but can be found in their study. The uA,vA wind components refer to the along-

and across-track wind components, respectively. β2
HC, ε

2
HC are calculated as

β2
HC = θ

2(uA
max)

2+ θ1
2
v2

r + θ2 v2
r +φ2(vA

max)
2+φ1

2
v2

r +φ2 v2
r ,

ε2
HC = 2|θ1| ·2σruwv

2
r +2|φ1| ·2σrvwv

2
r +2|θ′φ′| ·2σruvv

2
r +2|θ′φ′| ·uA

maxv
A
max +2|θ φ| ·2σruvv

2
r .
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In the above, σruv is the standard deviation of the correlation coefficient ruv = u′Av′A/(σ1
uσ

1
v).

This correlation coefficient is unknown at the point of the lidar measurements, therefore it is

determined as the average in-situ value from all aircraft measurements inside the boundary

layer for all flights (as in Strauss et al., 2015). The values obtained are σruv = 0.30, σruw =

0.38, σrvw = 0.36. Further, in the study of Strauss et al. (2015), uA
max,v

A
max are the maximum

expected along- and across-track horizontal wind components for each flight leg. This rather

coarse approximation has to be assumed in their study because they analyze mountain waves

and rotors in complex terrain, where the wind profile changes rapidly (and is seldom available

in their study). In this study, however, the linearly changing horizontal wind field assumption

can be applied due to the less turbulent conditions and the wind profiling conducted before

and after each nadir flight leg. Thereby, the horizontal wind contribution to the retrieved radial

velocity can be removed in post-processing and consequently the assumption on uA
max,v

A
max

can be relaxed. Following this, the uA
max,v

A
max are determined as the maximum uncertainty

associated with the horizontal component of the surrounding wind profiles (using the ADLS

developed data-driven uncertainty estimation). The effect of this horizontal wind removal is

also discussed in Sec. 6.2.VI, where the results from the reduced uncertainty estimation are

compared to those from the original Strauss et al. (2015) estimation.

A.8. Formulas associated with the PVA correction using the modified azimuthal

structure function technique

The theory applied for PVA correction and explained in the following is based on Frehlich

(1997); Frehlich and Cornman (2002) and Frehlich et al. (2006), however it is modified for

application to the vertical wind based on information given in Houbolt et al. (1964) and Lothon

et al. (2006). As in Frehlich et al. (2006), the measurement structure function is calculated

orthogonal to the beam pointing direction. Thereby, the separations s are given in the direction

of the beam movement. Consequently, the structure function is defined as

Dv(R, k∆s) = 〈[v′(R, s)− v′(R, s+ k∆s)]2〉

for the radial velocity fluctuations v′(R, s) (deviations from the mean) as a function of range gate

R and separation s, where k∆s is determined as the separation between measurements along the

flight path in the ECEF coordinate system.
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A simple model of the structure function for turbulence over a two-dimensional plane is given

by Hinze (1959); Frehlich et al. (2006) as

Dv(R, s) = 2w2[Λ(q/L0)+ΛD(q/L0)(1−(R2/q2)],

with the outer scale of turbulence L0 and q =
√

R2+ s2. With the von-Karman model (von

Karman, 1948), Λ(x) is the longitudinal component given as

Λ(x) = 1−
22/3

Γ(1/3)
x1/3K1/3(x) = 1.0−0.592548x1/3K1/3(x)

and ΛD(x) is the transversal component:

ΛD(x) =
x4/3

21/3Γ(1/3)
K2/3(x) = 0.29627426K2/3(x).

Hereby, Γ(x) are the Gamma function and K1/3(x),K2/3(x) the modified Bessel functions of

order 1/3 and 2/3 respectively. The outer scale L0 is connected to the integral scale L through

L =

√
πΓ(5/6)
Γ(1/3)

= 0.7468343L0.

It must be noted (but has not been mentioned in studies using the technique so far) that the

above definitions, based on Frehlich et al. (2006), implicitly assumes that the outer scale L0

is the length scale in the longitudinal direction of the flow. Therefore, the technique needs to

be adopted for application to the vertical wind, which is transversal and not longitudinal. The

difference between the longitudinal length scale Lu and the transversal length scale Lw is given

as Lu = 2Lw for isotropic conditions (Batchelor, 1948; Houbolt et al., 1964).

The assumption of isotropy is not necessarily fulfilled in the atmospheric boundary layer, the

degree of violation and its effect on the length scales are evaluated by Lenschow and Stankov

(1986). Two reasons warrant usage of a factor 2 in this work. First, any deviations from this

ratio are usually unknown at the point of measurement, making this assumption the best choice.

Second, any potential violations and their effect are captured by a degraded quality of the raw

von-Karman model fit in comparison to the directly obtained length scales estimates. Thereby,

any potential deviation from the factor 2 should be captured as uncertainty.

The difference between longitudinal and transversal length scale must be accounted for in the

transversal von-Karman model when applying the Frehlich et al. (2006) azimuthal technique to

the vertical wind. The difference between the scales and its implications on the von-Karman
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model is documented in-depth in Houbolt et al. (1964, Appendix B, p. 64-66), therefore it

is not elaborated further here. Not accounting for the factor 2 results in an erroneous PVA

correction (systematically increased length scales), which can possibly explain the unexpected

PVA correction effect on length scales documented by Lothon et al. (2006, p. 527, although they

distinguish between the longitudinal and transversal length scales the difference was maybe not

considered in the PVA correction) and Brugger (2014, his Fig. 7.7) when using the transversal

model. Also note that the transversal model is applicable for both along-wind and cross-wind

directions as the vertical wind is always transversal to the mean flow.

Using the quantities w2, L0,raw (from L according to Eq. 3.26), calculated from the definition

(e.g. without correction of the PVA averaging effect) in the above formula, a raw von-Karman

model fit Draw can be constructed for illustrative purpose.

At the same time, according to Frehlich et al. (2006) the PVA weighted model of the structure

function is given as

D̂wgt(R, s;w2, L0) = 2w2G(s/∆p, µ, χ),

where the semicolon separates input arguments from model parameters. Hereby, µ=
√

2ln(2)∆p/∆r, χ =

∆p/L0 and

G(m, µ, χ) = 2
∫ ∞

0
F(x, µ)[Λ(χ

√
m2+ x2)−Λ(χx)+ΛD(χ

√
m2+ x2)m2/(m2+ x2)]dx,

where the adjusted integration limits and structure function input variables compared to Frehlich

et al. (1998) should be noted. F is given by Frehlich et al. (1998) as

F(x, µ) =
1

2
√
πµ
{exp(−µ2(x+1)2)+ exp(−µ2(x−1)2)}

+
x
2
{erf(µ(x+1))+ erf(µ(x−1))−2erf(µx)}

−
1
√
πµ

exp(−µ2x2)+ erf(µ(x+1))/2− erf(µ(x−1))/2.

where exp,erf are the standard exponential and error function, respectively.

Assuming homogeneous turbulence and uncorrelated estimation error E(R), an estimate of the

azimuth structure function is given by

D̂wgt(R, s) = D̂noi(R, s)−E(R).
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The estimation error E(R) = 2β2
rv(R) is approximated through extrapolation of the autocovari-

ance function to lag zero using a linear fit through the first four lags (Sec. 6.2.III). The measured

structure function is calculated according to

D̂noi(R, k∆s) = {V ′PST,GRD(R, s)−V ′PST,GRD(R, s+ k∆s)}2,

with V ′PST,GRD as the deviations from the mean.

A.9. Random and systematic error of statistical moments due to finite

measurement lengths

Both systematic and random errors are introduced if statistical quantities of the vertical wind

are calculated from measurements of finite length, because the desired ensemble average has

to be replaced by the temporal mean (Lenschow and Kristensen, 1984; Lenschow and Stankov,

1986; Lenschow et al., 1994). Hence, the associated uncertainties need to be estimated. First,

the ensemble average of the time mean is not equal to the ensemble average, 〈µ2(T)〉 , µ2. The

systematic uncertainty due to this estimation is given by Lenschow et al. (1994) as

〈µ2(T)〉

µ2
≈ 1−2

T

T
. (A.26)

The ratio T
T expresses the sample size of independent data which can be gathered (further related

to the number of turbulent eddies which are averaged over). The relationship in Eq. A.26

shows that there is a systematic underestimation of the second-order moment if measured using

time series of limited extent. Fortunately, this systematic offset can be estimated and becomes

negligible for sufficiently long measurement duration compared to the integral scale.

Second, another important source of uncertainty is the random error when estimating the en-

semble mean from the second-order central moment of w(t). The individual realizations µ2(T)

are distributed around 〈µ2(T)〉 with a random variance

ε2
ran

2
(T) = 〈[µ2(T)− 〈µ2(T)〉]2〉. (A.27)

According to Lenschow and Kristensen (1984); Lenschow et al. (1994), the random variance

can be estimated as

ε2
ran

2(T) = 4
µ2

2

T

∫ ∞

0
ρ2(τ)dτ, (A.28)
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which simplifies to

ε2
ran(T) =

√
2µ2

2T

T
, (A.29)

if an exponential autocorrelation function (giving
∫ ∞

0 ρn(τ)dτ = T
n ) is assumed. Please note that

for the vertical wind µ2 has units of m2 s−2 and accordingly ε2
ran(T) has units of m2 s−2. Again,

longer averaging times reduces the uncertainty magnitude (because more eddies are averaged, as

long as the ergodicity assumption holds) and also enables a more reliable uncertainty estimation

as both the integral length scale and µ2 need to be estimated. The random uncertainty is much

larger than the systematic uncertainty for small values of T
T (the usual case, as averaging over

many times the integral scale is necessary for reliable measurements), due to the square root

present when evaluating for ε2
ran(T) (discussed by Lenschow et al., 1994, in-depth also for

disjunct sampling). The above framework, adopted for the first order moment, is also used to

estimate the random uncertainty associated with the measurement of the mean, as is done for

example by Lenschow and Kristensen (1984), Lenschow and Stankov (1986) and Lenschow

et al. (1999):

ε1
ran(T) =

√
2µ2T

T
. (A.30)

Please note that in the measurements the true ensemble means µ1, µ2 are always substituted by

µ1(T), µ2(T) due to the impossibility of estimating µ1, µ2 directly.
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B. Additional tables

Tab. B.1.: Overview of used acronyms and their meaning. For parameters which are varied the standard
values used for system setup (STP) and wind profile retrieval strategy (RET) are marked in
red.

Simulator settings

Name Description LES set A LES set B

AAL Aircraft flight altitude 1100 m
AVG Along-track averaging distance 325, 650, 975, 1300, 2600 m
BLA Sector blanking 0◦, 90◦, 135◦, 180◦, 225◦, 270◦

ELE Scan elevation angle 30◦, 40◦, 50◦, 60◦, 65◦, 70◦, 75◦, 80◦

FME Lidar measurement frequency 1, 5, 10 Hz
HGT Height used for retrieval <800 m
IAS Indicated air speed 65 ms−1

LEV Vertical averaging distance 60, 120, 240 m
ROT Scan rotation speed 18, 22.5, 30, 45, 90◦ s−1

WND Background wind case 0, 2, 5, 10, 15

ms−1

5, 10, 15 ms−1

Wind field during sampling frozen varying

LES time steps sampled 7 28

Transects flown per time step 8 3

Profiles retrieved per transect 6 1

Time separation between transects 20 minutes 1 minute
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C. Additional figures

Aircraft Scanner Lidar

Profile retrieval

System

Atmo-
sphere

Meas-
urement

Retrieval

LES set A

Simulated data

FME 1-10 Hz,10 HzELE 30°-80°, 60°

WND 0, 2, 5, 10, 15 m s-1

IAS 65 m s-1

BLA 0°-270°, 0°AVG 325-2600 m, 1300 m

ROT 18-90° s-1, 18° s-1AAL1100 m

Sampling 7x8x6, △20 min

Ideal system

LES set B
WND 5, 10, 15 m s-1

Sampling 28x3x1, △1 min

LEV 60-240 m, 60 m

Wind field
frozen

Wind field
varying

HGT < 800 m

Fig. C.1.: ADLS operation scheme and settings used for the AVAD wind profiling quality analysis. The
corresponding abbreviations can be found in Tab. B.1. For parameters which are varied the
standard settings for system setup (STP) and wind profile retrieval strategy (RET) are marked
in red.
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Fig. C.2.: Vertical profiles of the average wind speed, potential temperature, kinematic sensible heat flux,
the component-wise wind variance and the grid vs. sub-grid scale turbulent kinetic energy for
LES set A. The different background wind cases are color-coded. The corresponding figures
for LES set B are provided in Stawiarski (2014), Fig. 5.1 and 5.2.
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Fig. C.3.: Error correlation analysis for the 5ms−1 background wind case. Panels a), c), e), g) show the
retrieval errors for every time step at 60,320,500,760 m altitude respectively. Color-coded is
the number of the parallel trajectory. Additionally given as numbers is the correlation between
neighboring trajectories. Panels b), d), f), h) show the autocorrelation of the retrieval errors for
each transect.
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Fig. C.4.: Same as Fig. C.3 but for the 10 m s−1 background wind case.

Fig. C.5.: Same as Fig. C.3 but for the 15 m s−1 background wind case.
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Fig. C.6.: Profile of wind speed retrieval quality parameters MAE, REL, bias and normalized number of
retrieved wind profile points Nn as a function of height. Displayed data are for an ideal system
using the standard system setup and retrieval strategy for (a) LES set A and (b) LES set B.

Fig. C.7.: Same as 5.1 but for the individual u, v, w components.
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Fig. C.8.: Quality control criteria for the standard system setup and retrieval strategy for LES set A, as in
Fig. 5.3 but with adjusted color scale.

Fig. C.9.: Comparison of LES truth and AVAD retrieved wind speed for an ideal measurement system for
(a) LES set A and (b) LES set B using the increased along-track resolution retrieval strategy
(AVG = 650 m). Color-coded is the histogram distribution of all measurements. The observ-
able deviations from the 1:1 line reveal the AVAD retrieval error due to the violation of the flow
homogeneity assumption. The system setup and retrieval strategy are the same between LES
set A and B, more wind profiles can be retrieved from LES set A due to the larger simulation
domain.
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Fig. C.10.: Profile of uncertainty forecast parameters UNCphy , MAE, µG and σG as a function of height.
Displayed data are for (a) LES set A and (b) LES set B and an ideal system with the aircraft
flying at an altitude of 1700 m, using the standard system setup and retrieval strategy other-
wise.
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Fig. C.11.: Same as Fig. 5.15 but for five different scan speeds, using STP and RET otherwise.

Fig. C.12.: Same as Fig. 5.15 but for three different along-track averaging distances, using STP and RET
otherwise.
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Fig. C.13.: Same as Fig. 5.15 but for three different vertical averaging distances, using STP and RET
otherwise.

Fig. C.14.: Same as Fig. 5.15 but for four different sector blankings, using STP and RET otherwise.
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Fig. C.15.: Illustration of flight path for flight 1 (10 July 2019, flight time 11:35-13:30 UTC). The Do128
flight trajectory is shown with the aircraft altitude color-coded. Quivers show the in-situ
measured wind speed and direction at flight altitude with a 5 s average applied. Additionally
shown is the path traced by the lidar ground range gate. Numbers correspond to the flight legs
detailed in Tab. B.2, an overview of the ADL measured data is given in Fig. C.19.

Fig. C.16.: Illustration of flight path for flight 2 (18 July 2019, flight time 06:15-08:58 UTC). Display
characteristics as in Fig. C.15. Numbers correspond to the flight legs detailed in Tab. B.3, an
overview of the ADL measured data is given in Fig. C.20.
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Fig. C.17.: Illustration of flight path for flight 3 (18 July 2019, flight time 12:30-15:14 UTC). Display
characteristics as in Fig. C.15. Numbers correspond to the flight legs detailed in Tab. B.4, an
overview of the ADL measured data is given in Fig. C.21.

Fig. C.18.: Illustration of flight path for flight 4 (19 July 2019, flight time 09:40-11:38 UTC). Display
characteristics as in Fig. C.15. Numbers correspond to the flight legs detailed in Tab. B.5, an
overview of the ADL measured data is given in Fig. C.22.
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Fig. C.23.: Large-scale wind field at 925 hPa for 12 UTC, 18 June 2019 as modeled by the Global Fore-
cast System. The location of the measurement area is marked by a red box. Figure obtained
from www.wetter3.de.

Fig. C.24.: Aircraft and lidar data used for time synchronization as a function of time for the morning
flight on 18 July 2019. All data fulfilling the time synchronization criteria are marked as bold.
(a) Aircraft roll data. (b) High frequency number of SNRmax range gate, nearest neighbor
interpolated and quality controlled for cloud returns. (c) 60 s moving mean averaged vertical
aircraft velocity. Beginning and end times of detected turn segments are shown as green and
red vertical lines respectively. Note that PRY sequences show many short alternating roll
oscillations per detected turn segment which are too close to be displayed.
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Fig. C.25.: Correlation coefficient of the variation of 1/bEz and the number of ground range gate as a
function of time difference between internal Do128 time and internal WTX lidar time. Cor-
relations are calculated for all time synchronization segments for the morning flight on 18
July 2019. The time difference ∆tDo128−WTX is displayed for the synchronized data using a
raw time difference ∆tDo128−WTX,raw = 18.12s. Correlation coefficients obtained from PRY
maneuvers are displayed in green, those obtained from other maneuvers (e.g. turns) are dis-
played in black. Segments which do not show a peak in the investigated interval are shown in
gray.
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Fig. C.26.: Vertical profile of the horizontal wind retrieved with ADL from turn directly prior to PRY ma-
neuver. (a) Wind speed. (b) Wind direction. (c) Quality control parameters R2 and CN . The
turn was conducted from 06:32:20 - 06:33:10 UTC. Additionally shown is the vertical profile
of the horizontal wind obtained from Do128 in-situ measurements during a nearly straight
climb-out from Brunswick airport towards the Harz region, 06:15:00 - 06:33:00 UTC. Please
note that the distance covered by the aircraft during climb-out was approximately 60 km,
therefore the lowest profile points differ by 60 km spatially and 15 min temporally, with de-
creasing distance towards the upper region of the profile. Due to the homogeneous wind
field situation with little turbulence the ADL wind profile uncertainties are hidden behind the
markers.
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Fig. C.27.: Illustration of vertical wind measurements and structure functions used for PVA correction for
top flight leg during flight 4 discussed in Sec. 6.7. (a) Displayed is the motion and wind cor-
rected ADL measurement for the range gate R1 conducted at 0.6 zi (10:46:30-10:55:15 UTC).
Further displayed is the in-situ Do128 vertical wind measurement, conducted simultaneously
at 0.9 zi, 400 m above the measurement of R1. (b) Structure functions calculated using the
vertical wind measurements and modeled using the modified azimuthal structure function
technique (Frehlich et al., 2006). Labels according to the specifications given in the text,
measured structure functions are marked as points and their symbols denoted with a hat,
whereas idealized structure functions are marked as lines. The Do128 structure functions
extends to smaller separations due to the higher measurement frequency of 100 Hz compared
to 10 Hz for the ADL. Please note that the ADL measured variance and integral scale cannot
be compared to in-situ measured values due to a vertical de-location of 400 m.
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Fig. C.28.: Effect of PVA-correction procedure on (a) the variance and (b) the integral length scales.
The PVA corrected values are shown in comparison to the values calculated directly using the
definition. ADL measurements are displayed for all altitudes on all nadir legs with a minimum
leg length of 60 s. The altitude of the individual measurements compared to the boundary
layer height is color-coded, the von-Karman model is only expected to yield reliable results
inside the boundary layer. The leg length is displayed through circle area. Deviations from the
1:1 line show the PVA-correction β2

PV A. For points circled in gray the PVA-correction is not
applied in the final data due to their location above 1.0 zi and the associated non-applicability
of the von-Karman model. Vertical bars illustrate the uncertainty ε2

PV A associated with the
PVA correction procedure based on the raw von-Karman model applicability.
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Fig. C.29.: Estimates of the systematic and random uncertainties due to the finite length of the investi-
gated time series based on Lenschow et al. (1994). Shown are (a) the systematic offset (which
is treated as an uncertainty of equal magnitude at the same time) and (b) the random uncer-
tainty of the second order moments. ADL measurements are displayed for all altitudes on
all nadir legs with a minimum leg length of 60 s. The leg length is displayed through circle
area. The altitude of the individual measurements compared to the boundary layer height is
color-coded.

Fig. C.30.: Comparison of Do128 in-situ measured and ADL remotely sensed wind components u, v, w
for all co-located profiles on all flights. Displayed quantities correspond to Fig. 6.21, except
that the wind components are shown.
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Fig. C.31.: Quality control criteria for all profiles on all flights, data as in fig 6.21. a) Color-coded his-
togram of number of occurrence for retrieval vs. in-situ difference and R2. Crosses show
values eliminated by quality control, hollow circles show values eliminated by distance con-
trol. b) Retrieval vs. in-situ difference and R2, color-coded is CN . c) Do128 in-situ measured
and ADL retrieved wind speed, color coded is R2. Profile points which pass quality and dis-
tance control are displayed as color-coded full circles. d) Same as a), but for CN . e) Retrieval
difference and CN , color coded is R2. f) Same as c), but for CN . The magenta line indicates
the CN quality control threshold applied.
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Fig. C.32.: Vertical profile of the horizontal wind retrieved with ADL from turn directly prior to PRY
maneuver, with increased ADL uncertainty estimates due to inhomogeneous flow conditions.
(a) Wind speed. (b) Wind direction. (c) Quality control parameters R2 and CN . The turn
was conducted from 13:37:15 - 13:38:45 UTC. Additionally shown is the vertical profile of
the horizontal wind obtained from Do128 in-situ measurements during a close-by circling
profile, 13:26:30 - 13:37:00 UTC.
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Fig. C.33.: Cloud conditions encountered during flight 1 on 10 July 2019. Patches of less dense cumulus
humilis (approx. 1/8) alternate with denser patches (approx. 4/8). At upper levels a thin cirrus
layer is observed which thickened during the course of the flight. Picture taken at 11:56 UTC
prior to the nadir transect investigated, location north of Wolfsburg, viewing direction north.
The subsequent nadir transect analyzed in Sec. 6.5 was conducted towards the left side of the
picture.
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Fig. C.34.: Same as Fig. 6.27 but showing the SNR across the Harz mountain range during the morning
flight on 18 July.
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Fig. C.35.: Same as Fig. 6.28 but showing the SNR across the Harz mountain range during the afternoon
flight on 18 July.
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Fig. C.36.: 3-D illustration of the first transect across the Harz on the morning flight of 18 July 2019,
06:43-06:54 UTC. The viewing direction is towards south-east. Panel (a) shows the vertical
wind, panel (b) shows the SNR. The associated color scales are as in Fig. 6.28 and Fig. C.35
respectively. Vertical lines illustrate the location of wind profiles, red vectors show wind
direction and speed. Panel (b) is semi-transparent to show all wind profile vectors whereas
panel (a) is not, thereby hiding some wind profile vectors.
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Fig. C.37.: Wave-type cloud pattern observed in the free troposphere above the cumulus cloud field dur-
ing flight 3 on 18 July 2019. Picture taken at 13:37 UTC on the southern side of the Harz,
viewing direction southeast.
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Acronyms

ADL Airborne Doppler Lidar

ADLS Airborne Doppler Lidar Simulator

ADR Airborne Doppler Radar

AGL Above Ground Level

ARD Along-Right wing-Down reference system

AVAD Airborne Velocity Azimuth Display technique

AVG Along-track AVeraGing distance

BL (Atmospheric) Boundary Layer

BLA Sector BLAnking

DAWN1 ADL on NASA DC-8 aircraft

DAWN2 ADL on UC-12B aircraft

DEM Digital Elevation Model

DIAL DIfferential Absorption Lidar

DLR Deutsches Zentrum für Luft- und Raumfahrt

DLR 2µm ADL 2µm onboard DLR Falcon 20 aircraft

DLR A2D Direct detection ADL onboard DLR Falcon 20 aircraft

DNS Direct Numerical Simulation

Do128 Dornier 128-6 research aircraft of the TU Brunswick, call-sign D-IBUF

ECEF Earth-Centered, Earth-Fixed reference system

ELE Scan ELEvation angle

ENU East-North-Up reference system

ESRL Earth System Research Laboratory

FFT Fast Fourier Transform

FME Lidar Frequency of MEasurement
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FWHM Full Width at Half Maximum

GEO GEOdetic reference system

GrOAWL Green Optical Autocovariance Wind Lidar onboard NASA WB-57 aircraft

GS Grid Scale

HGT HeiGhT used for retrieval

IAS Indicated Air Speed

IFR Instrument Flight Rules

INS Inertial Navigation System

LASER Light Amplification by Stimulated Emission of Radiation

LES Large Eddy Simulation

LEV Vertical averaging LEVel

LIDAR LIght Detection And Ranging

LIVE ADL onboard ATR-42 aircraft

LOS Line-Of-Sight

LSQ Least-SQuares

M2D ADL onboard Twin-Otter aircraft

MSL Mean Sea Level

NASA National Aeronautics and Space Administration

NOAA National Oceanic and Atmospheric Administration

NVS Navier-Stokes

NWP Numerical Weather Prediction

OAWL Optical Autocovariance Wind Lidar onboard NASA WB-57 aircraft

ONERA Office National d’Études et de Recherches Aérospatiales

P3DWL ADL onboard P3-D aircraft

PALM PArallelized Large-eddy simulation Model

PRF Pulse Repetition Frequency
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PRY Pitch, Roll, Yaw

PVA Pulse Volume Averaging

RANS Reynolds Averaged Navier Stokes

RET Standard wind profile RETrieval strategy

ROT Scan ROTation speed

SAFIRE Service des Avions Francais Instrumentés pour la Recherche en Environnement

SGS Sub-Grid Scale

SRTM Shuttle Radar Topography Mission

STP Standard system SeTuP

TODWL ADL onboard Twin-Otter aircraft

UTC Coordinated Universal Time

VAD Velocity Azimuth Display technique

VFR Visual Flight Rules

VVP Volume Velocity Processing

WGS84 World Geodetic System WGS84 reference ellipsoid

WND Background WiND speed case

WTX Lockheed Martin Coherent Technologies 1.6 µm WindTracer Doppler lidar
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List of Symbols

Symbol Description Unit

General sub- and superscript conventions
[]A Superscript for quantities in aircraft reference system

ARD

[]C Superscript for quantities in Earth-centered, Earth-fixed

reference system ECEF

[]E Superscript for quantities in ground reference system

ENU

[]G Superscript for quantities in geodetic reference system

GEO

[]LES Superscript for individual input-truth quantities in ADLS

[]R Superscript for retrieved quantities in ADLS

[]T Superscript for averaged input-truth quantities in ADLS

[]GRD Subscript for quantities after using ground-return for re-

fined motion correction

[]PST Subscript for quantities after post-processing for horizon-

tal wind contribution removal

[]RAW Subscript for quantities without application of ground-

return for refined motion correction

[]′ Transpose for matrices

q′ Turbulent deviation of q from mean for scalar quantities

[]1 Notation for first-order moment

[]2 Notation for second-order moment

Transformation and rotation matrices
H Heading rotation matrix

P Pitch rotation matrix

R Roll rotation matrix
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Symbol Description Unit

TAE Transformation matrix from aircraft reference frame

ARD to East-North-Up reference frame ENU

TCE Transformation matrix from Earth-centered, Earth-fixed

reference frame ECEF to East-North-Up reference frame

ENU

General variables
A Area m2

H Height m
N Number of measurements

Ωg Earth’s angular velocity rads−1

R (Auto-)covariance Depending

on quantity

TKE Turbulent kinetic energy m2 s−2

Θ Potential temperature K
t Total measurement time s
bbb Beam direction unit vector

c Speed of light ms−1

f Frequency Hz
g Gravitational acceleration ms−2

L Integral length scale m
T Integral time scale s
λm Wavelength of the spectral maximum m or s
λ Wavelength m or s
ν Kinematic viscosity coefficient m2 s−1

ω Angular frequency rads−1

p Pressure hPa
ρa Density of dry air kgm−3

ρ (Auto-)correlation

τ Lag m or s
t Time s
zi Boundary layer height m
δi j Kronecker delta, δi j = 1 for i = j, δi j = 0 for i , j
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Symbol Description Unit

εi j k Levi-Civita symbol, ε123 = ε231 = ε312 = 1; ε132 = ε213 =

ε321 = −1; εi j k = 0 otherwise

σ1 Measured standard deviation of first order moment Depending

on quantity

µ1 First-order moment Depending

on quantity

µ2 Second-order moment Depending

on quantity

Lidar parameters
∆R Effective range resolution m

∆h Movement of range gate during measurement m

∆p Range gate length m

∆r Lidar pulse length m

E Energy level J
In Gaussian pulse weighting function

Φ Scan angle rad
P Signal power W
RGRD Number of ground range gate

RSNRmax Number of range gate with maximum SNR

Rdis Distance to the center of the range gate m
Rn Number of n-th range gate

SNR Signal-to-noise ratio

SpG Samples per range gate

α Extinction coefficient sr−1 m−1

β Backscatter coefficient sr−1 m−1

η Detector efficiency parameter

fspl Lidar sampling rate of signal detector Hz

h̄ Planck constant Js
λL Lidar wavelength m
nR Range gate number index

r Distance along beam m
σp 1/e width of lidar pulse s
vpulse Pulse weighted radial velocity ms−1
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Symbol Description Unit

Aircraft parameters
T AS True air speed ms−1

X Cartesian x-coordinate m
Y Cartesian y-coordinate m
Z Cartesian z-coordinate m
a Equatorial radius of WGS84 ellipsoid m
b Polar radius of WGS84 ellipsoid m
hg Geodetic height m
λg Geodetic longitude deg
ωωω Aircraft rotation rate vector rads−1

dφ/dt Aircraft roll rate rads−1

φ Aircraft roll angle rad
ψ Aircraft heading angle rad
rrr Lidar moment arm, distance IMU to lidar m
θ Aircraft pitch angle rad
ϕg Geodetic latitude deg

Velocity parameters
S( f ) Variance density in spectral decomposition m2 s−1

Vα Wind direction in retrieval volume, from ADL retrieval,

ADLS or aircraft measurement

deg

Vm Vector averaged wind speed in retrieval volume, from

ADL retrieval, ADLS or aircraft measurement

ms−1

Ṽm Scalar averaged wind speed in retrieval volume from

ADLS

ms−1

u Horizontal wind component towards east ms−1

vCOR Motion corrected radial Doppler velocity ms−1

vD Measured radial Doppler velocity ms−1

vvvL Velocity of lidar ms−1

vvva Velocity of aircraft ms−1

vvvp Velocity of scattering particles ms−1

vvv Velocity vector ms−1

v2
r Raw radial velocity variance, second-order moment m2 s−2

v Horizontal wind component towards north ms−1
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Symbol Description Unit

w2 Variance of the vertical wind component, second-order

moment

m2 s−2

w Vertical wind component ms−1

Wind profile retrieval paramaters
CN Condition number

Cm Covariance matrix of model parameters

G−g General inverse of beam pointing matrix

G Beam pointing matrix

I Identity matrix

Ncorr Sample size corrected for along beam correlation

Ne f f Effective sample size corrected for correlation among

residuals

R2 Coefficient of determination

Xa Along track averaging distance m

Xc Across track averaging distance m

Xd Altitude dependent scan diameter m

λS Singular values of beam pointing matrix

µ2
d Data variance, estimated by residual variance m2 s−2

m Number of model parameters, retrieved wind speed com-

ponents

ρres Correlation among residuals from neighboring range

gates

Quality metrics
M AE Mean absolute error ms−1

Nn Normalized number of wind profile points (by standard

system setup and retrieval strategy)

Npp Number of wind profile points

Np Number of wind profiles

RE L Relative root mean square error, normalized with the

wind speed

RMSE Root mean square error ms−1

Nadir retrieval quantities
D Structure function m2 s−2
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Symbol Description Unit

Γ Gamma function

K Bessel function

L0 Outer scale of turbulence m
ΛD Transversal component of von-Karman model

Λ Longitudinal component of von-Karman model

s Separation distance m
LES quantities

EGS Grid scale turbulent kinetic energy m2 s−2

ESGS Sub-grid scale turbulent kinetic energy m2 s−2

QΘ Source term for heat Ks−1

UUUggg Geostrophic wind vector ms−1

ε Dissipation rate m2 s−3

Uncertainties
∆Vw′

phy Physically parameterized supra-scan-volume uncertainty

estimation

ms−1

∆Vw′

proj LES-determined supra-scan-volume flow inhomogeneity

contribution to wind profiling error

ms−1

UNCcov Average value of raw covariance matrix based sub-scan-

volume uncertainty estimation

ms−1

UNCdir Average value of LES-determined supra-scan-volume ef-

fective sample size corrected covariance matrix based

sub-scan-volume uncertainty estimation

ms−1

UNCeff Average value of effective sample size corrected covari-

ance matrix based sub-scan-volume uncertainty estima-

tion

ms−1

UNCphy Average value of physically parameterized supra-scan-

volume uncertainty estimation and effective sample size

corrected covariance matrix based sub-scan-volume un-

certainty estimation

ms−1

UNCsup Average value of physically parameterized supra-scan-

volume uncertainty estimation

ms−1

εVα Uncertainty associated with retrieved wind direction deg
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Symbol Description Unit

εVm Covariance matrix based sub-scan-volume uncertainty

estimation

ms−1

εu Uncertainty associated with retrieved u wind component ms−1

εv Uncertainty associated with retrieved v wind component ms−1

εw Uncertainty associated with retrieved w wind component ms−1

εεεaaa Uncertainty in platform ground velocity, including due to

rotation

ms−1

ε1 Random uncertainty associated with first-order moment Depending

on quantity

β1 Systematic offset uncertainty associated with first-order

moment

Depending

on quantity

ε2 Random uncertainty associated with second-order mo-

ment

Depending

on quantity

β2 Systematic offset uncertainty associated with second-

order moment, can be estimated through existing theory

for some

Depending

on quantity

ε1
HC Random uncertainty associated with first-order moment

due to contribution of horizontal wind to measured verti-

cal wind, e.g. due to aircraft pitch and roll

ms−1

ε1
ac Random uncertainty associated with first-order moment

due to aircraft motion correction

ms−1

ε1
b Random uncertainty associated with first-order moment

due to beam pointing-angle calibration

ms−1

ε1
ran Random uncertainty associated with first-order moment

due to substitution of ensemble mean with time series

mean

m2 s−2

ε1
rv Random uncertainty associated with first-order moment

due to random radial velocity noise

ms−1

ε1
t Random uncertainty associated with first-order moment

due to time synchronization between lidar and aircraft

ms−1

ε1
vt

Random uncertainty associated with first-order moment

due to terminal fall velocity of scattering particles

ms−1
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Symbol Description Unit

β1
HC Systematic offset uncertainty associated with first-order

moment due to contribution of horizontal wind to mea-

sured vertical wind, e.g. due to aircraft pitch and roll

ms−1

β1
ac Systematic offset uncertainty associated with first-order

moment due to aircraft motion correction

ms−1

β1
b Systematic offset uncertainty associated with first-order

moment due to beam pointing-angle calibration

ms−1

β1
rv Systematic offset uncertainty associated with first-order

moment due to random radial velocity noise

ms−1

β1
t Random uncertainty associated with first-order moment

due to time synchronization between lidar and aircraft

ms−1

β1
vt

Systematic offset uncertainty associated with first-order

moment due to terminal fall velocity of scattering parti-

cles

ms−1

ε2
HC Random uncertainty associated with second-order mo-

ment due to positive or negative contribution of horizon-

tal wind to measured variance, e.g. due to non-zero mean

aircraft pitch and roll

m2 s−2

ε2
PV A Random uncertainty associated with second-order mo-

ment due to estimation of systematic pulse-volume av-

eraging effect β2
PV A

m2 s−2

ε2
ran Random uncertainty associated with second-order mo-

ment due to substitution of ensemble mean with time se-

ries mean

m2 s−2

ε2
rv Random uncertainty associated with second-order mo-

ment due to estimation of systematic random radial ve-

locity noise offset β2
rv

m2 s−2

ε2
sys Random uncertainty associated with second-order mo-

ment due to estimation of systematic offset β2
sys

m2 s−2

β2
HC Systematic offset uncertainty associated with second-

order moment due to positive contribution of horizontal

wind to measured variance, e.g. due to variance in air-

craft pitch and roll

m2 s−2
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Symbol Description Unit

β2
PV A Systematic offset uncertainty associated with second-

order moment due to pulse-volume averaging

m2 s−2

β2
ac Systematic offset uncertainty associated with second-

order moment due to aircraft motion correction

m2 s−2

β2
b Systematic offset uncertainty associated with second-

order moment due to beam pointing-angle calibration

m2 s−2

β2
rv Systematic offset uncertainty associated with second-

order moment due to uncorrelated noise in lidar signal

m2 s−2

β2
sys Systematic offset uncertainty associated with second-

order moment due to substitution of ensemble mean with

time series mean

m2 s−2

β2
t Systematic offset uncertainty associated with second-

order moment due to time synchronization between lidar

and aircraft

m2 s−2

β2
vt

Systematic offset uncertainty associated with second-

order moment due to terminal fall velocity of scattering

particles

m2 s−2
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