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Preamble

One need only think of the weather, in which case the

prediction even for a few days ahead is impossible.

ALBERT EINSTEIN





Abstract
The outline of the thesis considers a characterization of dynamic processes and

aerosol particles that were studied with unmanned aerial systems (UAS) in the

atmospheric boundary layer (ABL) at two investigation areas; in the polar region

and at a continental site in Middle Europe. The use of UAS provides a detailed

4-D picture of ABL properties, thus offers a high potential for filling the sparse

small-scale observations that exist in the ABL due to missing measurement tools.

The Carolo T200 ”M
2
AV” (Mini Meteorological Aerial Vehicle) was applied for

ABL profiling and investigations of turbulence parameters as part of a Polarstern
cruise in the Antarctic Weddell-Sea during polar night between 8 June and 12

August 2013. Eleven research flights were carried out with the M
2
AV but the

field activity was strongly affected by a multitude of critical challenges like ic-

ing, strong wind speed and externally driven limitations, mainly influenced by

the need of a suitable airfield on sea ice. The results address a detailed inves-

tigation of the ABL’s stability, measured above closed sea ice and above open

water sections at two different sites on 11 July and 1–2 August 2013. The obser-

vations are strongly questioning the common picture of a stably stratified ABL,

as generally assumed in models that are applied for polar areas. Since October

2013, the UAS Carolo P360 ”ALADINA” (Application of Light-weight Aircraft

for Detecting IN-situ Aerosol) was operated for more than 100 research flights at

the Leibniz Institute for Tropospheric Research (TROPOS) site in Melpitz, Ger-

many. The main focus of the study is on investigating the correlation between

ABL’s properties and the new particle formation (NPF). This was primarily re-

alized by targeting vertical profiles of ultrafine aerosol particles (UFP, usual size

< 50 nm) in the lowermost 1 km. According to different selected case studies, a

high variability of the observed UFP was identified in the vertical scale and the

major impact on the distribution was linked to dynamics of the ABL. In addi-

tion, frequently performed profiles of the measured UFP enabled to determine

transport and mixing processes. For instance, UFP were lifted upwards from the

ground or transported downwards mainly originated from the inversion layer

or mixed in short time in the whole ABL. Further, to a significant degree of the

ALADINA’s measurement period, NPF events would not have been captured

by pure ground-based observations.





Zusammenfassung
In dieser Dissertation werden mit Hilfe von unbemannten Forschungsflugzeu-

gen dynamische Prozesse und Aerosolpartikel innerhalb der atmosphärischen

Grenzschicht (AGS) an zwei unterschiedlichen Messstandorten (Polargebiet und

kontinentaler Raum in Mitteleuropa) untersucht. Der Einsatz von unbemannten

Flugsystemen liefert einen erheblichen Beitrag zu aktuell bestehenden Daten-

lücken, die auf Grund fehlender Messmethoden im kleinskaligen Raum inner-

halb der AGS existieren. Das unbemannte Forschungsflugzeug vom Typ Carolo

T200 ”M
2
AV” (Mini Meteorological Aerial Vehicle) wurde auf einer Polarstern-

Forschungsfahrt im antarktischen Weddellmeer, unter dem Einfluss der Polar-

nacht, eingesetzt. Im zwölfwöchigen Zeitraum vom 8. Juni bis 12. August 2013

wurden elf Messflüge durchgeführt, wobei der Feldeinsatz durch die Gegeben-

heiten vor Ort stark eingeschränkt wurde, wie zum Beispiel häufiges Auftreten

von starken Winden, Vereisung und äußeren Einschränkungen, welche unter

anderem der Bedingung einer geeigneten Startbahn auf dem Meereis unterla-

gen. Die Untersuchung von Vertikalprofilen und horizontal durchgeführten Flü-

gen bezieht sich im Speziellen auf den Messzeitraum vom 11. Juli 2013 über

geschlossenem Meereis und zwischen dem 1. und 2. August 2013 über unter-

brochener Meereisoberfläche. Die gewonnenen Daten sind in ihrer Form einzi-

gartig und stellen das typische Bild einer stabil geschichteten AGS in Frage,

wie es allerdings für globale Modelle im Bereich der Polargebiete implemen-

tiert wird. Seit Oktober 2013 wird das unbemannte Flugsystem Carolo P360

”ALADINA” (Application of Light-weight Aircraft for Detecting IN-situ Aerosol)

eingesetzt mit dem vorrangingen Ziel die Partikelneubildung zu untersuchen.

Der Kern dieser Arbeit befasst sich mit der Wechselwirkung zwischen der kon-

tinental ausgeprägten AGS und der Verteilung von ultrafeinen Partikeln (UFP,

Größenbereich definitionsgemäß < 50 nm) auf Basis von über 100 Messflügen,

welche an der Forschungsstation des TROPOS (Leibniz Institut für Troposphären-

forschung) in Melpitz durchgeführt wurden. Anhand diverser Fallstudien wird

eine vielfältige Verteilung von UFP innerhalb von 1 km Höhe aufgezeigt, welche

größtenteils von dynamischen Prozessen in der AGS abhängt. Zudem ermöglicht

eine häufige Sondierung mit ALADINA die Betrachtung von Transport- und

Mischungsprozessen der gemessenen UFP. So wurden beispielsweise UFP vom

Boden aus in die AGS transportiert oder aus der Inversionsschicht in Richtung

Boden heruntergemischt. Des Weiteren hätte ein Großteil der durchgeführten

ALADINA-Messtage, allein unter Einbezug von Bodenmessdaten, nicht als so-

genanntes Partikelneubildungsevent klassifiziert werden können.
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Chapter 1 Introduction
The current knowledge of exchange processes between the Earth and atmosphere

is still poor, leading to high uncertainties in weather and climate models (e.g.

Baklanov et al., 2011). Due to lacking measurement methods, there exists a sub-

stantial need in filling the gap between ground-based in-situ (e.g. long-term

measurements at fixed point research stations) and remote-sensing, like LIDAR

(LIght Detection And Ranging) and SODAR (Sound Detecting And Ranging).

This is of special importance in the atmospheric boundary layer (ABL)–the low-

est part of the atmosphere that belongs to our living space. The ABL is influenced

by turbulence, governing the exchange of momentum, water vapour, heat, trace

gases and aerosol particles between the surface and the free troposphere aloft.

A scheme of a typical diurnal cycle of the ABL is shown in Fig. 1.1. Starting

with sunrise, incoming solar radiation causes thermal plumes, resulting in con-

vection that drives turbulent properties up to the top of the ABL, which reaches

a typical height of 1–1.5 km in middle latitudes. This region is well-known as the

convective boundary layer (CBL). In case of high incoming solar radiation, the

ABL tends to be well-mixed and is mainly neutrally stratified and can be termed

as mixed layer (ML). Air motions may be suppressed by a capping inversion, the

transition zone into the free troposphere (FT). This region is influenced by ther-

mal driven mechanisms in the so-called entrainment zone (EZ), which couples

complex physical mechanisms like cloud properties and gravity waves (Hauf

and Clark, 1989; Sullivan et al., 1998). In case of minor irradiance, air masses

cool down and the ABL top decreases. This is the case in particular after sun-

set, and the absence of solar radiation leads to a stable nocturnal boundary layer

(SNBL) with a few 100 m depth. Generally above the SNBL remains the residual

layer (RL) that originates from initial daytime conditions, thus implying impor-

tant information on meteorology and properties of aerosol particles. Especially

the morning transition (MT), the area between the stable nocturnal condition

and CBL is of main interest in current investigations (e.g. Angevine et al., 2001;

Wildmann et al., 2015; Halios and Barlow, 2018).

Although the diurnal cycle of the ABL is studied via models and observations

since the 1970s, there are still fundamental open questions (e.g. André et al.,

1978; Garratt, 1994), especially on global scale. This is mainly caused by a high

variation of surface conditions (topography, land, oceans, buildings, agriculture

land) and large differences in the net amount of solar radiation which mainly

depends on the latitude and cloud conditions. A key characterization of the ABL

is given by the top of the ABL that can be measured directly via vertical profiling

e.g. with radiosondes (RS), balloons and aircraft (Seibert et al., 2000; Dang et al.,
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Fig. 1.1: Top: Schematic description of the diurnal cycle of the atmospheric boundary layer

(ABL) in middle latitudes, based on Stull (1988). The use of unmanned aerial sys-

tems (UAS) offers the possibility to investigate the diurnal cycle of the ABL with

high resolution data by frequently profiling in the vertical scale (indicated by red

dashed line) and in the horizontal distribution (marked with blue dashed line).

Bottom: Two different case studies are presented: (1) The UAS M
2
AV in polar area

(Jonassen et al., 2015; Lampert et al., 2020) and (2) ALADINAin Melpitz (Altstädter

et al., 2015, 2018; Platis et al., 2016).

2019) or estimated with parameterizations of prognostic and diagnostic formulas

like the Monin-Obukhov length or Richardson number (Vickers and Marht, 2004;

Cohen et al., 2015).

High frequencies of vertical profiles are essential to better understand varia-

tions in atmospheric conditions (Seibert et al., 2000) and are subject to current

networks like PROBE (PROfiling the atmospheric Boundary layer at European

scale), initiated by the European Cooperation in Science and Technology, as re-

cently shown in Cimini et al. (2020). Airborne platforms have been proven as
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reliable tools for studying in-situ dynamics in the ABL along with sensors of

high temporal resolution. Common platforms are RS, tethered balloons, manned

aircraft, helicopter-based systems, airships, kites and unmanned aerial systems

(UAS) that are applied for different investigations worldwide.

Especially aircraft data offer the possibility to provide detailed high resolution

information on wind, turbulence, temperature, moisture, cloud properties, trace

gases and aerosols particles within the ABL in the vertical and in the horizon-

tal distribution. Flight patterns can be adapted according to regions of special

interest, for instance near the top of the ABL or close to the transition zone into

the FT. Manned aircraft offer various advantages, for example the opportunity

to integrate complex and heavy equipment due to large space and payload ca-

pacity in comparison with balloons. Further, investigations over large distances

of several km are possible so that regional transport of air masses can be cap-

tured as well. However, save operation of manned aircraft is limited to a certain

minimum flight level, thus detailed investigations of meteorological parameters

especially at low altitudes above ground level are not fully addressed. But flights

in the lowermost 100 m should be of primary interest for the estimation of turbu-

lent fluxes and in particular in terms of a comparison with ground-based mon-

itoring, as turbulence sensors are mainly mounted on towers or weather masts

at a typical height of 3–100 m. Additionally, flight campaigns can be cost inten-

sive and are not flexible in regions that are difficult to access like in polar areas.

The cruising speed of manned aircraft is fast with a typical air speed of around

65–80 m s
−1

, so that a profound investigation may not be guaranteed in case of

studying ABL characteristics that are dealing with rapidly changing processes

on a time scale of less than 10 min.

However, small-scale studies can benefit to a large degree from operations

with UAS. Those light weight aircraft are feasible and flexible tools for the ap-

plication of atmospheric research. The main benefit is based on the opportu-

nity of frequently profiling within the lowermost 2 km in time intervals of a few

hours, thus allowing to obtain a 4-D picture of the ABL in the vertical and in

the horizontal scale (see Fig. 1.1). The use of UAS has strongly increased within

the last decades, mainly caused by the ongoing development of small and light

weight sensors that offers a suitable integration on UAS platforms despite the

limited payload capacity, which is still the main challenge for assembling new

sensors on-board UAS. Elston (2015) and Villa et al. (2016) showed overviews of

existing UAS applied for atmospheric research that are equipped with different

kinds of sensors but those overviews have become obsolete already, due to the

rapid sensor development, both in scientific instrumentation and navigation so-

lutions. However, a review of current UAS applications is not the scope of the
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thesis presented here. The broad spectrum of applications varies from measur-

ing temperature and humidity (Reuder et al., 2009; Mayer et al., 2010), turbulence

(van den Kroonenberg et al., 2008; Witte et al., 2017; Rautenberg et al., 2019), ra-

diation (Ramana et al., 2007), cloud properties (Roberts et al., 2008), trace gases

(Illingworth et al., 2014; Brady et al., 2016) and aerosol particles (Renard et al.,

2016; de Boer et al., 2016; Chiliński et al., 2018). Another advantage is that UAS

can be operated in regions that are difficult to reach or too dangerous for manned

aircraft. For instance, McGonigle et al. (2008) investigated CO2/SO2 ratios over a

volcanic region in Italy with a helicopter UAS and the study of Elston et al. (2011)

addressed the operation of a UAS in the downdraft of a supercell thunderstorm.

Thus, both experiments were operated in a very critical area for the crew of a

manned aircraft.

1.1 Objective of the thesis
This thesis aims at a better understanding of atmospheric dynamics and aerosol

particles by using UAS within the ABL. The typical flight region was between

the height of 50 m and 1.5 km, thus providing 4-D information on meteorology,

turbulence and aerosol particles of current existing data lacks.

Overview of the thesis

The thesis is structured as follows:

The applied methods used in the study are introduced in Chap. 2. This in-

cludes a general description of the ABL and a theoretical background of turbu-

lent fluxes, described in Sects. 2.1–2.2.

Further, measurement principles and instrumentations are introduced in Chap.

3 in relation to the calculation of the 3-D wind vector, temperature and humidity.

The two UAS are described regarding their designs, payloads, flight strategies

and previous field applications. One UAS is the Carolo T200 "Mini Meteorologi-

cal Aerial Vehicle" (M
2
AV) which is presented in Sect. 3.2 (see picture termed as

Case (1) in Fig. 1.1) and the other UAS is the Carolo P360 ”Application of Light-

weight Aircraft for Detecting IN-situ Aerosol" (ALADINA), introduced in Sect.

3.3 (see picture named Case (2) in Fig. 1.1).

The results of the study focus on ABL properties measured at different inves-

tigation areas: Namely, (1) The M
2
AV was used in a polar environment, the

Weddell-Sea, Antarctica, for analyzing the potential impact of open sea ice on

ABL properties, shown in Chap. 4. And (2) the interaction between different

ABL conditions with the aerosol particle distribution is investigated via mea-



Introduction 5

surements that were performed with ALADINA in the lowermost 1 km at a rural

continental background site in Melpitz, Germany, presented in Chap. 5.

The outcome of the thesis is summarized in Chap. 6 and the study ends with

a brief overview of future planned investigations.

Publications of the projects

Here it is important to note, that the aerosol part of the thesis is based on projects

that were associated with different research partners and mainly financed by the

German Research Foundation (Deutsche Forschungsgemeinschaft, DFG) under the

project numbers LA 2907/5-1 and LA 2907/5-2. Further, it should be pointed out

that the investigations presented in this thesis have been published to a certain

extent by peer-reviewed publications already (Jonassen et al., 2015; Altstädter et

al., 2015, 2018; Platis et al., 2016; Lampert et al., 2020).

The two cases (1) and (2) differ in location and by using different types of UAS,

thus the background of each of the two cases is briefly introduced in terms of a

motivation.

1.2 Atmospheric boundary layer (ABL) above Antarctic
sea ice

The first case study addresses the structure of the ABL that was observed above

sea ice in the Southern Ocean Weddell-Sea, Antarctica, during polar night. In-

homogeneous surface conditions of sea ice are a significant point that should be

considered in small-scale studies in order to get a better understanding of atmo-

spheric conditions in polar regions. The heterogeneous sea ice concentrations are

mainly induced by the pressure gradient, resulting in sea ice motion and wind

fields, finally leading to a large variation in roughness. The onset of open wa-

ter in terms of cracks (small openings with a width of <1 m) or leads (openings

with a width of 1 to 10
4

m) might be responsible for 80 % of the turbulent mixing

in polar regions (Eisen and Kottmeier, 2000). The Earth’s energy budget is then

strongly affected by the intense heat exchange between the sea ice surface and the

atmosphere, caused by temperature gradients of up to 40 K that result between

the open water and the sea ice covered surfaces (e.g. Lüpkes et al., 2008a).

Taken from aircraft observations in the Arctic Sea of Okhotsk, sensible heat

fluxes of up to 150 W m
−2

were measured by Inoue et al. (2005) over open water

sections. Model results of large eddy simulation (LES) showed a dependence on

the lead’s width, and the sensible heat flux was estimated to be five times larger

in comparison with the case of a homogeneous surface convection (Esau, 2007).
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Sea ice Sea iceLead

Schematic plume

Stable/neutral

Inversion/upstream ABL
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?

Fig. 1.2: Schematic of the formation of a convective plume at the top of the internal bound-

ary layer (IBL) caused by the existence of a lead in the sea ice. The blue lines indi-

cate the altitude of interest for horizontal flights with the main aim to investigate

temperature and wind fields. The initial idea of the figure was based on Tetzlaff et

al. (2015).

Figure 1.2 presents a schematic view of a convective plume that is significantly

driven by the existence of a lead. The stable polar ABL is disturbed and an in-

ternal polar boundary layer (IBL) is formed due to convection as cause of en-

trainment of high moisture above the open water area, that further results in a

lifted top of the ABL (marked with red dashed line). However, the convective

plume is locally confined and the ABL is stably stratified after the subsidence of

the convective plume.

The horizontal extent of the plume depends, amongst others, on the prevailing

wind regime. Lüpkes et al. (2008b) presented LES results of sensible heat flux and

potential temperature, influenced by a lead of 1 km width (see Fig. 1.3). There,

the convective plume is strongly affected by the horizontal wind speed. For in-

stance, an horizontal wind speed of 7 m s
−1

(in this case shown in Fig. 1.3c) leads

to a horizontal extent of the convective plume with a distance of 5 km, meaning

almost doubling in size by comparison with the weak wind case, presented here

by a horizontal wind speed of 3 m s
−1

(Fig. 1.3a). The impact of leads on the

turbulent mixing is strongly variable so that deeper investigations are essential.
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For instance, Tetzlaff et al. (2015) studied turbulent characteristics of four differ-

ent leads with manned aircraft in the Arctic Fram Strait between Greenland and

Svalbard. The calculated sensible heat flux varied to a large degree between 15

and 180 W m
−2

above leads. Further, in all of the analyzed cases, the capping

inversion was found to be driven by the entrainment fluxes of up to 30 % of the

surface fluxes.

The investigations introduced so far were only based on model results or dis-

cussed via observations that were carried out in the Arctic regime.

Fig. 1.3: The figure shows the sensible heat flux (left) in W m
−2

and the potential tempera-

ture (right) in K between the surface and the altitude of 350 m caused by an open

water lead that is located between the distance of 0 and 1 km. The results were

obtained with LES for three different wind cases (a) weak wind, (b) medium wind

and (c) strong wind. The horizontal extent of the plume above the lead strongly

depends on the horizontal wind speed. The graphic was adapted from Lüpkes et

al. (2008b).
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The Antarctic environment is even more difficult to access, impacted by the

most extreme weather conditions worldwide. The Antarctic region is character-

ized by the worldwide lowest temperature and strongest wind speed. The fact of

a limited infrastructure intensifies the poor in-situ data availability as well. The

large data lack results in a broad uncertainty in the understanding of the sea-

water-atmosphere interaction in the Southern Ocean which is one of the main

climate responses on Earth (e.g. Turney et al., 2017). Information on the sea ice

concentration can be mainly retrieved from satellite data and by tracking of de-

ployed buoys (e.g. Kottmeier and Sellmann, 1996; Renner and Lytle, 2007). By

combining model results and extensive field experiments, a deeper knowledge of

the sea-water-atmosphere interaction has been achieved. The results of Morioka

et al. (2017) showed a clear interannual variability. However, small-scale inves-

tigations are still sparse, but are essential in order to better validate models on

local, regional or global scale. Small-scale investigations of the atmosphere above

the Southern Ocean are subject to the thesis, and selected case studies are pre-

sented in Chap. 4.

1.3 The role of aerosol particles in the ABL
Atmospheric aerosol particles are suspended liquids or solids in the atmosphere

with a particle diameter of a few nm up to several µm. They can directly af-

fect the air quality and human health (Colbeck and Lazaridis, 2010; Lelieveld

et al., 2015). After emission, aerosol particles may interact with solar radiation,

depending on their optical properties of either scattering or absorbing in differ-

ent wavelength ranges. This ultimately leads to a direct influence on the Earth’s

radiation budget (Twomey, 1991; Haywood and Boucher, 2000). The effect of

aerosol particles on the Earth’s climate system contributes to the highest uncer-

tainties in models (e.g. Kaufmann et al., 2002). Aerosol particles may change

their chemical and optical properties in the atmosphere after mixing and coag-

ulation with other particles or gases. In particular, volatile organic compounds

(VOC) may condense on the particle surface and modify its optical properties

so that hygroscopic growth may be initiated, and particles can potentially act as

cloud condensation nuclei (CCN). After CCN activity, the impact of aerosol par-

ticles might further result in an indirect effect on the Earth’s radiation budget by

changing the clouds’ properties and their mixing state (Twomey, 1991; Lohmann

and Feichter, 2005).

The role of atmospheric aerosols in the ABL is not fully understood so far and

far away from quantification. Thus, more work is needed in terms of sampling

accurate data within the ABL, which should be further implemented into models



Introduction 9

(e.g. Boy et al., 2006). The interaction of aerosol particles within the ABL is of

high relevance, as the lowest part of the atmosphere constitutes either a source

for aerosol particles as well as a possible sink. Aerosol particles can be formed

naturally or due to anthropogenic emissions. For instance, natural emissions

can be released by volcanic eruptions, sea spray or can be exposed as a cause of

biological activity. Once emitted into the atmosphere, aerosols like dust particles

and pollens can be reinforced by strong wind speeds so that those particles may

be allocated within large distances, like Saharan dust events that can be captured

in the middle of Europe. In contrast to natural emissions, anthropogenic sources

are mainly emitted as a consequence of incomplete combustions originating from

industrial activity and car or ship traffics. In particular, those contributions result

in a large impact of anthropogenic emissions on the Earth’s radiation budget

(Bond et al., 2013) and on a degradation of the human health (e.g. Lelieveld et

al., 2019).

Especially the new particle formation (NPF) is of main interest in current inves-

tigations of aerosol particles and, in particular, its impact and interaction with the

ABL. NPF starts with nucleation of gas-phase precursors, leading to clusters of

particles with a size of a few nm (see Fig. 1.4). Those initial steps of atmospheric

nucleation are still not well-understood, but most likely linked to the uptake of

precursor gases, oxidation of VOC, ammonia or ions (Smith et al., 2008; Kermi-

nen et al., 2010). As a consequence of condensation and coagulation with other

particles, those particles may even grow to larger sizes in the Aitken mode (par-

ticle size 10–100 nm). Thus, ultrafine aerosol particles (UFP, or often termed as

nanoparticles) with a particle diameter smaller than 50 nm may act as CCN or

ice nuclei (IN) and influence the Earth’s radiation budget on a regional or even

global scale by a possible contribution as CCN or IN, especially in the polar areas.

Within 20 years of development, it became possible to detect particles down to

a diameter of 3 nm, due to the improvement of instrumentation (Kulmala et al.,

2004). A large spectrum of measurement principles exists for detecting particle

sizes of 1–2 nm, but the calculated number concentrations are highly inaccurate

(Kerminen et al., 2018). Thus, more work is essential for quality control of mea-

suring the particle diameter at stationary conditions and in particular during

mobile applications.

NPF was investigated worldwide and recent overviews are presented in Niem-

inen et al. (2018) and Kerminen et al. (2018). Summarizing the current under-

standing, NPF is most likely triggered by photochemistry and by a small load

of pre-existing aerosols in the Aitken or accumulation mode (e.g. Birmili and

Wiedensohler, 2000). The possible impacts of temperature, humidity and the

existence of precursor gases like sulphuric acid (H2SO4) are still not clear, and
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Fig. 1.4: Schematic view of particle growth after ternary or ion-induced nucleation. The

particles can grow to larger sizes of around 50 nm and then be activated as a pos-

sible cloud condensation nuclei (CCN). The figure was modified from Kulmala

(2003).

different studies showed contradictory observations (Kerminen et al., 2018).

This is even more ambiguous in terms of understanding a possible impact

driven by atmospheric dynamics on the NPF. Boy et al. (2003) showed a correla-

tion between the vertical distribution of aerosol particles (in the size of 3 nm) and

turbulence, measured in Hyytiälä, Finland. NPF occurred in relation to increased

turbulent kinetic energy accompanied by high formation rate and high growth

rate. Buzorius et al. (2001) studied aerosol fluxes in Hyytiälä that were mainly

transported downwards in accordance with enhanced sensible heat fluxes dur-

ing nucleation days, thus hypothesizing a possible NPF origin from aloft. More-

over, NPF seems to appear within the whole ABL: in the ML (e.g. Stratmann et

al., 2003), EZ (Nilsson et al., 2001a), RL (Wehner et al., 2010), and near inversion

layers caused by mixing processes (Easter and Peters, 1994; Siebert et al., 2004)

and might be induced by roll vortices, as recently presumed by Lampilahti et al.

(2020).
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The high variation of possible mechanisms and the fact that a high frequency

of NPF exists in the ABL stress the importance of a more profound knowledge of

understanding the sources, transport and mixing processes of aerosol particles

within the ABL.

This work focuses on the appearances of UFP which were investigated during

different ABL stabilities at the continental site Melpitz, Germany. Specific case

studies are presented that show a high variability of the appearance of NPF at

ground and within the ABL (see Chap. 5).





Chapter 2 Scientific background

2.1 ABL structure
The common understanding of the ABL structure is displayed in Fig. 2.1. The

lowest part is defined as the laminar base layer, or surface-layer, with a thickness

of a few mm. There, the wind speed is suppressed as a cause of friction at the

surface that further results in molecular exchange by a constant flux transport.

Above and up to the height of around 100 m is the Prandtl-layer. This alti-

tude range is strongly affected by the surface conditions like vegetation, and the

molecular exchange merges into turbulent transport. The logarithmic wind law,

that is only ensured in this structure, leads to an exponential increase of the wind

speed. The relationship is defined by the roughness length, which varies from

2×10
−3

m on ice surfaces to 2×10
−3

–5×10
−2

m for grass surface and 1 to 5 m

over forests (Klose, 2008; Kraus, 2008). According to the theory, the wind speed

increases logarithmically with height. However, this is guaranteed only in a few

cases, and especially not valid for the appearances of low-level-jets (LLJ). Most

LLJ occur typically during night time in the lowermost 500 m and present a clear

wind speed maximum at a specific altitude (e.g. Banta et al., 2002).

Above lies adjacent the Ekman-layer which reaches a typical height of 1 km in

middle latitudes. Along with increasing altitude, the wind direction changes up

to 45
◦

and results in the geostrophic wind field in the free atmosphere.

Fig. 2.1: The vertical structure of the atmospheric boundary layer, classified according to

thickness of the corresponding layers from the surface up to the free atmosphere.

The schema was modified from Hantel (2013).
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In general, the stratification of the ABL can be described, amongst others, by

the vertical gradient of the potential temperature ∂θ ∂z−1
(θ, Eq. 2.1). The latter

is defined as:

θ = T
(

ps

p

)κ

. (2.1)

Thus, θ is the temperature of an air parcel that is lifted up or sinking down to a

specific pressure level p under dry adiabatic conditions. ps = 1000 hPa is defined

under normal pressure and κ = Rd cp
−1 ≈ 0.286 is given by the POISSON-

constant with Rd = 287 J kg
−1

K
−1

that represents the gas constant for dry air.

For a stable ABL (SBL), the gradient of potential temperature increases with

height (see Eq. 2.2a), resulting in a cooling of the surface. This in turn leads

typically to the formation of an inversion layer with suppressed mixing and a

generally low top of the ABL with a depth of a few 100 m (e.g. Garratt, 1992).

A SBL occurs frequently during night or in polar regions due to the low solar

irradiance. Describing the characteristics of a SBL is a challenge, as it is (truly)

non-stationary formed and influenced by intermittent turbulence in small-scale

eddies (e.g. Mahrt, 2014). The issue is critical for modelling as well as for obser-

vations and even more complicated by an increase of stability which is denoted

as a very stable ABL after Mahrt (1998).

For unstable conditions, the vertical exchange of moisture, heat and momen-

tum are high, mainly based on thermal driven plumes in the convective bound-

ary layer (CBL, see descriptions in Chap. 1) via large-scale eddies. Thus, mixing

may occur and cloud formation may be triggered by convection up to the top of

the CBL which is generally lower than the height of 2–3 km (e.g. Garratt, 1994).

This corresponds to a decrease of θ with increasing altitude (see Eq. 2.2b).

A neutrally stratified ABL can be described by a constant gradient of potential

temperature with height (see Eq. 2.2c), thus there exists no exchange of heat, or

at least an insignificant impact. This in turn means solely an exchange of mo-

mentum, so that it is often termed as friction layer or Ekman-layer.

∂θ

∂z
> 0 ⇒ stably stratified ABL (2.2a)

∂θ

∂z
< 0 ⇒ unstably stratified ABL (2.2b)

∂θ

∂z
= 0 ⇒ neutrally stratified ABL (2.2c)
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2.2 Basics of turbulence
Quantifying turbulence is challenging, as it is 3-D, stochastic, non-linear and

a phenomenon of large Reynolds numbers. The turbulent flow in the ABL is

caused by exchange processes between the surface and the atmosphere and thus

by air motions called eddies. The size of eddies ranges between 10
−3

and 10
3

m,

limited in the vertical scale by the top of the ABL. In the free atmosphere, air mo-

tions are significantly longer at the horizontal scale so that dynamics of eddies

can be solved by diverse approaches like scale analysis. However, this approach

cannot be applied for turbulent flows in the ABL, as eddies have similar scales

in the horizontal and in the vertical dimension.

In the following, fundamental equations are presented with the objective to

parametrize turbulence applicable for the ABL. With respect to the study shown

here, turbulent fluxes of momentum and sensible heat are derived via mathemat-

ical approaches which can be measured directly via the eddy-covariance method

(see Sect. 2.3).

2.2.1 Equation of motion–valid in the free atmosphere

The equation of motion (Eq. 2.3) is derived from the NEWTON’s second law by

the integration of continuity and constant mass, the hydrostatic law and the first

law of thermodynamics. The resulting EULER equation is affected by the Earth’s

rotation in the 3-D space and only valid for dynamics in the free atmosphere

without frictional force.

∂v
∂t︸︷︷︸
1

+ (v ·∇) v︸ ︷︷ ︸
2

+ 2 Ω × v︸ ︷︷ ︸
3

= −∇Φg︸ ︷︷ ︸
4

− 1
ρ
∇p︸ ︷︷ ︸
5

(2.3)

Here, v in m s
−1

represents the velocity vector, Ω is the Earth’s rotation rate in

rad s
−1

and Φg = gz is the geopotential height, given in m
2 s−2

. The air den-

sity ρ is provided in kg m
−3

and the air pressure p in hPa. The five terms (1–5)

marked above are discussed in the following. The total temporal change of the

velocity vector v (term 1) is described by the first (local change) and second (con-

vective change or advection) term by using EULER’s formula (term 2). The third

term represents the Coriolis acceleration, due to the influence of the Earth’s rota-

tion. The fourth term corresponds to the acceleration of gravity and the last term

identifies the pressure gradient acceleration.
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Equation of motion in the ABL

The atmospheric boundary layer is affected by friction, thus a friction term is

needed for Eq. 2.3 which implies an impact of the shearing stress:

∂v
∂t

+ (v ·∇) v + 2 Ω × v

= −∇Φg −
1
ρ
∇p +

µ

ρ

[
∇2 v +

1
3
∇ (∇ · v)

]
(2.4)

The parameter µ=1.81×10
−4

g cm
−1

s
−1

is the dynamic viscosity, valid for an

ambient temperature of 20
◦
C (Etling, 2008). This equation can only be solved

numerically.

2.2.2 Reynolds-Averaged-Navier-Stokes equations

For this purpose, Reynolds decomposition and averaging is used for finally ob-

taining the Reynolds-Averaged-Navier-Stokes equations (RANS-equations). For

this approximation, a specific property, here termed by the simple symbol a, is

defined by a mean value a and its fluctuating part a’.

a = a + a′ (2.5)

Exemplarily, the averaging method is shown in Fig. 2.2. A measurement signal

a(t) is split into a mean value a(tR, ∆t) and a deviation a′(t) within a concrete

reference time series tR. The deviation a′(t) is not only time-dependent, the value

is also affected by the chosen time series for averaging. Thus, it is important to

adjust the averaging method according to the given research question. Here,

the averaging interval should be at least as long as the largest small-scale eddy

fluctuations but short enough not to consider large-scale flows (e.g. Holton and

Hakim, 2013). However, a(tR, ∆t) is constant in the chosen time period, thus the

time-dependency of a is represented by a′.
The averaging operator is specified by the following characteristics, including

the product with a second time-dependent value called b:

a = a a′ = 0 a · b = a · b + a′ · b′ (2.6)

With the help of Eq. 2.5, still unknown variables are split in Eq. 2.4 and the

RANS equations are formulated under the given application rules (Eq. 2.6).
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Fig. 2.2: Splitting of one specific parameter a into a mean value a and its fluctuation a’ along

with a time series tR. The figure is derived from Kraus (2008).

This in turn leads to the following turbulent kinetic energy balance equation:

Turbulent kinetic energy (TKE) balance equation

∂TKE
∂t︸ ︷︷ ︸
1

+
∂

∂z

w TKE︸ ︷︷ ︸
2

+w′ TKE︸ ︷︷ ︸
3

− ν
∂TKE

∂z︸ ︷︷ ︸
4

+
1
ρ

w′ p′︸ ︷︷ ︸
5


= −w′ u′ ∂u

∂z︸ ︷︷ ︸
6

+
g
θ
(w′ θ′)︸ ︷︷ ︸

7

− ν

(
∂u′

∂z

)2

︸ ︷︷ ︸
8

(2.7)

For the sake of simplicity, the turbulent kinetic energy balance equation is di-

vided into eight terms, resulting in parts of production and dissipation of kinetic

energy. Terms 2–5 represent the divergence of energy flow. Term 6 stands for

the production that is thermally driven and term 7 describes the formation with

respect to dynamical forcing. Term 8 corresponds to the dissipation of energy by

conversion of molecular friction into frictional heat.

Unknown parameters in Eq. 2.7 are the molecular diffusion coefficient of mo-
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mentum ν≈0.15 cm
2

s
−1

for atmospheric standard conditions (Etling, 2008)

ν =
µ

ρ
, (2.8)

and the viscous energy dissipation rate ϵ that is expressed by:

ϵ = ν

(
∂u′

∂z

)2

> 0. (2.9)

According to the energy cascade, the kinetic energy is transferred from larger

scales to smaller eddies and finally conversed into heat through an entire life-

cycle of an eddy. Subsequently in Sect. 2.2.3, the relationship of ϵ and energy

is described. Further, and with regard to Eq. 2.7, the turbulent kinetic energy

(TKE) is defined as:

TKE :=
1
2
(u′ 2 + v′ 2 + w′ 2). (2.10)

TKE is commonly used as an indicator for the grade of turbulence, affected by

the variances of the wind speed components.

For the sake of completeness, the terms of variance, standard deviation and

covariance are introduced hereafter.

Variance and covariance

In general, the variance σ2
a of a value a is given by expected value of the squared

deviation from a (see Eq. 2.11)

σ2
a =

1
N

N−1

∑
i=0

(ai − a)2 = a′2. (2.11)

Further, the standard deviation σa is the square root of the variance

σa =

√
a′2, (2.12)

and the covariance Cov(a, b) represents the correlation between two different pa-

rameters a and b:

Cov(a, b) =
1
N

N−1

∑
i=0

(ai − a)(bi − b) = a′ · b′. (2.13)
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2.2.3 Power spectra analysis

With the help of a spectral distribution, it is exemplary possible to characterize

processes of TKE by showing the production part and the dissipation in one

scheme (Fig. 2.3). The spectral density E(Kλ) is a function of the dissipation

range and the wavenumber Kλ and can be subdivided into three parts.

E(Kλ) = f (ϵ, Kλ) (2.14)

The first range corresponds to production of TKE (energy containing range),

based on buoyancy and shear, therefore caused by largest sizes of the eddies.

In the inertial sub-range the eddies become smaller and are finally dissolved in

the dissipation range, caused by conversion into heat. According to Kolmogorov

(1941a), the proportionality of the spectral energy in an equilibrium range can be

defined as follows:

E(Kλ) ∝ ϵ
2
3 · K− 5

3
λ . (2.15)

A slope of 2/3 corresponds to the inertial sub-range, representative for the

dissipation rate. Thus, this energy range is the point of interest when consider-

ing small-scale eddies. However, the relationship is based on the assumption of

stationary and isotropic conditions of the atmosphere. In contrast to the theory,

current investigations proposed the need of anisotropy, resulting in a different

picture of turbulence that might be more realistic in atmospheric conditions (e.g.

Chamecki and Dias, 2004; Lovejoy et al., 2007; Lampert et al., 2016). One of the

main reasons for this is that turbulence in the atmosphere is rarely dealing with

idealistic conditions like local isotropy and stationarity, it is typically affected by

wind shear and buoyancy.

2.2.4 Structure parameter

Within the inertial subrange and under the assumption of a locally isotropic tur-

bulence, the structure function D(R) or associated structure parameters (gener-

ally named as C) can be used for describing turbulent fluctuations via scalars,

firstly suggested by Kolmogorov (1941b). D(R) is equal to the energy in eddies

with a size R or less and depends solely on ϵ, R and the Kolmogorov’s constant.
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Fig. 2.3: Simplified energy spectrum in the atmospheric boundary layer from Wyngaard

(1990). The three transition zones (energy containing rate, inertial subrange and

dissipation rate) are depicted depending on the wavenumber.

The structure parameter is proportional to the 2/3 slope and can be expressed

by following correlation:

C2 = D(R) R−2/3. (2.16)

In terms of UAS, structure parameters can be estimated directly from the struc-

ture function with in-situ data and the performance was done like shown in van

den Kroonenberg et al. (2012). In the study presented here, the structure param-

eter of temperature C2
T was estimated from the structure function of temperature

DT(R) which can be calculated via:

DT(R) =
1

N − n

N−n

∑
i=1

[T(xi)− T(xi + R)]2, (2.17)

where N stands for the number of recorded data points, x is the spatial coordinate

and n corresponds to the data points according to the spatial shift in R.
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2.3 Eddy-covariance (EC) method
Eddy-covariance (EC) is a common method for the direct calculation of turbulent

fluxes for measurements with high frequency sensors faster than 1 s (e.g. Butter-

worth and Else, 2018). The calculation is based on covariances of a respective

scalar and the vertical wind speed, assuming incompressibility (ρ = ρ) and a

minor mean vertical velocity (w = 0) in comparison with its fluctuation. In gen-

eral, the flux density of a specific property Fa
is given by the air density ρ and the

velocity vector of airflow v. After substitution of Eq. 2.5 and Eq. 2.6, the specific

flux can be finally calculated via:

Fa = (ρva) = ρv a + ρv′a′ ≈ ρ w′ a′ (2.18)

The specific property a or target can be impulse, temperature, humidity, trace

gases or aerosol particles. Thus, the vertical turbulent flux can be estimated via

covariance (see Eq. 2.13) between the fluctuation of the vertical wind speed and

the value of interest. In principle, the EC-method can be used directly for de-

termining the vertical turbulent fluxes, however, it should be clarified that the

method faces significant constraints which lead to high discrepancies between

different measurement methods (e.g. Aubinet et al., 2012).

The specific flux has to be dissolved by using the theory of similarity or ap-

proximations for the substitution of the shearing stress tensor τ that is involved

in the transformation of Eq. 2.4. However, there exists a closure problem for τ,

thus various approaches were defined in order to obtain a potential estimation:

A) K-approach, B) TKE-approach and C) explicit calculation.

2.3.1 Estimation of vertical turbulent fluxes

In this study, for a simple closure, the K-approach was used that is expressed by:

ρ v′w′ = −K
∂v
∂z

, (2.19)

where K stands for a general turbulent exchange coefficient in m
2

s
−1

and can

be substituted with KM, KH and KE respectively, resulting in turbulent flux of

momentum (Eq. 2.20), turbulent flux of sensible heat (Eq. 2.21) and turbulent

flux of latent heat (Eq. 2.22). Note that the turbulent flux of latent heat was not

considered for the UAS study due to the low temporal resolution (> 1 s) of the

humidity sensor (see Sect. 3.2).
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Turbulent flux of momentum

M = KM ρ
∂u
∂z

= −ρ u2
∗ (2.20)

The turbulent flux of momentum (M) is negative for a downward orientation.

KM represents the turbulent coefficient of momentum, ρ is the air density and

u2
∗ =

√
u′2 + v′

2
is the friction velocity.

Turbulent flux of sensible heat

H = −KH ρ cp
∂θ

∂z
= −ρ cp u∗ θ∗ = ρ cp w′ θ′ (2.21)

The sign of the turbulent flux of sensible heat (H) represents the direction of

transport, positively defined from the surface upwards. KH is the turbulent co-

efficient of heat, cp = 1005 J kg
−1

K
−1

stands for the specific heat capacity of dry

air at a constant pressure and θ′ is the fluctuation part of the potential tempera-

ture.

Turbulent flux of latent heat

E = −KE ρ
∂q
∂z

= −Lv ρ u∗ q∗ = L ρ w′ q′ (2.22)

The turbulent latent heat flux (E) is directed upwards from the surface into the

atmosphere. KE represents the turbulent coefficient of vapour, Lv is the evapo-

ration heat and q′ denotes the fluctuation of the specific humidity (see Eq. 3.12).

2.3.2 EC method on moving platforms

Apart from the pressure fluctuation (term 5 of Eq. 2.7), all parameters of the air

motion can be determined via airborne observations (Lenschow, 1970). Nowa-

days, eddy-covariance has been well-established for the calculation of turbulent

fluxes. But it is still a challenging method, and accurate measurements in the

high frequency range are required in order to sufficiently measure velocities in

relation to the moving sensors and to the surface (e.g. Crawford and Dobosy,

1992). Beginning in the 1950s, aircraft were increasingly equipped with meteo-

rological sensors of high temporal resolution in order to investigate turbulence

within the lower atmosphere (e.g. Gifford, 1955; Bunker, 1957).

There exists a clear dependence of flux measurements on the flight path tra-

jectories, and several flight maneuvers should be carried out in order to assure
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accurate flux measurements. Wyngaard (1990) recommended flight operation at

one constant height with a distance of around 2 km, most suitable close to the

surface for a better comparison of turbulent fluxes with ground measurements.

Turbulent fluxes may be measured above the height of 100 m, but the prevail-

ing mean wind speed should not exceed 10 m s
−1

. Either way, it has to be con-

sidered that thermals significantly increase with altitude, e.g. thermals may be

doubled at the height of 450 m in comparison with measurements at 100 m height

(Lenschow, 1970). For instance, thermals reached a size of 200 m by flights across

wind and rose to more than 400 m along with flight legs which were performed

in parallel to the mean airflow (Lenschow, 1970).

Additionally, averaging of mean values strongly depends on the daytime. Fo-

ken (2006) recommended averaging over 10 to 20 min at day and 30 to 60 min

during night time for airborne measurements, but only valid in case of a homo-

geneous surface, respectively. Not only in-flight procedures are essential for an

accurate calculation of the turbulent fluxes, sensors have to be checked carefully

with respect to functionality, calibration and long-term stability and data has to

undergo adequate post-processing. For instance, sensor inertia may lead to an

underestimation of the turbulent fluxes by 20 % in terms of an inadequate cor-

rection (Jacobi et al., 1995).





Chapter 3 Methods and airborne
applications

The objective of this chapter is to provide information on the UAS presented

here, including their sensors and field applications. First of all, methods are in-

troduced that are essential in order to derive the 3-D wind vector (Sect. 3.1.1),

and humidity values (Sect. 3.1.2). After that, the two UAS are shown in detail,

namely the Carolo T200 ”M
2
AV” in Sect. 3.2 and the Carolo P360 ”ALADINA”

in Sect. 3.3.

3.1 Methods

3.1.1 Calculation of the 3-D wind vector

Multi-hole probe (MHP) in combination with inertial measurement unit (IMU),

global navigation satellite system (GNSS) or a combination of both (integrated

navigation system, INS) have been proven as suitable tools for calculating the

3-D wind vector on manned aircraft, as well as on-board of UAS (e.g. van den

Kroonenberg et al., 2008; Wildmann et al., 2014a; Bärfuss et al., 2018; Rautenberg

et al., 2018). Within recent years, the accuracy of navigation systems has sig-

nificantly increased, leading to precise measurements of aircraft velocities and

attitude. For the transformation of the aircraft coordinate system to the geodetic

coordinate system (index g), the EULER angles have to be measured witch high

accuracy (Thomas et al., 2012).

This in turn precedes a transformation of three Cartesian coordinate systems.

The issue is presented in Fig. 3.1, showing the difference in the orientation of

(a) the airplane axes and (b) the meteorological axes (Lenschow, 1986). Meteo-

rological axes are orientated towards east for the x-axis, north for the y-axis and

upwards along the z-axis, based on the inertial system. The non-inertial system

of the aircraft has its fixed point at the aircraft gravity centre, named as body

fixed coordinate system (index b, presented in Fig. 3.2 by top view). The aero-

dynamic coordinate system (index a) is directed to the aerodynamic velocity of

the aircraft and can be transformed into the body fixed coordinate system by us-

ing the transformation matrix Mba
, containing the angle of attack α and angle of

side slip β (see Fig. 3.2 top view and side view). Those angles can be derived via

differential pressures measured from opposite cones of a MHP (see Fig. 3.3).
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Fig. 3.1: For a calculation of the 3-D wind vector, the airplane axes (a) have to be trans-

formed into the meteorological coordinate system (b), as their orientations differ

according to Lenschow (1986).

The final step implies the rotation from the aerodynamic coordinate system

into the geodetic coordinate system with the transformation matrix Mgb
that

needs to fulfil three rotations around the roll angle Φ (Fig. 3.2 front view), pitch

angle Θ (Fig. 3.2 side view) and yaw angle Ψ (Fig. 3.2 top view).

The 3-D wind vector vg
is the vector difference of the velocity vector of the

aircraft with respect to ground vgs
g

and the true air speed vector vTAS
g

in the

geodetic coordinate system (e.g. Lenschow, 1972; Metzger et al., 2011; Hartmann

et al., 2018) and can be calculated via the following formula:

v g = vgs
g − vTAS

g
(3.1a)

= vgs
g − Mgb ×

(
Mba (−vTAS) + vlev

b
)

. (3.1b)

vgs can be derived via INS measurements with high accuracy and vTAS can be

measured by the true air speed scalar vTAS (see following equation). The lever

arm vlev
b

in Eq. 3.1b can be neglected for UAS due to small sizes (e.g. van den

Kroonenberg et al., 2008). vTAS can be estimated via:

vTAS
2 = 2 cp (Ttotal − Tstat). (3.2)

With cp the specific heat constant of dry air, Ttotal the total temperature and Tstat
the intrinsic/static temperature.
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Fig. 3.2: Scheme from Lenschow (1986) shows airplane angles with respect to different

views in the aircraft coordinate system, with the angle of attack α, the angle of

side slip β, the rotation angle yaw Ψ, pitch angle Θ and roll angle Φ.

At this point it is important to note, that during this study different and com-

plementary miniaturized temperature sensors were used on-board the two UAS

for allowing the measurements of air temperature. Basically, those integrated

temperature sensors measure the total air temperature Ttotal with respect to a

compressed airflow given by the body of the aircraft. Thus, the actually mea-

sured air temperature is generally warmer than the true/undisturbed air tem-

perature which is, however, of interest in meteorological observations. The static

temperature Tstat can be calculated according to the total measured temperature

under the assumption of adiabatic heating. Following equation of Tstat resulted

after conversion from Eq. 3.4.

Tstat =
Ttotal

1 + κ−1
2 Ma2

(3.3)

With κ the POISSON constant, and Ma is the Mach number. By substitution of

Ttotal with the definition,

Ttotal = Tstat

(
1 +

κ − 1
2

Ma2
)

, (3.4)

the true air speed vTAS has following form:

vTAS
2 = 2 cp Tstat

[(
ps

ps + pq

−κ
)
− 1
]

. (3.5)
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Thus, the true air speed scalar can be derived from measurements of the static

temperature Tstat, static pressure ps, dynamic pressure pq and the POISSON

number κ.

Finally, the true air speed scalar has to be transformed into vector form which

can be expressed by the following equation:

vTAS = − vTAS√
1 + tan2 α + tan2 β

 1
tan β

tan α

 . (3.6)

Wind tunnel calibration of a multi-hole probe

The missing parameters of Eq. 3.6 like α, β, ps and pq can be derived via wind

tunnel calibration of a MHP. Figure 3.3a displays a scheme of a MHP that shows

clockwise the pressure cones denoted as p1, p2, p3, p4 and the total pressure

port p0 that is allocated in the centre. Three differential pressures are measured

directly from oppositely positioned cones like shown in accordance to the studies

of Corsmeier et al. (2001). In contrast to this, the static pressure ports ps are

positioned laterally which can be further seen in Fig. 3.3b.

∆pα = p3 − p1 (3.7)

∆pβ = p4 − p2 (3.8)

∆p0 = p0 − ps. (3.9)

For measuring the pressure differences, a calibration of the MHP was carried out

at the Institute of Fluid Mechanics (ISM), Technische Universität Braunschweig

for both UAS respectively (see Fig. 3.4). For this reason, the front part of the UAS

was mounted on a calibration platform and the MHP was aligned to the centre

of the wind tunnel, shown in Fig. 3.4b. The same mean inflow velocity of the

wind tunnel was applied for the calibration that corresponds to the actual mean

cruising speed of the UAS. In the case of the M
2
AV the airflow of the wind tunnel

was run at 22 m s
−1

, and at 28 m s
−1

for ALADINA. With the help of the used

calibration platform, the nose of the UAS was aligned upwards and downwards

as well as laterally from -20 to +20
◦

for α and equally stepwise for β in 2
◦

steps.
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Fig. 3.3: (a) Schematic front view of a multi-hole probe (MHP). The pressure differences

from top to bottom and left to right are required for the 3-D wind vector and cali-

brated in a wind tunnel. (b) Picture taken from the MHP that is equipped in both

UAS. ps denotes the static pressure ports that are measured at the side of the cone.

Picture: Barbara Altstädter, TU Braunschweig

In-flight calibration maneuvers and selected methods

In-flight calibration was realized by so-called ”box maneuvers” (e.g. Vellinga et

al., 2013) in order to correct the differences in the headings of the MHP and INS.

This maneuver was achieved with square patterns at constant height orientated

in east/north sections for at least 2 min of flight duration. This method assumes

a steady horizontal wind field in order to correct the wrong alignment of both

systems that is, however, not assured in atmospheric conditions. In addition,

flight sections with turns should be excluded that may include α and β larger

than ± 20
◦
, as calibrated in the wind tunnel.

Thus, several criteria should be taken into account for flight campaign prepa-

ration and directly prior to field activities by targeting a calculation of the 3-D

wind vector. The main goal of studying ABL conditions and by simultaneously

investigating turbulent fluxes is limited to some point in terms of UAS operation.

The main reason for this is linked to the restriction of the flight duration based

on the limited battery capacity for power supply.
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Fig. 3.4: Picture of MHP calibration in the wind tunnel at ISM, TU Braunschweig, with the

front part of the two UAS (a) M
2
AV and (b) ALADINA centred on a calibration

platform. Pictures: Barbara Altstädter, TU Braunschweig

Selected method for studying the 3-D wind vector with UAS

Flight strategies of the UAS were either focused on vertical profiling for iden-

tifying the current structure of the ABL or on investigating turbulent fluxes via

horizontal legs. In case of the lead study shown in Chap. 4, the 3-D wind com-

ponents were exclusively analyzed during horizontal legs at one constant height

of a distance of at least 1 km, so that flight patterns of vertical profiles do exclude

any further wind analysis.

3.1.2 Investigation of humidity

The water vapour content was measured with humidity sensors of different tem-

poral resolutions, both based on a capacitive measurement principle. In this the-

sis, humidity values are taken into account which are independent from the air

temperature and the sampled air volume. This allows to characterizing exchange

processes of air parcels within their environment.

Here, the water vapour mixing ratio r and the specific humidity q are used that

further correlate with each other.
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Water vapour mixing ratio

The water vapour mixing ratio r is defined as the ratio of mass containing water

vapour mw and mass of dry air md.

r =
mw

md
= 0.662

e
p − e

(3.10)

The unit of r is dimensionless but it is commonly specified in g kg
−1

. p stands

for the static pressure and e represents the water vapour pressure that is equal

to the saturated vapour pressure es in case of a saturation with 100 % RH. es can

be further derived via MAGNUS equation, valid for plan water surfaces in a

temperature range of -45...+60
◦
C:

es ≈ 6.11 exp( 17.1 · T
T+235 ) . (3.11)

Specific humidity

The specific humidity q can then be calculated from r via following expression:

q =
r

1 + r
. (3.12)

3.2 Mini Meteorological Aerial Vehicle (M2AV)

3.2.1 Overview of the Carolo T200 ”M2AV”

The Mini Meteorological Aerial Vehicle (M
2
AV) of aircraft type Carolo T200 was

developed at the Institute of Aerospace Systems (ILR), Technische Universität

Braunschweig (see Fig. 3.5a). Technical specifications of the UAS are summa-

rized in Tab. 3.1. The Carolo T200 has a wingspan of 2 m and is powered by a

twin electrical propulsion. The main advantage of an electrically driven motor is

that the centre of gravity is kept constant so that an easy handling of flight control

is guaranteed. Further, flights at a constant height are required for precise wind

measurements and especially for an accurate in-flight calibration (van den Kroo-

nenberg et al., 2008). Another advantage is that sensors are not contaminated by

the exhaust and the environmental pollution is distinctly reduced in comparison

with a combustion engine. The maximum take-off weight of 6 kg allows a start

by hand or optional with a bungee rope or winch system on suitable flat surfaces.



Methods and airborne applications 32

Tab. 3.1: Technical specifications of the Carolo T200 ”M
2
AV”.

Specification

Wingspan 2 m

Take-off weight 6 kg

Payload weight 1.5 kg

Autopilot MINC

Flight endurance 45–60 min

Cruising speed 22 m s
−1

Start system By hand, bungee-rope or winch system

Height precision ± 2 m

Sampling rate 100 Hz

The mean cruising speed is 22 m s
−1

, and the mean flight endurance is 40–

60 min which strongly depends on air temperature and the pilot’s skills. The

payload capacity is around 1.5 kg weight, including batteries and all electronic

devices.

The scientific payload consists of meteorological sensors (temperature, humid-

ity and MHP, see Sect. 3.2.2) that are installed at the tip of the aircraft in order

to assure an undisturbed airflow (see Fig. 3.5b). The autopilot system MINC

(Miniature Integrated Navigation and Control system, Mavionics GmbH, Ger-

many) follows waypoints along cubic splines via telemetry link that are sent

prior to flights on-board. The accuracy in height is about ± 2 m in calm wind con-

ditions, but can be up to ± 10 m during gusty conditions (van den Kroonenberg

et al., 2008). The UAS is landed on its fuselage on a landing strip with dimensions

of around 25× 60 m on flat terrain like short grass or even snow surfaces.

All data is sampled at 100 Hz and recorded on two SD-cards. One memory

card is used for saving the autopilot data and the other one for recording of the

meteorological data. The data acquisition has to be started individually and read

out manually for saving.

During post-processing, the autopilot and meteorological data are synchro-

nized with a Kalman filter which improves the accuracy. The post-processing

procedures were mainly conducted with the software MOPPS (Meteorological

Off-line Post-Processing Software), developed by Jens Bange at ILR (TU Braun-

schweig, Germany), and basically run with C++.
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a b

1

2

3

Fig. 3.5: Pictures of (a) the M²AV during a measurement flight taken from Mario Hopp-

mann, AWI, and (b) the measurement dome with MHP (number 1), thermocouple

(number 2) and HMP50 (number 3) taken from TU Braunschweig.

.

Tab. 3.2: Parameters measured with the meteorological payload on the Carolo T200

”M
2
AV”. Uncertainties were taken from the manufacturer Vaisala and Martin et

al. (2011).

Parameter Unit Sensor Uncertainty

Temperature T HMP50 ± 0.6 K

Temperature T Thermocouple ± 0.5 K

Humidity RH HMP50 ± 3 %

Horizontal wind speed f f MHP/IMU/GPS ± 0.5 m s
−1

Horizontal wind direction dd MHP/IMU/GPS ± 15
◦

Wind vector v MHP/IMU/GPS ± 0.8 m s
−1

3.2.2 Meteorological payload

Table 3.2 gathers an overview of parameters measured with the M
2
AV. The me-

teorological sensor package is equipped with a MHP, thermocouple and HMP50

(see Fig. 3.5b), explained in the following.

The horizontal wind speed and wind direction were calculated from a combi-

nation of MHP (ISM, TU Braunschweig, Germany, see Fig. 3.5 number 1), IMU

and GPS data with an error bar of ± 0.5 m s
−1

and ± 15
◦

respectively. The 3-D

wind vector can be determined with an accuracy of ± 0.8 m s
−1

and for a fast

resolution of 25 Hz (van den Kroonenberg et al., 2008).

An exposed thermocouple (ILR, TU Braunschweig, Germany) was used for

measurements of air temperature with high temporal response time of 10 Hz (e.g.



Methods and airborne applications 34

Martin et al., 2011, Fig. 3.5 number 2).

Astandard combined temperature (Pt1000) and humidity sensor of type HMP50

(Vaisala, Finland, Fig. 3.5 number 3). The sensor has an accuracy of about 0.6 K

for temperature and 3 % for humidity but it measures with low temporal resolu-

tion of 1 s.

Figures 3.6a–c display the signal power of MHP, temperature sensors and hu-

midity sensor depending on frequency and in relation to the slope of k−
5
3 . Power

spectra of the 3-D wind vector shown here were calculated for horizontal flight

patterns along a distance of 4 km during the winter experiment on 2 August 2013.

The wind vector components u, v and w show marginal white noise in higher fre-

quency range exceeding 20 Hz. This implies that the calculated components can

be used for the calculation of turbulent fluxes of momentum or TKE (Fig. 3.6a).

However, both temperature signals present a drop in comparison with k−
5
3 (Fig.

3.6b). The power spectrum of the thermocouple shows a good signal to noise ra-

tio up to 20 Hz, contrary to the power spectrum of the HMP50 that is influenced

by a strong white noise for frequencies larger than 1 Hz. Thus, the HMP50 sig-

nals are not applicable for the calculation of turbulent fluxes. This is the same for

the humidity signal, which is based on the same type of sensor (see Fig. 3.6c).

The MHP was calibrated with the whole system in a wind tunnel, described

in Subsect. 3.1.1. Temperature sensors were calibrated at ILR, TU Braunschweig,

before the campaign, but the calibration was only realized down to -5
◦
C with a

cold water bath with respect to a reference temperature sensor C101 (DRUCK &

TEMPERATUR Leitenberger, Germany). However, most days during the winter

experiment fell below this temperature range, so that pending calibration did

not show any signal response in the lowest temperature ranges. In terms of this,

a second calibration was carried out in retrospect after the campaign with a tem-

perature chamber at the Institute of Flight Guidance (IFF, TU Braunschweig).

Here, it should be clarified that the calibration data is solely reproducible for the

HMP50, as the thermocouple was damaged at the end of the experiment.

Calibration of the HMP50 in a temperature chamber

The HMP50 was compared with two reference sensors of type Pt100 and an ad-

ditional HMP50 in a temperature chamber (Secasi Technologies, France) after the

campaign. The temperature range was from -30 to +20
◦
C in 5

◦
C steps in 10 min

intervals.
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Fig. 3.6: Power spectra (a) of the 3-D wind vector components u, v, w in m
2

s
−2

Hz
−1

, (b)

temperature of HMP50 and thermocouple (TC) in K
2

Hz
−1

and (c) relative humid-

ity of HMP50 in %
2

Hz
−1

for studying turbulent parameters with the M
2
AV calcu-

lated for a flight leg of M
2
AV-ant10. The green line represents the standard slope

of k−
5
3 (Kolmogorov, 1941a). Figure (d) shows the calibration data for the compar-

ison of the HMP50 with two reference sensors of an additional HMP50 and Pt100.

Figure 3.6d presents the measured temperatures for all different sensors. The

HMP50 showed a good agreement compared with both reference sensors, as well

as in the low temperature range of -10 to -30
◦
C. The mean temperature difference

of 0.16 K was still in acceptable range in the given accuracy of the manufacturer.

However, it turned out that the used HMP50 measured a zero calibration error of

0.52 K (Bollmann, 2014), thus it measures warmer air temperature in comparison

with the real temperature. For this purpose, the offset was applied for the slow

temperature measurements of the study shown here in Chap. 4.
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3.2.3 Previous M2AV field activities

First studies of the M
2
AV were carried out in comparison with the helicopter

borne probe HELIPOD (e.g. Bange and Roth, 1999) as part of the LAUNCH-

2005 (International Lindenberg campaign for assessment of humidity and cloud

profiling systems and its impact on high-resolution modelling) experiment in

Lindenberg, Germany (Spieß et al., 2007). The measured wind, temperature and

humidity showed a good agreement with HELIPOD. Further, it was the first time

that the 3-D wind vector was calculated along horizontal legs with the M
2
AV.

During the LITFASS-2009 (LIndenberg-To-Falkenberg: Aircraft, Scintillometer

and large-eddy Simulation) experiment, vertical profiles were performed in the

lowermost 1.5 km with the M
2
AV and the data showed a good conformity with

tower, wind profiler and sodar data (Martin et al., 2011). The study presented the

benefit of using UAS that allows to characterize high resolution data in the whole

ABL in comparison with fixed instrumentation that are limited in spatial scale.

Further investigations of the M
2
AV focused on upward bursts of cold air near the

EZ (Martin et al., 2014) and LLJ characteristics in Southern France (Lampert et al.,

2016). In all mentioned publications, airborne data were compared with numeri-

cal simulations, radiosonde data and towers and showed reasonably comparable

results that can be expected within the different methods.

The last campaign of the M
2
AV was during a winter experiment in the Weddell-

Sea. The results are discussed in this thesis and have been published in two

peer-reviewed publications (Jonassen et al., 2015; Lampert et al., 2020). The ob-

servations were obtained on a Polarstern cruise during polar night from 8 June

until 12 August 2013. It was the first time that UAS were operated from the re-

search vessel. The first meteorological profiles presented a high occurrence of

multilayer structures in the Antarctic ABL (Jonassen et al., 2015), thus question-

ing the common picture of a generally SBL. The recently published report from

Lampert et al. (2020) includes an overview of the results gained here that are an-

alyzed in more detail in Chap. 4. There, the ABL is characterized in terms of

its stratification over closed sea ice and compared with observations above in-

homogeneous sea ice in order to assess a possible impact of high temperature

gradients that might have resulted from open water sections. The focus of this

chapter is on horizontal flights that were performed perpendicular to a lead that

allow studying the turbulent flux of sensible heat and turbulent kinetic energy.
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Tab. 3.3: Technical specifications of the Carolo P360 ”ALADINA” in the configuration valid

between 2013 and 2015. After that, the UAS was re-engineered in 2016 (Bärfuss

et al., 2018) and further adapted to a polar field activity in 2018 (Lampert et al.,

2020).

Specification

Wingspan 3.6 m

Take-off weight 23 kg

Payload weight 3 kg

Autopilot ROCS

Data transfer AMOC

Flight endurance 30–40 min

Cruising speed 28 m s
−1

Start system Landing gear

Height precision ± 1.5 m

Sampling rate 100 Hz

3.3 Application of Light-weight Aircraft for Detecting IN-
situ Aerosol (ALADINA)

3.3.1 Overview of the Carolo P360 ”ALADINA”

The Carolo P360 ”ALADINA” (Application of Light-weight Aircraft for Detect-

ing IN-situ Aerosol) was designed at ILR, TU Braunschweig (Scholtz et al., 2011).

The UAS consists of meteorological sensors and aerosol instrumentation and

it was developed in cooperation with the Eberhard-Karls University Tübingen

(EKUT) and the Leibniz Institute for Tropospheric Research (TROPOS). The main

specifications of the UAS are summarized in Tab. 3.3.

The pusher aircraft is electrically powered (20 Ah) by a single propeller at the

end of the payload bay (see Fig. 3.7a). It has a wingspan of 3.6 m and a take-off

weight of around 23 kg in the configuration shown here. The payload weighs

3 kg including batteries, sensors and electronic devices like the autopilot system

ROCS (Research On-board Computing System) that was provided by the Insti-

tute of Flight Mechanics and Control from the University of Stuttgart (Haala et

al., 2011).

The altitude can be held accurately within ± 1.5 m which was tested based on

a statistically relevant number of horizontal flight legs with a length of at least

1 km. The mean flight duration is 30–40 min, depending on the skills of the safety
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pilot and air temperature. In general, the flight operation is limited by wind

speeds less than 15 m s
−1

, good visibility and below cloud base, as ALADINA is

not rain proof, and flight permissions of the local Civil Aviation Authority (CAA)

(here: Saxony) was only valid for visual flight rules (VFR).

The cruising speed is 28 m s
−1

in automatic mode. The stall speed is high of

about 17 m s
−1

, leading to critical landing maneuvers with a fully equipped pay-

load that is even not fairly centred in ALADINA. This is based on technical rea-

sons, mainly given by the fact of limited space in the payload bay. Take-off and

landing should be carried out on flat surfaces like grass and asphalt on an airfield

with dimensions of about 60 m× 25 m. Due to the high take-off weight, ALAD-

INA is not started by hand or with a bungee-rope; instead it is equipped with a

landing gear.

It is possible to observe the measurement data via a 2.4 GHz telemetry down-

link with the data acquisition software AMOC (Airborne Meteorological On-

board Computer) with a transmission frequency of 1 Hz. Thus, the ground sta-

tion crew can adapt the flight path according to points of interest within a teleme-

try range of at least 1.5 km. This means for instance adapting the flight path for

altitude ranges near inversion layers or in areas that show a rapid increase of

aerosol particles.

The sensor dome is equipped with meteorological instruments, mounted at

the tip of the aircraft nose (Fig. 3.7a–number 1), close to the aerosol inlet (see

Fig. 3.7b–number 9). All parameters measured with ALADINA can be found in

Tab. 3.4. An additional IMU/GPS system of type IG-500N (SBG Systems S.A.S.,

France) is integrated in the meteorological package for redundant recording and

for allowing live data observation. All data is stored at a sampling rate of 100 Hz

on a SD-card which has to be read out and saved manually after each flight. The

fusion of scientific data and aircraft data is realized during the post-processing

with the software MOPPS after execution and involvement of an accurate cali-

bration of all types of sensors.

In the years 2016 and 2018, the UAS was re-engineered due to challenging field

activities and equipped with own sensors and data acquisition developed at the

IFF, TU Braunschweig. An overview of the new set-up is not in the scope of the

thesis, but the changes can be taken from Bärfuss et al. (2018) and Lampert et al.

(2020). For the study shown here, the specifications consider the configurations

valid in 2013–2015, according to the publication of Altstädter et al. (2015).
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Fig. 3.7: Pictures of the UAS ALADINA taken during field operation in Melpitz, Germany.

(a) The whole UAS, (b) sensor dome with aerosol inlet (c) inner compartment with

aerosol instrumentation and (d) during comparison with ground-based data of

TROPOS research site. Pictures: Barbara Altstädter, TU Braunschweig

3.3.2 Meteorological sensors

The meteorological measurement unit is installed at the front of ALADINA in

order to measure the undisturbed airflow. The design of the sensor dome was

based on the previous version of the M
2
AV, but temperature sensors, humid-

ity sensors and data acquisition were manufactured and implemented by EKUT.

Figure 3.7b displays MHP (Fig. 3.7b–number 5, ISM, TU Braunschweig, Ger-

many), thermocouple (TC, Fig. 3.7b–number 6), humidity sensor of type P14

Rapid (Fig. 3.7b–number 7, Innovative Sensor Technology, Switzerland) and

fine-wire platinum resistance temperature sensor (FWPRT, Fig. 3.7b–number 8).

The integrated MHP was combined with IMU/GPS and is analogue in its per-

formance deployed on the M
2
AV. The horizontal wind direction can be retrieved

accurately within ± 15
◦
, and horizontal wind speed is measured with an uncer-

tainty of ± 0.5 m s
−1

(van den Kroonenberg et al., 2008; Wildmann et al., 2014a).
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Both temperature sensors (TC and FWPRT) have a fast temporal resolution of

up to 10 Hz and an accuracy of around 0.2 K (Wildmann et al., 2013). For a refer-

ence sensor of the TC, a Pt1000 (PCAP01, e.g. Mouser Electronics, Germany) was

applied in close distance to the sensor. The reason for this is that the measure-

ment principle of the TC needs a cold junction correction that was handled with

a LTK001 (Analog Devices GmbH, Germany) with low reliability. During post-

processing the signals of different temperature sensors were fused together via

complementary filtering. Therefore, sensors with a lower temporal resolution

(like PCAP) were low pass filtered and combined with sensors of high temporal

resolution that were high pass filtered (here FWPRT and TC). In order to avoid

phase shifts induced by the filtering techniques, a Butterworth filter of first order

was used as shown in Bärfuss et al. (2018).

The humidity sensor P14 Rapid has a response time of 1.5 s and measures the

relative humidity within ± 1.5 % RH. The implementation of an additional hu-

midity sensor was carried out in 2016 by using a HMP100 (Bärfuss et al., 2018).

The chance to measure with redundant humidity sensors were one of the main

benefits in the new set-up, because data lacks occurred frequently for the sen-

sor of the type P14 Rapid during field campaigns. One of the main causes was

damage of electronic parts directly linked to landing or start procedures, as the

flights were carried out above uneven overgrown grass area.

Two pyranometers of type EKO ML-020VM (EKO Instruments, Co., Japan)

were tested in 2015 on ALADINA. One is implemented on top (Fig. 3.7a–number

3) for detecting shortwave incoming irradiance. The other one is installed below

the fuselage (Fig. 3.7a–number 4) for measuring shortwave reflex radiation. The

sensors have a high temporal resolution of less than 1 ms and allow to determine

information on clouds or cloud-free conditions.

3.3.3 Aerosol instrumentation

ALADINA is equipped with two condensation particle counters of the same type

(CPC, model 3007, TSI Incorporated, USA, Fig. 3.7c–number 10 and number 11)

and an optical particle counter (OPC, model GT-526, Met One Instruments, USA,

number 12). Both measurement principles are based on the optical detection of

light scattering when aerosol particles enter in the optical part. TROPOS was

responsible for putting the aerosol instrumentation into operation. This included

the physical integration of the aerosol sensors into ALADINA, the calibration in

the laboratory with silver particles of a known diameter size and by setting up a

running working flow.



M
e
t
h

o
d

s
a

n
d

a
i
r
b

o
r
n

e
a

p
p

l
i
c
a

t
i
o

n
s

4
1

Tab. 3.4: Parameters measured with the payload on the Carolo P360 ”ALADINA”. Uncertainties were taken from the manufacturers,

Altstädter et al. (2015, 2018) and Wildmann et al. (2013, 2014a,b).

Parameter Unit Sensor Uncertainty

Temperature T Thermocouple ± 0.2 K

Temperature T FWPRT ± 0.2 K

Humidity RH Rapid P14 ± 1.5 %

Shortwave down-welling irradiance
i

Q↓ Pyranometer ± 50 W m
−2

Shortwave up-welling irradiance
i

Q↑ Pyranometer ± 50 W m
−2

Horizontal wind speed f f MHP/IMU/GPS ± 0.5 m s
−1

Horizontal wind direction dd MHP/IMU/GPS ± 15
◦

Wind vector v MHP/IMU/GPS ± 0.8 m s
−1

Aerosol particle number concentration 5
ii

<... < 2 µm N CPC model 3007 ± 20 % cm
−3

Size distribution 0.39<... < 10 µm N OPC model GT-526 ± 15 % cm
−3

Equivalent black carbon mass concentration
iii eBC microAeth model AE51 ±30 % µg m

−3

i
Implemented in June 2015.

ii
The measurement range of 5 nm–2 µm corresponds to the lowest cut-off size of CPC1 in terms of the presented study. This is not valid for all

observations. More explanations are given in the text.

iii
Integrated since October 2014.
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The aerosol sensors are hand-held commercial products, but housings and dis-

plays were removed in order to reduce weight and space for allowing an integra-

tion into the payload bay of ALADINA with a dimension of 0.35× 0.31× 0.19 m.

The aerosol inlet is close to the meteorological sensors and consists of a stain-

less steel tube of 3/16" with a length of 0.36 m (see Fig. 3.7b, number 9). The

sampling efficiency was estimated to be in the range of 83 %–106 % for the aerosol

particle size between 10 nm and 1 µm, including a potentially driven particle loss

and overestimation due to the non-axial and non-isokinetic shape of the aerosol

inlet (Altstädter et al., 2015).

Condensation particle counter (CPC)

The two CPCs were operated with a single pump. The airflow was increased to

0.16 l min
−1

that resulted in a high response time of around 1.3 s in comparison

with a response time of 9 s in the initial set-up of the manufacturer for a lower

aerosol volume flow of 0.1 l min
−1

. The CPCs allow to detect the aerosol particle

number concentration in a range of ultrafine aerosol particles (UFP) up to 2 µm

within an accuracy of ± 20 %. The particles are enlarged by condensation with

saturated propanol. Further, Peltier elements were implemented inside the CPCs

in order to regulate the temperature differences between the condenser and the

saturator that enables a tuneable lower detection limit of both CPCs.

Thus, two different particle number concentrations of the CPCs can be used

for the identification of UFP.

This will be explained in more detail with respect to two calibration results

shown in Fig. 3.8. There, the counting efficiency is displayed depending on the

particle diameter for both CPCs, valid for two different cases. Figure 3.8a shows

that a counting efficiency of 50 % corresponds to a particle diameter of 11.3 nm for

CPC1. The second curve represents the counting efficiency for CPC2 with 50 %

for a diameter of 18.4 nm. Thus, the difference of both counts can be used for the

measurement of aerosol particle number concentration in the size between 11

and 18 nm, in the thesis referred to N11−18. The threshold diameters were tuned

before field campaigns and tested afterwards again.

Achieving even lower cut-off sizes were the main goal for aerosol character-

ization allowing to observe aerosol particles that are only altered within a few

hours. Thus, cut-off sizes were estimated along with each campaign and an at-

tempt was made to be smaller in the diameter, for example N5−10 valid in 2014

(e.g. Platis et al., 2016), N7−12 in 2015 (e.g. Altstädter et al., 2018) and N3−12 in

2018 (Lampert et al., 2020; Petäjä et al., 2020).
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Fig. 3.8: Counting efficiency of both CPCs implemented in ALADINA that were steadily

improved since 2013. The two figures show the counting efficiency in % valid

for (a) the first study in 2013, allowing to detect aerosol particle number concen-

trations between 11 and 18 nm (Altstädter et al., 2015) and for (b) between 3 and

12 nm during the last campaign in 2018 (Lampert et al., 2020).

The latter is the estimated counting efficiency valid during the Svalbard cam-

paign, shown in Fig. 3.8b. The same parameters are displayed, but the counting

efficiency of CPC1 was 3.31 nm at 50 % and 12.19 nm for CPC2, leading to a study

of N3−12.

Optical particle counter (OPC)

The OPC counts larger particles with a laser diode in the visible spectrum for

a wavelength of 780 nm, thus it is not running with a condenser and works in

six size channels between 0.39 and 10 µm. The air volume flow of 2.83 l min
−1

is driven with its original pump. The measurement principle is based on light

scattering (according to the refractive indices) of the particles through an aerosol

sampled air. A photodiode counts the number concentration according to the

chosen size bins, when the light source is blocked out by scattering, and the signal

impulse is used for a function of the particle size. Here, the particles have almost

a similar size to the wavelength of the light source (λ ≈ d), thus Mie scattering

is relevant.

As ambient aerosol particles are truly non-spherical, it has to be considered

that the OPC detects an optical diameter in the accuracy range of ± 15 %.
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Ground-based measurements of the two CPCs and OPC

As it can be taken from Fig. 3.7d, ALADINA’s instruments were directly com-

pared with ground-based sensors installed in the container at the TROPOS re-

search site in Melpitz. Therefore, the UAS was situated close to the aerosol con-

tainer and the aircraft aerosol inlet was connected to the same total aerosol inlet

from TROPOS. The underlying idea was to estimate the reliability of the aerosol

instruments without possible impacts of vibrations or rapid changes in the tem-

perature and humidity that might affect the readings of the sensors. Bärfuss et

al. (2018) showed that the CPCs measure within the accuracy of 20 % taken from

a comparison of the same particle size with a TSMPS (Twin Scanning Mobility

Particle Sizer, see Sect. 5.2.2), calculated during four scans per 20 min intervals

on 21 June 2015.

In total, four measurement periods were carried out at ground with a sam-

pling time span between 30 min and almost 1 h on 2 April 2014, 4 April 2014, 7

April 2014 and 21 June 2015 (see Fig. 3.9 from top to bottom). The aerosol par-

ticle number concentration of both CPCs is displayed on the left-hand side and

the first three channels (0.39, 0.5 and 0.7 µm) of the OPC are shown on the right-

hand side. Although the UAS was not in movement and only located at the same

spot, a large variability of the measured aerosol particle number concentration

is visible for all four days and occurred for all different sizes of the measured

aerosol particles. The main reason for the high fluctuations of the aerosol par-

ticle number concentration is based on atmospheric dynamics, typically caused

by changes in the wind speed, wind direction and pressure gradients in the at-

mosphere. Further, a horizontal advection of different air masses may also lead

to a mixing of different types of aerosol particles that might result in high inho-

mogeneity on a daily course.

In general, the counting efficiency of CPC2 is higher than the one of CPC1. In

order to assure a correct estimation of the measured number concentration in the

lowest sizes which is further used as an indicator for the NPF, the ratio of both

CPCs was calculated from ground measurements. The ratios varied between

0.877 and 0.959. For instance, CPC2 was multiplied with 0.929 for the spring

campaign in 2014, in order to correct the readings of CPC1. Further, it should

be pointed out that during the first research flights in April 2014, the CPCs did

not run stable throughout the entire campaign, which can be further seen by the

missing data of CPC1 set to 0 cm
−3

on 2 and 4 April 2014.

In principle, larger particles that mainly contribute to the accumulation mode

(size 0.1–1 µm) play a minor role at the TROPOS research site. This can be further

seen by the rapid decrease of the measured aerosol particle number concentra-
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tion between the sizes of 0.39 and 0.5 µm (50 %–85 %), recorded with the OPC.

Especially aerosol particles with a particle size of 0.7 µm were almost not de-

tectable during the case studies shown here so that the other three channels (≈
2, 5 and 10 µm) of the OPC are not considered for the study.

Mirco aethalometer AE51

In October 2014, a micro aethalometer (model AE51, AethLabs, USA) was first

implemented on-board ALADINA for measurements of the equivalent black car-

bon (eBC) mass concentration. The performance of the instrument equipped on

ALADINA was firstly characterized according to observations during the DAC-

CIWA (Dynamics- Aerosol-Chemistry-Cloud Interactions in West Africa, Knip-

pertz et al., 2015) project that will be explained in more detail in the following

section (Sect. 3.3.4).

Hereafter, only a brief overview of the AE51 is given, as the instrument was

used for an initial test phase in Melpitz and the focus of the thesis considers solely

records of UFP. The measurement principle of the AE51 is based on the change

of light intensity through a loaded filter stripe that is proportional to a change in

the attenuation (ATN).

eBC =
σATN
αATN

, (3.13)

with the attenuation coefficient σATN , and αATN which stands for the mass con-

centration cross section that is provided by the manufacturer. The AE51 was run

with its own data acquisition and own pump that was hold by an air flow of

150 ml min
−1

.

The performance of the AE51 is inaccurate in clean environments, i.e. for of a

low aerosol background concentration (e.g. Pikridas et al., 2019). Further, the re-

liability of the micro aethalometer suffers from strong temperature and humidity

gradients and the sensor is sensitive to vibrations (Bärfuss et al., 2018; Altstädter

et al., 2020).

However, it is a suitable tool, allowing to monitor eBC especially for UAS due

to its low weight of less than 300 g and by the fact of its easy handling device

in terms of the power supply and own pump. The uncertainty of the measured

eBC was determined to be in the order of ± 0.2 µg m
−3

(Altstädter et al., 2020),

valid for a measurement range of 0–1 mg m
−3

and for a temporal resolution of

around 1 Hz.
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Fig. 3.9: Aerosol particle number concentration in cm
−3

measured with both CPCs (left:

CPC1 in blue line, CPC2 in red line) and OPC in the first three channels between

0.39 and 0.7 µm (right: channel 0.39 µm in black line, channel 0.5 µm in red line and

0.7 µm in green line). The presented time series were measured on four different

days along with a direct comparison with ground measurements from TROPOS.

Therefore, ALADINA was deployed close to the aerosol container and the air flow

was sampled at the same inlet (see Fig. 3.7d). Aerosol data was partly missing on

2 and 4 April 2014, which can be seen by the CPC1 record to 0 cm
−3

.

.
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Tab. 3.5: Overview of the field applications that were performed with ALADINA since Oc-

tober 2013 until the publication date of the thesis. Note: The corresponding liter-

atures are denoted according to the field campaigns and provided in the footnote

at the bottom of this page.

Investigation area Period Flights Days Main research goal

A: Melpitz Oct 2013–Jul 2015 109 23 NPF
i ii iii iv

B: Savè Jul 2016 53 14 Distribution of eBCiv v

C: Ny-Ålesund Apr–May 2018 49 11 Polar aerosol particles
vi vii

Total sampling ≈ 86 h ≈ 10,510 km

3.3.4 Field applications of ALADINA

ALADINA was extensively used during three field activities worldwide since

October 2013. Table 3.5 displays a summary of those past field campaigns which

were mainly financially supported by the DFG and the EU.

In total, more than 200 measurement flights were carried out with ALADINA,

allowing to study aerosol properties in connection with ABL dynamics on 48

different measurement days. Around 86 h of sampling time were collected with

a total flight distance of ≈ 10
4

km.

At this point it should be pointed out that the total flight duration and flight

distance from Tab. 3.5 are only based on the mentioned research campaigns. The

absolute values of total flight duration and distance are higher, as ALADINA

was temporarily tested prior to flight campaigns in Hillerse, around 25 km NW

of Braunschweig. There, functionality tests were performed, including optimiza-

tion of sensors’ position, centre of gravity tests, check of the outer structure and

navigation systems and functionality tests of newly implemented measurement

devices. Further, the field area of Hillerse was used for practising of safety pilots

and for test flights according to adjust the autopilot systems and changes in the

configuration.

i
Altstädter et al. (2015)

ii
Altstädter et al. (2018)

iii
Platis et al. (2016)

iv
Bärfuss et al. (2018)

v
Altstädter et al. (2020)

vi
Lampert et al. (2020)

vii
Petäjä et al. (2020)
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A: Observations of UFP in Melpitz, Germany, European continental
site

This thesis addresses solely investigations that were carried out at the TROPOS

research site in Melpitz, Germany (underlined in Tab. 3.5). Data were sampled

temporarily during different seasons in October 2013–July 2015. The outline of

the ALADINA investigations is to characterize the appearance of NPF within

the ABL, based on observations of UFP and their interactions with dynamic pro-

cesses. Hereafter, only a short overview of the published articles is given, as the

investigations are further subject to the results shown in Chap. 5.

The design of the aircraft, the integration of the meteorological and aerosol

sensors shown in Sects. 3.3.2-3.3.3 and the first performance of ALADINA were

presented in Altstädter et al. (2015). There, the reliability of the new system was

verified and the measured aerosol particle number concentration was compared

with respect to ground observations for two different case studies. For instance,

on 9 October 2013, a layer of UFP (size 11–18 nm, N11−18) was observed at the

height of 550-600 m a.g.l. and the vertical distribution of N11−18 showed no cor-

relation with the stratification of the ABL.

The study of Platis et al. (2016) showed downwards transport of UFP which

may have been formed from aloft or have been enclosed in the residual layer on

3 April 2014. The observations were supported by a comparison with ground

data of SO2 concentration which is generally considered as a precursor gas for

NPF. An increase of SO2 coincided with the downwards transport of UFP, shown

with ALADINA measurements at the height of 100 m a.g.l.

Additionally, UFP were observed to occur in the whole ABL, even under non-

favourable conditions like under the presence of clouds or close to cloud edges

(Wehner et al., 2015). In this case, high mixing of aerosol particles is caused by

strong turbulence so that UFP tend to disappear in short time periods (Altstädter

et al., 2018).

B: Investigations of the vertical eBC distribution at Savè, Benin, West
Africa

ALADINA was applied for ABL investigations during the DACCIWA project at

Savè, Benin, on 2–16 July 2016. The whole system was re-engineered for the field

campaign and the AE51 was (since then) implemented as standard aerosol sensor

in ALADINA in order to calculate eBC mass concentration (Bärfuss et al., 2018).

It was possible to carry out 53 measurement flights on 14 different measure-

ment days with ALADINA. The role of eBC was studied in an area of a generally
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high population and large sources of anthropogenic emissions (Altstädter et al.,

2020). Further, a description of the used AE51 and its performance were pre-

sented and a summary of 155 vertical profiles showed a strong correlation of the

eBC with ABL properties and a minor role of local sources that might have been

emitted from ground. The hypothesis of long-range transport of the measured

eBC was verified by comparison with ground data of ceilometer, wind profiler,

NOx data and a numerical model simulations which were set up by the DAC-

CIWA group. The main finding is that the observed eBC was not contributed by

local emissions but caused by long-range transport from big coastal cities south

of Benin, triggered by the regional scale impact of the West-African monsoon

(Altstädter et al., 2020).

C: Study of polar aerosol around Ny-Ålesund, Norway, high Arctic

In April–May 2018, a flight campaign was performed with ALADINA in the high

Arctic region around Ny-Ålesund, Svalbard. 49 research flights were performed

on eleven measurement days, influenced by a high frequency of NPF that oc-

curred to 55 % of the studied period. The UAS was re-engineered once again,

mainly in terms of a new navigation solution, and a more stable working flow of

the instrumentations. The overall system was adapted to the cold temperatures

and harsh conditions of the Arctic environment (Lampert et al., 2020).

A brief overview of the field campaign and first results of the high vertical vari-

ability of the observed UFP in Ny-Ålesund are provided in Petäjä et al. (2020) and

Lampert et al. (2020). Further publications are currently in preparation that will

show detailed observations of ABL properties and aerosol particles in the Arc-

tic. For instance, the aerosol particles measured with ALADINA are linked to

observations that were carried out at the two different research stations, namely

the Zeppelin observatory at Mt. Zeppelin (474 m a.s.l., above sea level) and the

Gruvebadet station (67 m a.s.l.) at the investigation area. The main objective of

the study is to identify a potential favourable altitude for NPF and to estimate

possible sources for NPF. Another study will provide a detailed wind characteri-

zation of the site, based on the UAS observations, that will further help to cluster

possible mechanisms of the transport and mixing of the aerosol particles in the

highly complex terrain.





Chapter 4 ABL observations during
Antarctic wintertime

4.1 Overview of the winter experiment
This chapter focuses on ABL properties that were measured with the UAS M

2
AV

in the Weddell-Sea during polar night in the period of 8 June–12 August 2013.

The expedition was carried out as part of the Polarstern winter cruise named

ANT-XXIX/6, running under the project name AWECS (Antarctic Winter Ecosys-

tem Climate Study).

However, in the following, the Polarstern expedition is termed by the simple

expression "winter experiment". General information on the research vessel (RV)

Polarstern, an overview of AWECS, a description of the multidisciplinary team

that was part of the cruise and research goals of each of the individual groups

can be taken from Lemke and Neuhoff (2014).

This study begins with a brief overview of the cruise track and introduces the

two different investigation areas in terms of sea ice properties and prevailing

weather conditions (Sect. 4.1.1–4.1.3). In the following, those two different sites

are denoted as first and second ice station that strongly differ in sea ice thickness.

After that, flight procedures and a summary of the M
2
AV flights are described

that were carried out during the winter experiment (Sect. 4.2).

The results are shown for two different case studies, presented in Sect. 4.3 and

Sect. 4.4. In order to assess the ABL structure, vertical profiles of temperature

and humidity were measured above a mostly closed sea ice area on 11 July 2013.

Further, the M
2
AV was used for horizontal flights above inhomogeneous sea ice

conditions in order to elucidate a possible impact of open water sections on the

ABL stability. This is verified by calculations of the turbulent flux of sensible heat

and TKE based on flight sections of around 4 km lengths that were operated at

constant heights close to the sea ice surface on 2 August 2013.

The outcome of the study is summed up in the conclusion and discussed for

future applications (Sect. 4.5). This in turn means a review of experiences that

were gained during the field study, as well as recommendations with respect to

future planned UAS activities in polar regions.

4.1.1 Description of the cruise track

Figure 4.1 displays the cruise track of Polarstern during the winter experiment.

In order to assess the impact of sea ice concentration on the observation sites,

sea ice data from Spreen et al. (2008) was implemented into the map. The cruise
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Fig. 4.1: The map shows the cruise track of the experiment ANT-XXIX/6 that was carried

out with the RV Polarstern (black line). The cruise started in Cape Town, headed to

the South through the Weddell-Sea and was finally directed into the North-West to

Punta Arenas from 8 June until 12 August 2013. The dots indicate the position of

the ice stations analyzed here on 11–15 July 2013 (in red) and on 29 July–2 August

2013 (in green). For a better orientation, the sea ice edge data from Spreen et al.

(2008) is marked in dark grey and the polar latitude of 60° S is shaded with a light

grey line.

started in Cape Town, South Africa, on 8 June 2013. The ship followed the Green-

wich Meridian to the South and headed forwards southerly to the Neumayer

station, but did not reach the station. The ship remained in the Weddell-Sea and

tracked finally north-west towards South America. The experiment ended after

a 12 week period in Punta Arenas, Chile, on 12 August 2013. The field activities

of the UAS were solely possible on so-called ice stations. For this purpose, sea ice

conditions had to fulfil specific criteria for a safe working area for scientists and

the ship was stopped and remained at the same floe for several hours or days.

More information on the ice stations is provided in Subsect. 4.2.2. This study

will focus on measurements based on two (out of totally eight) ice stations that

were carried out during the cruise.
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Fig. 4.2: The two maps show the sea ice conditions during the analyzed studies. During

the first ice station the sea ice conditions were homogeneous and closed (red dot),

in contrast to the second ice station with heterogeneous conditions (green). The

sea ice concentration data can be found in Spreen et al. (2008).

4.1.2 Introduction of the two investigation areas

The two ice stations belong to the sea ice area in the Southern Ocean and were

located between the latitudes of 63
◦

S and 67
◦

S. The sites differ significantly in

sea ice properties, and the observations were influenced by different weather

conditions. A summary of both sites is presented in Tab. 4.1. The data were

continuously recorded by personal observations of the cruise participants dur-

ing the winter experiment according to the ASPeCt (Antarctic Sea ice Processes

and Climate) protocol and are publicly available from Schwegmann (2013). The

first ice station lasted from 11 until 15 July 2013 (see Fig. 4.2, left). There, no open

water in the sea ice was observed and the ship was surrounded by vast floes with

a maximum size of 2000 m that were formed by old and wind packed snow and

new ridges that were filled with snow. In contrast to this, the second ice station

was close to the sea ice edge (see Fig. 4.2, right) and the observations were per-

formed in the period from 29 July until 2 August 2013. The spot was influenced

by sea ice coverage of 90 %. Fractions of open water occurred in terms of small

cracks and narrow openings which varied in size of 50–200 m. Additionally, in

the near proximity of the ship, sea ice was identified as medium floes of 100–

500 m and the snow coverage of the floes were formed by cold old snow that

built consolidated ridges which further led to a heterogeneous sea ice surface.

In the following, weather data from the RV is shown.
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Tab. 4.1: Information on the two analyzed sites: first ice station from 11 until 15 July 2013

(corresponding to the red dot in Figs. 4.1–4.2) and the second ice station from

29 July until 2 August 2013 (green dot in Figs. 4.1–4.2), taken from Schwegmann

(2013).

Parameters First ice station (red) Second ice station (green)

Period 11–15 July 2013 29 July–2 August 2013

Latitude 67.20° S–67.36° S 63.29° S–63.60° S

Longitude 23.06° W–23.27° W 51.22° W–51.43° W

Sea ice coverage 100 % 90 %

Size of floes 2000 m 100–500 m

4.1.3 Synoptic conditions during the winter experiment

Synoptic conditions are mainly documented by the weather mast data that was

deployed on the bow of the RV Polarstern at the altitude of 29 m. The data are

available in König-Langlo (2013a). For background information, Figure 4.3 dis-

plays air temperature (T), relative humidity (RH), water temperature (Tw) and

ceiling via cloud base height (CBH) for the Polarstern cruise in the period of 8

June–7 August 2013 in an 1 min interval respectively. The air temperature var-

ied between -31.2 and 15.8 °C with a mean air temperature of -12.1 °C during

the whole cruise (Fig. 4.3a). Leaving Cape Town, the air temperature decreased

steadily in correlation with a decrease of the water temperature until reaching the

sea ice edge at the latitude of 60
◦

S that resulted in a marginal variability of the

water temperature between -2.5 and -1.1 °C. After finishing the scientific work

on the last ice station on 2 August 2013, the ship headed to the North, which

led to an increase of air temperature up to 0 °C. The water temperature was still

low, ranging between -1.9 and -1.2 °C. Air masses were typically characterized

by maritime airflow, leading to high humidity that varied from 41 to 100 %, with

a mean RH of 87.6 % (Fig. 4.3b). Oversaturation exceeding 100 % occurred for

several times in relation to passages of low pressure systems.

One of the most critical limitations of the M
2
AV operation was based on strong

winds that occurred frequently during the cruise. Figure 4.4 displays the wind

speed (left) and wind direction (right) for the whole winter experiment, recorded

from the weather mast data at the height of 29 m. The mean wind speed was

9.6 m s
−1

, thus almost the maximum wind speed for a safe operation of the UAS

that should not exceed 10 m s
−1

. The total wind speed maximum of 28 m s
−1

was related to a storm with heavy snow fall on 23 July 2013. The frequency of
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Fig. 4.3: Meteorological data of the RV Polarstern during the winter experiment (8 June–

7 August 2013). From top to bottom: air temperature T in °C, relative humidity

RH in %, water temperature Tw in °C and ceiling via cloud base height CBH in

km. The time is given in UTC and the time series of the two studied ice stations

are coloured in red and in green. Those coloured episodes correspond to the time

series of the ice stations analyzed here between 11 and 15 July 2013 (in red) and

between 29 July and 2 August 2013 (in green). The data can be taken from König-

Langlo (2013a).

wind speed larger than 10 m s
−1

was more than 40 %, thus reduced the possible

flight operation to a large extent. The wind direction was mainly from south-

west, thus affected by the large scale flow of the katabatic wind, resulting from

the orography of Antarctica.

Weather situation during the two observation sites

During the first ice station, the air temperature varied between -20.6 and -11.5 °C

and the relative humidity was in the range of 77–96 % (see Fig. 4.3, marked in

red). Air pressure increased slowly after a passage of a low pressure system

(not shown here). Low-level clouds led to a poor visibility and are represented
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Fig. 4.4: Frequency in % of wind data derived from the weather mast deployed on the RV

Polarstern during the cruise from 8 June until 7 August 2013. The wind speed f f
in m s

−1
is shown on the left hand-side and the wind direction dd in ° on the right

hand-side. The data is accessible from König-Langlo (2013a).

by a ceiling height of up to 1 km at the beginning of the ice station. During the

measurement period, low level clouds dissolved and the ceiling reached a lowest

cloud base height of 2–3 km (see Fig. 4.3d), so that research flights were possible.

During the second ice station (see Fig. 4.3, marked in green), the air tempera-

ture was low between -30.2 and -17.2 °C. Air masses were dryer in comparison

with the first ice station, with a relative humidity between 50–89 %. The water

temperature was almost constant between -1.6 and -1.2 °C. The air pressure in-

creased from 987.7 to 1005.8 hPa during the passage of a high pressure system

which led to a good visibility and mid-level cloudiness with a base of around

5 km, so that icing was not likely based on personal observations in this case (see

Fig. 4.3d).

For a more precise picture of the wind conditions during the two different ice

stations, Fig. 4.5 is displayed. Figure 4.5a represents the frequency of the mea-

sured wind speed during the first ice station that showed mainly a wind speed of

6 m s
−1

. The critical wind speed of more than 10 m s
−1

was not exceeded. Dur-

ing the second ice station, the mean wind speed was moderate between 4 and

8 m s
−1

, but the measurement site was affected by strong gusts (see Fig. 4.5b),

thus partly exceeding the limitation of 10 m s
−1

for a safe operation.



A
B

L
o

b
s
e
r
v

a
t
i
o

n
s

d
u

r
i
n

g
A

n
t
a

r
c
t
i
c

w
i
n

t
e
r
t
i
m

e
5
7

Tab. 4.2: Performed measurement flights with the Carolo T200 M
2
AV during the Polarstern cruise ANT-XXIX/6 in 2013. Three of the

eleven research flights are not considered in the study, mainly caused by technical issues and icing so that the flights had to

be stopped directly after take-off (marked in grey). n.o. means not operated.

Flight name Flight period Maximum height Horizontal leg Data quality

M
2
AV-ant1 3 July 2013 14:04–14:09 UTC 200 m n. o. poor–technical issues

M
2
AV-ant2 11 July 2013 15:18–15:48 UTC 500 m n. o. good

M
2
AV-ant3 11 July 2013 21:32–22:10 UTC 650 m n. o. fair –GPS loss

M
2
AV-ant4 12 July 2013 13:11–13:34 UTC 200 m n.o. poor–icing

M
2
AV-ant5 13 July 2013 11:51–12:39 UTC 950 m n.o. good

M
2
AV-ant6 13 July 2013 15:59–16:53 UTC 1450 m n.o. fair–navigation issues

∗i

M
2
AV-ant7 29 July 2013 19:53–20:30 UTC 200 m n.o. poor–icing

M
2
AV-ant8 31 July 2013 11:11–12:11 UTC 1400 m n.o. good

∗1

M
2
AV-ant9 2 August 2013 02:08–02:46 UTC 950 m 50, 100 m good

M
2
AV-ant10 2 August 2013 13:04–13:48 UTC 80 m 25, 50, 75 m good

∗ii

M
2
AV-ant11 2 August 2013 19:04–19:46 UTC 160 m 15, 50, 150 m good

i
Data of vertical temperature are shown in Jonassen et al. (2015).

ii
Wind and temperature data is presented in Lampert et al. (2020).
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Fig. 4.5: Wind speed during the first ice station (a) and during the second ice station (b).

The limitation of wind speed smaller than 10 m s
−1

is indicated by vertical dashed

line. The data is available from König-Langlo (2013a).

4.2 Overview of the M2AV research flights

4.2.1 Summary of measurement flights

Table 4.2 gives an overview of the measurement flights that were performed

with the UAS M
2
AV during the winter experiment. The summary includes flight

name, flight period and maximum height in metres above ground level (a.g.l.)

of either vertical profiles or the height of legs at constant altitude that were per-

formed. In total, eleven measurement flights were operated, leading to a total

flight duration of ∼ 5.7 h and a distance of more than 120 km. The mean flight

time was 38 min, thus reduced to almost 60 % of the common flight duration

of 60 min with the M
2
AV (e.g. Martin et al., 2011). The main explanation for

the reduced flight time is based on the low temperatures that led to fast cool-

ing of the batteries. Three flights are not taken into account for the study. The

reason is based on technical issues (valid for the first and fourth flight) like the

non-functionality of electronic devices that cooled down too rapidly. On 12 July

2013, corresponding to the seventh flight, the mission had to be stopped directly

after take-off after the onset of undefined poor signal of the rudders of the UAS

so that a save flight was not possible to execute. After landing, it turned out that

the signal loss was caused by strong icing that was detected on the pitot tubes

afterwards. The first six flights were dedicated to vertical profiling above the

closed sea ice surface during the first ice station. At the second ice station it was

possible to perform three flights close to the sea ice surface (15–150 m altitude).

Those observations are based on horizontal legs that were performed above a

crack and perpendicular to a lead (see Subsect. 4.4).
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4.2.2 M2AV flight procedures during the experiment

The flight operation with the M
2
AV was challenging during the winter exper-

iment in the Weddell-Sea. Some of the experiences were recently presented in

Lampert et al. (2020). Generally, for a safe operation of the M
2
AV wind speed

should not exceed 10 m s
−1

. Further, weather conditions should be character-

ized by a good visibility and no precipitation. However, the weather was mainly

characterized by storms with heavy snowfall and poor visibility during the ex-

periment, resulting in less flights than planned (see Subsect. 4.1.3). Further, the

M
2
AV flights were limited by work on ice stations. This in turn means that sea ice

with sufficient thickness was required, and the RV Polarstern had to be stopped

for several hours or days for carrying out scientific work outside. A direct opera-

tion from the ship was not possible. The reason is the reduced space and various

obstacles like containers and high measurement equipment that are installed on

the RV. The need of a suitable airfield for fixed-wing aircraft is one of the main

disadvantages in comparison with multicopters that allow take-off and landing

with limited space. Start and landing of the M
2
AV on deck is not possible with-

out any catching devices like nets. However, during a later Polarstern cruise in

2017, a direct operation was performed with the multicopter ALICE (Airborne

Tool for methane Isotopic Composition and polar meteorological Experiments)

from the ship (Lampert et al., 2020).

At the beginning of each flight, possible positions for an airfield were accu-

rately checked and discussed with the RV crew. This included a safety distance

of 200–300 m upwind from the ship and sufficient distance to other scientific ac-

tivities that were operated at the same time on the ice station. Flat and even

areas were not frequently present due to the large rough and old packed sea ice,

so that areas were chosen with suitable size and were flattened by the partici-

pants, directed into the mean wind direction. During the experiment, the M
2
AV

was launched by a winch-system instead of starting by hand as it was mainly

realized in the past. The winch system (EW4, Ober Flugmodellbau, Landsberg,

Germany) was fixed on the sea ice via ice drills and actuated with a 12 V car

battery.

Technical parts like rudders were tested before each flight on the ship in a lab-

oratory. After that, aircraft, ground station, batteries and equipment were trans-

ported to the airfield via sledges and snowmobile. The crew started immedi-

ately with take-off procedures after assembling the power batteries and starting

data records. A safety pilot was responsible for take-off and landing via remote

control, but was always ready to take over control in the rare case of any emer-

gency during the flight missions. After take-off, technical parts like rudders and
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Fig. 4.6: Pictures of the M
2
AV flight procedures during preparation (a,b) and measurement

flight (c,d). The pictures were taken from (a) Friedrich Richter (Alfred Wegener

Institute, AWI) on 11 July 2013 and (b-d) Mario Hoppmann (AWI) on 13 July 2013.

telemetry link were checked again and the flight mission was sent to the autopi-

lot system MINC. The flight track was observed via ground station and hand

over in automatic mode at a safe altitude and after checking the correct heading

of the aircraft.

Figure 4.6 shows four pictures that were taken during the flight operation

of the winter experiment. Two participants (one scientist and one safety pilot)

were responsible for the M
2
AV operation. Figure 4.6a displays the safety pilot

who switches on the data record of meteorology and navigation. After that, the

crew prepared the take-off (Fig. 4.6b) by connecting the ground station with the

UAS. Then, the M
2
AV was aligned to North and fixed at the winch system (Fig.

4.6c). During measurement flights, the scientist was responsible for observing

the flight track on the ground station and the safety pilot followed the flight of

the UAS by eye (Fig. 4.6d).
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4.2.3 Flight strategy for vertical profiling

Above closed sea ice, flight missions were dedicated to vertical profiling. Above

open water sections, the main goal was to fly at constant heights close to the

surface perpendicular/parallel to the open water edges areas. For example, Fig.

4.7a displays the flight pattern of a vertical profile that was flown from the surface

up to the height of 950 m a.g.l on 13 July 2013. The starting point of the UAS is

marked and the flight track shows an ascent in remote control and the following

descent in automatic mode controlled by the MINC autopilot system. The flight

path was organized in squares that were orientated to east-west and north-south

sections. The longer legs of at least 800 m distance were flown at one constant

altitude in order to enable the calculation of the 3-D wind vector. The shorter

legs of around 200 m length were used for ascending and descending to the next

height level, mainly in 50 or 100 m steps.

Critical analysis of profiling in terms of wind calculation

Most of the vertical profiles were not operated in automatic mode. The main rea-

son for this is based on the reduced flight duration caused by low temperature,

critical handling of the UAS on sea ice and technical issues of the navigation. Lat-

ter most likely failed due to the high latitude range, thus implying an incorrect

heading of the IMU. Thus, a calculation of the 3-D wind vector is only possible

in case of horizontal flight legs that were controlled by the autopilot.

One example of an incorrect flight track, is displayed in Fig. 4.7b. For this flight

trajectories the calculation of the 3-D wind vector is not possible. The vertical

profile was operated after the one mentioned before on 13 July 2013. The mission

was similar but with a maximum altitude of 1450 m. Here, the flight path is

significantly deviating around the commanded splines that were sent prior to the

autopilot system. According to personal observations on site, a clear explanation

for this navigation issue was not obvious. Possible reasons could be a worse GPS

signal by high latitude that affected the magnetic devices of the INS, but this is

contradictory to the previous flight. Although the data quality might be poor

in terms of an accurate 3-D wind vector, temperature, humidity, wind speed and

wind direction are still taken into account for the study by averaging and filtering

out the oscillation periods. This was further realized by smoothing algorithms

that do not influence the sensor response per se.
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Fig. 4.7: Examples of vertical profiling during the winter experiment on 13 July 2013. The

flight path shows one ascent in remote control (red line) and one descent in auto-

matic mode (black line). (a) Flight path of M
2
AV-ant5 that can be used for wind

measurement. (b) Due to technical issues of navigation, the flight of M
2
AV-ant6

was deviating from around the commanded flight mission. Thus, a wind calcu-

lation is not applied for this case study but temperature and humidity are still

considered with smoothing algorithms.
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4.3 Examples of ABL profiling and discussions
In the following, the average of the measured potential temperature are dis-

cussed. Further, two case studies are shown that help to better characterize ABL

properties based on different sea ice properties. The first example contributes to

observations over closed sea ice on 11 July 2013 and the second example corre-

sponds to investigations that were carried out above inhomogeneously formed

sea ice on 1–2 August 2013.

4.3.1 General description of the ABL stratification during the
experiment

Nine vertical profiles were performed with the M
2
AV during the experiment

with a maximum altitude of 1450 m (see Tab. 4.2). Figure 4.8 displays the mean

potential temperature θ̄ and its variance σθ obtained from all profiles in 20 m

steps, based on the HMP50 data. The ABL was mainly stably stratified and

showed several inversion layers in the vertical distribution. Near the surface θ̄

was 255 K and decreased significantly up to the height of 100 m with a mean po-

tential temperature of θ̄=250 K. Above, a capping inversion layer was observed

at the height between 150 and 180 m. A third inversion layer occurred at 750–

800 m, and a fourth inversion layer was apparent at 1200 m. Although this data

is not of high statistical relevance, and it is a mixture of observations obtained at

various locations with different sea ice properties, it may still be representative

for a polar night study.

The frequent occurrence of several inversion layers in the Weddell-Sea was

studied by Andreas et al. (2000) based on radiosondes from February until June

1992. More than 96 % of the profiles showed a temperature inversion in the low-

ermost 600 m, and 44 % of the observed inversions were caused by high surface

temperature gradients. Thus, the radiosonde observations showed high occur-

rences of multilayer structures as well, which coincide with the UAS observa-

tions, and stress the need to fill in the data lack in the lowermost 1 km by fre-

quently profiling.

In the following, two case studies are shown in terms of vertical profiles of po-

tential temperature, water vapour mixing ratio, wind speed and wind direction

that were measured with the M
2
AV and are compared with radiosonde data. Ra-

diosonde ascents were operated daily between 10 and 11 UTC, directly from the

RV and data can be found in König-Langlo (2013b).
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Fig. 4.8: Average of nine vertical profiles that were measured with the UAS M
2
AV during

the winter experiment. The mean potential temperature (mean θ) in K is shown by

the blue line and the variance σθ in K by the red lines according to an averaging

span of 20 m steps.

4.3.2 Observation of a low-level jet over closed sea ice on 11 July
2013–first ice station

Figure 4.9 displays three vertical profiles of potential temperature, water vapour

mixing ratio, wind speed and wind direction in the lowermost 800 m during the

first ice station on 11 July 2013. The radiosonde was launched from the ship at

10:32 UTC and the M
2
AV was operated on sea ice at 15:25 UTC and 21:50 UTC at

a distance of 1.4 km away from the ship. Note that the maximum height of the

flight M
2
AV-ant2 was only 500 m, as the operation had to be stopped due to the

occurrence of a strong wind shear that will be explained hereafter.

At 10:32 UTC, the ABL showed three inversion layers at the heights of 180,

600 and 760 m (Fig. 4.9a). At 15:25 UTC, an inversion layer was observed at the

altitude of 400 m and the vertical profile of θ was shifted towards lower tempera-

tures with a gradient of 5 K and air masses cooled down further until 21:50 UTC,

when an inversion layer appeared at 200 m. The strong capping inversion layer

from the morning hours disappeared.

The water vapour mixing ratio r varied between 1 and 1.6 g kg
−1

in the vertical

distribution with highest values in relation to the capping inversion above 600 m

in the morning hours (Fig. 4.9b). The vertical profiles obtained with the UAS

showed a significant decrease of the water vapour mixing ratio in the vertical

in comparison with the radiosonde data. The main reason for this might be the
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large time span between those three vertical profiles, thus it could be that dryer

air masses were advected to the measurement site.

This can be explained by Fig. 4.9c which shows that the wind speed increased

in the vertical profile at a specific altitude range between 200 and 300 m. There,

the wind speed exceeded 9 m s
−1

, and a total maximum of 12.5 m s
−1

was mea-

sured at the height of 410 m. Interestingly, the strong wind band tended to fur-

ther intensify at the heights of 100 and 400 m with a maximum wind speed of

12 m s
−1

at 21:50 UTC. Here, according to the definitions of Banta et al. (2002),

one may hypothesize that the measured wind profile shows an appearance of a

low-level jet (LLJ).

Vertical profiles of the wind direction are presented in Fig. 4.9d. At 10:32 UTC,

the wind direction was mainly from south-west, but changed during the day

with a clear northern flow in relation to the maximum wind speed of the LLJ.

However, it has to be considered that the large time span of around 5 and more

than 11 h does not allow to directly compare the UAS data with the radiosonde

data in terms of reliability and functionality.

However, a good consistency between UAS and radiosonde data was shown

during flights on 13 and 31 July 2013 (Jonassen et al., 2015). The latter showed

vertical profiles of potential temperature in a short time period of 10 min after a

radiosonde launch and the profiles matched very well. With respect to the case

study shown here, all profiles seem to strongly differ in particular in case of the

wind analysis.

A frequent occurrence of LLJ was observed by Andreas et al. (2000) as well.

Based on 103 radiosondes, a jet core was found to be steadily below 425 m and

in 60 % of the cases, the core was observed at very low altitudes of 25–175 m,

mainly linked to an embedded inversion layer. Thus, those investigations show

similarities with the M
2
AV profiles.

4.3.3 ABL structure above heterogeneous sea ice on 1–2 August
2013–second ice station

Figure 4.10 displays the same parameters as shown in Fig. 4.9, measured between

1 and 2 August 2013. There, the sea ice was inhomogeneously formed and open

water was nearby, as the ship was near the sea ice edge and drifting through

small openings. Two radiosonde ascents are displayed for 1 August 2013 at 11:05

UTC and for 2 August 2013 at 11:03 UTC. The vertical profile of the M
2
AV was

operated during night on 2 August 2013 at 02:30 UTC.
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Fig. 4.9: Vertical profiles of (a) potential temperature θ in K, (b) water vapour mixing ratio

r in g kg
−1

, (c) wind speed f f in m s
−1

and wind direction dd in ° during the first

ice station on 11 July 2013. The radiosonde was launched at 10:32 UTC (red line)

and the M
2
AV performed two vertical profiles at 15:25 UTC (black line) and 21:50

UTC (grey line).

Figure 4.10a shows the vertical distribution of the potential temperature θ in

the lowermost 1000 m. All three vertical profiles indicate multiple inversion lay-

ers with the most pronounced inversions at daytime. On 1 August 2013 at 11:05

UTC, a capping inversion layer was observed at the height of 210 m, where θ in-

creased significantly from 246 to 253 K at the height of 300 m. Further inversion

layers were observed at the heights of 400 and 900 m, but with lower tempera-

ture gradients. During night, the vertical profile of θ showed a capping inversion

at the heights between 150 and 600 m with a structure different to daytime con-

ditions. On 2 August 2013, the lower ABL stability was intensified by a surface

inversion at 80 m and above a capping inversion layer at 210 m. At the height of

800 m, a third inversion was detected.

The vertical profile of the water vapour mixing ratio r represented a more di-
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verse picture during the two days (Fig. 4.10b). On 1 August 2013, the verti-

cal profile of r showed a linear increase with altitude, but on 2 August 2013 air

masses were characterized by moist air above the capping inversion layer and in

the neutrally stratified ABL. Above this layer, r decreased to 0.45 g kg
−1

.

The wind speed was high (6-13 m s
−1

) during daytime (Fig. 4.10c) and re-

duced to 0.5 and 4.5 m s
−1

during night. On 2 August 2013, the radiosonde was

launched at 11:03 UTC and the vertical profile of the wind speed indicated an

increased wind speed in comparison with the weak wind case during the night.

On 1 August 2013, the wind direction was from south in the lowermost 1 km.

During night, the wind direction changed from north to NE but with a sharp

gradient in the lowermost 350 m. During the following day, the wind direction

was steadily from NNW, so that the wind direction must have changed during

night by the passage of a high pressure system (see Subsect. 4.1.3). However,

there were no other data available that may be used for a validation during night

time, as radiosondes were solely launched once per day between 10 and 11 UTC.

4.3.4 Discussion of the two different case studies

Both case studies showed the occurrence of multiple inversion layers, similar

to previous observations in the Antarctic (Andreas et al., 2000; Jonassen et al.,

2015). Thus, assuming stable ABL conditions should be highly reconsidered in

a general model input. The appearance of multilayer structures was observed

above closed sea ice, as well as above an inhomogeneous area. The vertical pro-

files of the potential temperature and water vapour mixing ratio showed a good

agreement between the M
2
AV and radiosondes. In case of wind speed and wind

direction, a comparison may not be representative due to a large time span be-

tween different vertical profiles.

However, a direct comparison of the M
2
AV and radiosondes was not the scope

of the performed mission, but can be found in Martin et al. (2011) who showed

a good consistency between those two measurement systems.

For the mission, it was not possible to reach altitude ranges higher than 2 km

with the UAS, as cause of the reduced flight duration and limitation of the teleme-

try range within the height of 1.5–2 km.

But the main advantage of the UAS is the vertical resolution which is much

higher compared with radiosondes. The UAS data was smoothed with a span

of 0.1 s, so that a vertical resolution of 0.3 m is achieved for a climbing rate of

3 m s
−1

and the vertical resolution of radiosonde data is only 30–50 m.

Thus, detailed information on meteorological parameters like the exact al-

titude and temperature increase of inversions are missing by solely using ra-
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Fig. 4.10: Vertical profiles of (a) potential temperature θ in K, (b) water vapour mixing ratio

r in g kg
−1

, (c) wind speed f f in m s
−1

and wind direction dd in ° during the

second ice station on 1–2 August 2013. Radiosondes were launched at 11:05 UTC

on 1 August (red line) and at 11:03 UTC on 2 August (blue line). The M
2
AV was

operated during night at 02:30 UTC on 2 August (black line).

diosondes, and this is of special importance in terms of investigating multilayer

ABL properties.

However, using both systems at the same time or at least in a similar time span

smaller than 1 h is highly recommended and should be used for further compar-

isons in ABL studies in polar area. The results might benefit from both systems

equally by achieving profound information of meteorological parameters in the

lowermost 1 km, which is the most important area for analyzing polar exchange

processes within the ABL.
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4.4 Impact of open water sections on the ABL stratification
The following section addresses a case study that focuses explicitly on the ABL

structure in terms of inhomogeneous sea ice surface that was partially penetrated

by cracks and narrow openings like a lead. The results are based on two out of

three horizontal M²AV flights that were performed during the second ice station

on 2 August 2013. There, the horizontal flight paths were carried out at very

low altitudes between 15 and 150 m a.g.l., thus allowing investigating the direct

response of high horizontal temperature gradients resulting from warmer air

above sea water and low air temperature above sea ice.

For an overview of the experiment, Fig. 4.11 displays the flight tracks that

were performed during different daytimes. All profiles started close to the RV

by remote control and were operated by automatic mode on the long flight legs.

After turnaround, the UAS climbed to the next commanded altitude by means

of the square pattern close to the starting point. The first flight was performed

during night from 02:08 until 02:46 UTC. This flight was strongly affected by

icing, and due to poor visibility in the dark, the flight track was reduced in time

so that a large distance of the UAS with respect to the starting point could not

be reached as planned. During daytime, the visibility increased and the two

other flights were successfully performed where the lead’s edge was reached

and almost the whole width of the opening was sampled. The second flight was

operated at 13:04–13:48 UTC and the third flight lasted from 19:04 to 19:46 UTC.

For a better orientation of the experiment, a schematic view is shown in Fig.

4.12a. The horizontal flights were performed with sufficient distance to the ship

and directed perpendicular to the openings in SE, represented by dashed black

line. First, the track passed over a crack in a close distance of 200-500 m and then

over a lead at a distance of around 4–4.5 km. However, due to missing cameras

and the lack of a surface temperature sensor, a clear position with relation to the

openings is not assured and it is only based on personal observations. Further,

a large temperature gradient ∆T occurred during the experiment, measured by

the surface temperature of -25 °C and the water temperature of -2 °C. During

the flight called M
2
AV-ant10, the distance of the starting point to the RV was

300 m and the horizontal flights were operated at the altitudes of 25, 50 and 75 m.

During the flight termed as M
2
AV-ant11, the distance to the RV was around 500 m

and the horizontal flights were operated at the heights of 15, 50 and 150 m.

After turnaround, the aircraft headed on the same track NW from the lead in

direction backwards to the ship. The position of the flight tracks changed during

time, as the sea ice motion led to a shift in the starting point location, although

the airfield was not transferred to another site.
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Fig. 4.11: Three flights were performed over the sea ice with a large fraction of open water

on 2 August 2013. The study addresses the second and third flight, as the first one

was not succeeding the large opening. The flight tracks were headed SE directed

to a lead. After turnaround, the aircraft was commanded NW back to the ship

and climbed up to another height level. The different positions of the three flight

tracks result from the sea ice motion during the experiment, as the airfield was

not replaced to another site.

Figure 4.13 shows the wind direction and wind speed measured with the weather

mast at RV Polarstern between 06:00 UTC on 1 August until 00:00 UTC on 3 Au-

gust 2013. The time series of the M
2
AV take-offs are marked in grey lines, and the

radiosonde ascents are indicated by black dashed lines. During the lead study,

the main wind direction was almost constant from S with moderate wind speed

between 4.5 and 8 m s
−1

.

By projecting the wind conditions on the flight legs, the measurements were

carried out perpendicular to the lead with an inclination of around 45
◦

in the

prevailing wind situation. Thus, the measurements were laterally targeting the

downwind side of the plume that may be caused by the existence of the open wa-

ter area. In order to better understand the situation, the wind flow was indicated

by green arrow in a schematic view shown in Fig. 4.12b.
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Fig. 4.12: (a) The picture shows the situation during the lead experiment, affected by high

temperature gradients (∆T) that existed between sea ice surface and water. Re-

search flights were operated horizontally in different altitudes above open sea ice

on 2 August 2013. The approximate position of the lead is shaded in yellow. The

horizontal flights were performed into SE towards the open water and coming

from the lead heading NW. Note: The picture was modified and initially taken

from Stephan Hendricks, AWI. (b) The green arrow represents the prevailing air

flow from S, thus the flights were crossing the plume by an angle of 45 °.
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Fig. 4.13: Wind direction dd in ° (top) and wind speed f f in m s
−1

(bottom) measured at

the RV during the lead study. The dashed line represents the time of radiosonde

ascents and the grey line correspond to the start times of the M
2
AV flights that

were operated on 2 August 2013.
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4.4.1 Investigation of aircraft parameters during the lead study

In order to assess a possible impact of icing on the aircraft that might directly re-

sult in artefacts of the temperature and humidity signals, aircraft parameters are

explicitly shown for two cases. One example shows strong icing that occurred

during night time of the measurement period on 2 August 2013 (M²AV-ant09),

and the other case shows one horizontal flight that was operated in the close dis-

tance to ground, at the height of 25 m around midday on 2 August 2013 (M²AV-

ant10).

Aircraft dynamics affected by strong icing

Figure 4.14 displays the angle of attack α, the pitch angle Θ and the true air speed

VTAS during the measurement flight, when icing was obviously detected on 2

August 2013. The figure shows a short time interval of around 12 min from 02:10

until 02:22 UTC at the height of 50 m. The change of the aircraft attitude can be

seen by the vertical black line when the nose was firstly directed downwards and

then headed upwards. At 02:21 UTC, the aircraft went almost into stall speed that

can be seen in the sharp decline of the true air speed from 20 to 17.5 m s
−1

.

Assessing aircraft dynamics during the lead study

Figure 4.15a displays aircraft parameters on the flight towards the open water

area, thus during a flight track to SE. The approximate position of the crack is at

the distance of 0.5 km and the lead was at the distance between 2.5 and 4.5 km.

Here, the crack is not indicated due to its minor width and given by the fact

that it was partly frozen so that it should be of minor relevance for the study.

Figure 4.15a shows the angle of attack α, the angle of side slip β and the true air

speed VTAS. α varied between -1 and 9.2 ° along the track. The mean value was

α=4.09± 0.94 °. At the distance between 0 and 1.5 km, α was less fluctuating in

comparison with the values at the distances of 1.5 and 4 km. The same behaviour

was observed for the angle of side slip. β was in the range of -3.7 and 9.4 ° during

the whole horizontal flight. The mean value was 2.58± 0.94 ° and the highest

variability was between the distances of 2.5 and 4 km The true air speed was

in the range of 20.4 and 22.9 m s
−1

with highest speed above the open sea ice

area. Most likely, the peak occurred as a cause of stronger turbulence in order

to stabilise the aircraft by the autopilot system. In addition, Fig. 4.15b displays

the pitch angle Θ, the roll angle Φ and the yaw angle Ψ. The minimum of Θ
was -1.2 ° and the maximum was 3.6 ° at the edge of the open water. Φ was in

the range of -6 and 9.1 ° and reached the highest values at the distance between



ABL observations during Antarctic wintertime 73

02:10 02:15 02:20

-6

-4

-2

0

2

4

6

8

10

GPS Time, UTC (HH:MM)

A
ng

le
 (

°)
M²AV on 2/08/2013

 

 

5.091 5.092 5.093 5.094 5.095 5.096 5.097 5.098
16

18

20

22

24

A
ir 

sp
ee

d 
(m

 s
-1

)

alpha
pitch
V

TAS

Fig. 4.14: The calculated angle of attack α in °, pitch angle Θ in ° and the true air speed

VTAS in m s
−1

(green) during a measurement flight which was strongly affected

by icing, observed afterwards on the whole structure of the aircraft. A picture of

the icing-scenario on the UAS structure can be seen in Lampert et al. (2020). The

horizontal flight was at the altitude of 50 m between 02:08 and 02:45 UTC on 2

August 2013.

2.4 and 4.3 km. The heading is given by the yaw angle that was between 157

and 169 ° (SE) perpendicular to the lead. Here, no significant effect of icing was

observed regarding the stabilisation of the aircraft and afterwards according to

checks of the outer structure of the aircraft after landing. The autopilot system

was sufficiently controlling the UAS, and the sensors were not affected by any

offsets. Further, the height was almost constant within the given accuracy of

±2 m, thus allowing to accurately calculate the 3-D wind vector.
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(b) The same situation as presented in Fig. 4.15a,

but for other aircraft parameters of (top to bot-

tom) pitch angle Θ in °, roll angle Φ in ° and

yaw angle Ψ in °.

Fig. 4.15: Aircraft parameters calculated along one horizontal flight during the lead study

on 2 August 2013. The position of the lead is marked with vertical grey lines.

4.4.2 Impact of open water sections on air temperature and hu-
midity

In this part, the horizontal distribution of air temperature and water vapour mix-

ing ratio are discussed in order to possibly identify the correct positions of the

openings. For a general overview, Fig. 4.16 displays the time series of air tem-

perature and water vapour mixing ratio in the horizontal parts of the two flights

M
2
-ant10 and M

2
-ant11. The flight legs were performed at the altitudes of 25, 50

and 75 m, and the results are shown in 1 Hz and 0.1 Hz resolution and in SE flight

direction. For comparison, the second flight is fully depicted, including legs in

SE and after turnaround in NW section. Here it should be pointed out that the ab-

solute physical values of the thermocouple were not available during the study

due to missing calibration prior to the campaign. Thus, the temperature signal

is solely based on the HMP50 measurements.

Figure 4.16a shows a high horizontal variability of the air temperature depend-

ing on altitude. For instance, at the height of 25 m, the mean air temperature was

-21.8± 0.2 °C, ranging from -22.1 and -21.4 °C with a constant increase at the dis-

tance between 2.5 and 4.5 km. At the height of 50 m, the mean air temperature

was -21.4± 0.2 °C and varied from -21.7 to -21.0 °C. Here, between a distance of

0.3–1 km, the air temperature increased, but decreased at the distance of 1.5 km

and rose up again at a distance of 2.5–4 km in relation to the most likely po-

sition of the lead. In contrast to the relatively constant field, the measured air
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temperature at the height of 75 m was strongly variable and increased, reaching

the warmest air temperature of -19.2 °C at the distance directly above the lead.

The three flight sections at different altitudes show a strong variability on the

horizontal scale, and an increased air temperature is visible over the most likely

position of the open water sections in the flight leg at 75 m height, but not at

the lower altitudes. One explanation for this might be the existence of a strong

capping inversion layer that was observed in the radiosonde data shown in Fig.

4.10. Thus, the flight leg at 75 m might correspond to the inversion layer and

the lower flight legs were most likely performed in the convective mixed layer.

Another explanation could be in relation to the form of the plume that yields its

maximum in the upper part over the open water after the appearance of the IBL.

This might be even more pronounced for the occurrence of the high wind speed

of 8–9 m s
−1

from South during the measurement interval between 13:04 until

13:48 UTC (see Fig. 4.13).

Similar effects of the plume can be seen in the horizontal distribution of the

water vapour mixing ratio r (see Fig. 4.16b). In general, the horizontal distribu-

tion of r coincides with the measured air temperature. This is most likely based

on the fact that the data is not independently derived from each other than by

the use of the same sensor response of the HMP50. The measured water vapour

mixing ratio shows a strong variability on the horizontal scale with the most

pronounced increase above the position of the lead at the distances between 2.5

and 4.5 km. For instance, the maximum water vapour mixing ratio of 0.7 g kg
−1

was observed at the height of 75 m near 3.2 km. The horizontal distributions of

r at 50 and 150 m height differ only marginal but both show a slight increase of

0.6± 0.03 g kg
−1

and 0.5± 0.04 g kg
−1

above the position of the lead.

The same parameters are presented for the second flight M
2
-ant11 that was

performed later at 19:04–19:45 UTC under SSW wind conditions and during a

weaker wind speed of 5 to 5.5 m s
−1

in comparison with the previous flight. Due

to the sea ice drift, the position of the RV, thus the starting point of the UAS and

the location of the openings, have changed to some extent. This is of special

importance for the crack near the ship that was observed at close distance of

around 0.5 to 1 km, but it was most likely more frozen in comparison with the

previous observations. In addition, the position of the lead was further away

from the starting point at around 3 km. This might result from the fact that the

whole width of the lead was most likely not surpassed so that observations were

done above the lead edge and probably only half of its width. However, this is

speculative due to a missing camera or optical sensors.
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Fig. 4.16: Measured air temperature T in °C (a) and water vapour mixing ratio r in g kg
−1

(b) during two horizontal flights passing over a crack at the distance between 0.5

and 1 km and a lead at the distance of around 2.5 to 3 km on 2 August 2013. The

corresponding altitudes of the research flights are given in the graphs. The green

line shows the results of the first flight M
2
AV-ant10 and the blue line the values of

the second flight M
2
AV-ant11. All parameters were smoothed from 1 Hz (green,

blue line) in a 10 s span (red line) accordingly.
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Further, the UAS was not visible any more beyond the distance of around 2 km

due to the low solar elevation that reduced the visibility for personal observa-

tions. Nevertheless, it was possible to perform a horizontal flight at the low al-

titude of 15 m. The air temperature varied between -24 and -22.6± 1.6 °C with

a strong increase at the distances of 3–4.5 km. At the altitude of 50 m, the mea-

sured mean air temperature was -21.6 °C and reached a maximum of -21.1 °C at

the distance of 3.8 km, however the leg was directed to NW, thus upwind of the

plume. At the height of 150 m, the air temperature was more homogeneously dis-

tributed with a temperature of -21.7± 0.2 °C during the horizontal flight, leading

to marginal changes of the measured air temperature above the position of the

plume. The water vapour mixing ratio was reduced by a an order of 0.2 g kg
−1

.

All three horizontal legs indicate an increase of moisture above the position of

the lead.

Here it has to be pointed out that no vertical profile is available for the later

flight that may help to better explain the vertical structure of the ABL and its

impact on temperature and humidity. However, an overall reduction of the hori-

zontal air temperature and moisture is visible in comparison with the first flight.

4.4.3 Turbulent kinetic energy and sensible heat flux above open
water area

In the following, turbulent parameters are investigated in order to study the po-

tential impact of the turbulent mixing, caused by horizontal temperature gradi-

ents between the lead and sea ice surface. The turbulent kinetic energy TKE is

calculated based on Eq. 2.10 and the sensible heat flux H is derived according to

Eq. 2.21, both based on application of the EC-method.

In order to verify the reliability of the data, time series of the air temperature

fluctuation and the 3-D wind vector fluctuation are firstly discussed according to

an example, shown in Fig. 4.17. Here, the data is based on temperature fluctua-

tions that were measured with the fast temperature sensor of type TC. Although

it was not possible to determine the absolute value of the air temperature mea-

sured with the TC, it was possible to filter out the raw signal response of the

sensor and thus, its fluctuating part. Further, it should be pointed out that some

parts of the data was already published in Lampert et al. (2020): There, time series

of temperature fluctuation T′
and 3-D wind vector fluctuation V′

were shown for

the flight M²AV-ant10 that was performed in the afternoon. Now, another flight

leg was chosen that was flown at the height of 15 m during the flight M²AV-ant11.

T′
was only marginally fluctuating between -0.29 and 0.39 K with highest rates

in the third and fourth section (see Fig. 4.17) and u′
varied between -2.4 and
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Fig. 4.17: Time series of temperature fluctuation T’ in K (top) and 3-D wind vector fluctu-

ation V’ in m s
−1

(bottom) during M
2
AV-ant11 at the height of 15 m on 2 August

2013. For EC-method, averaging was applied every 1 km, thus the last quarter

corresponds to the open water regime of the lead that is further used for deriving

TKE and H. The flight section was divided into four parts; (1) above closed sea

ice, (2) containing a small and partly frozen crack, (3) the onset of open water and

(4) open water above the lead.

3.1 m s
−2

with a steady increase at the distances between 0.5 and 2 km. v′ shows

a contrary behaviour and varied between -1.5 and 1.6 m s
−2

and w′
demonstrates

a stronger grade of turbulence above the open water and reached values between

-2.1 and 2.4 m s
−2

, with largest updraft in the third and fourth section (see Fig.

4.17).

Subsequently, TKE and H are derived based on horizontal averaging in 1 km

steps that are marked by the grey vertical lines in Fig. 4.17. The lead was esti-

mated at a distance of around 4.2–4.5 km, thus the turbulent properties are con-

sidered for the last quarter.

Figure 4.18 shows the vertical profile of θ, TKE and H on 2 August 2013. The

vertical profile of θ is based on the radiosonde that was launched at 11:03 UTC on
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Fig. 4.18: From left to right: the potential temperature θ in K calculated from the radiosonde

ascent (dashed line) at 11:03 UTC, turbulent kinetic energy TKE in m
2

s
−2

and

sensible heat flux H in W m
−2

from the horizontal flights during the lead study

at 13:04-13:48 UTC (black cross) and at 19:04–19:46 UTC (green cross) on 2 August

2013 were calculated above open water corresponding to the fourth section (see

Fig. 4.17).

2 August 2013 which is also displayed in Fig. 4.10. In comparison with this, the

vertical distributions of TKE and H are based on the M
2
AV data for the two hor-

izontal flights. TKE varied between 0.3 and 1.3 m
2

s
−2

at the heights of 15 and

150 m. Between 15 and 75 m, the TKE was below 0.5 m
2

s
−2

for the unstably–

neutrally stratified ABL. Above, TKE increased significantly at the height of 150

and reached a maximum of 1.3 m
2

s
−2

that coincides with the top of the capping

inversion layer, however for a large time difference of around 6 h. H reached val-

ues between -7 and 26 W m
−2

on the vertical scale. The maximum of 26 W m
−2

was observed during the first flight at the height of 25 m. Above, H decreased in

relation to the capping inversion layer. The second flight was performed during

less incoming solar radiation, thus H reached only very low values, and a total

minimum of -7 W m
−2

occurred at the height of 50 m.
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4.4.4 Detailed consideration of the lead study

Error bars of the calculated turbulent fluxes might be in the order of 30 %–40 %.

The high uncertainty of the turbulent fluxes are based on certain points that are

considered hereafter.

The data of the lead study is solely based on investigations of two measure-

ment flights of the M
2
AV. This resulted in an observation of air tempera-

ture, water vapour mixing ratio and 3-D wind vector for six horizontal legs.

Therefore, it should be clarified again that this is only a case study. The low

number of flights was caused by the extensive preparation of the UAS and

airfield, and by the fact of a limited equipment that would have assured

a continuous work on sea ice. However, those aspects excluded more fre-

quent measurements. More explanations are given in the next section (see

Sect. 4.5.1).

The results of the turbulent fluxes were obtained from two different flights

that were performed within a large time difference of around 6 h, so that

the ABL might be strongly affected by a different stratification induced by

the pronounced inhomogeneous sea ice area or by the advection of differ-

ent air masses. Continuous vertical profiles would be essential in order to

better characterize the observations. However, it was not possible to start

with a vertical profile in automatic mode and then to continue with hori-

zontal flight sections of those large distances of 4-4.5 km, because of limited

capacity of batteries. More spare batteries, equipment to keep them warm

on the ice and fast replacement procedures would enable more frequent

measurement flights. This has been taken into account for further UAS

development (e.g. Altstädter et al., 2015; Lampert et al., 2020).

The observations were done perpendicular to the lead and 45° to the pre-

vailing wind field. Tetzlaff et al. (2015) presented an underestimation of the

sensible heat flux for flights that were operated across the plume in com-

parison with flights that were carried out in parallel to the openings. Thus,

the here estimated TKE and H might be underestimated to some extent.

Although the presented analysis is only a case study, the data does show a

correlation between the existence of a lead and an increase of air temper-

ature as well as enhanced moisture and a positive sensible heat flux, that

was calculated at the lowermost altitude of 15 m. Thus, to sum up, the tur-

bulent mixing was observed above open water although the area was only

small with a width of a few km.
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Nonetheless, the UAS data presented here showed a good consistency by com-

parison with a model simulation (Lampert et al., 2020), thus stressing the need

to further continue with similar observations in the Antarctic regime. The need

is even further supported by the fact that there exists no other comparable inves-

tigation in the Weddell-Sea during winter time which would make a profound

validation of the turbulent data feasible.

4.5 Summary of the studied winter experiment
This chapter addressed the characterization of ABL properties based on obser-

vations that were carried out with the UAS M
2
AV as part of a Polarstern cruise in

the Antarctic Weddell-Sea during polar night. The data is of special importance,

as it was the first time that UAS were deployed on the RV. During a 12 week

period from 8 June–12 August 2013, the M
2
AV was applied for research flights

on three different ice stations. However, the study considers solely observations

that were carried out on two ice stations that were further affected by variable

sea ice conditions (90 %–100 %) and different weather situations in a temperature

range of -30.2 and -11.5
◦
C. In total, eleven measurement flights were performed

and meteorological parameters of eight of the total eleven flights are contributing

to the results after quality check.

First, an overview of the atmospheric stability was shown, based on nine ver-

tical profiles of potential temperature that were performed up to a maximum

height of 1450 m. According to the results, a high occurrence of multilayer struc-

tures was observed which shows to a large extent a good agreement with the

sparse other observations in the Weddell-Sea (Andreas et al., 2000; Jonassen et

al., 2015). Certain similarities were further seen in other UAS studies that were

carried out in different Antarctic areas. For instance, the UAS SUMO (small un-

manned meteorological observer) was operated near the McMurdo station and

temperature profiles showed a high variability of the polar ABL from stable to

well-mixed conditions and even rapid changes at the top of the ABL (Cassano et

al., 2014).

Additionally, the thesis focused on two different case studies by characterizing

vertical profiles of potential temperature, water vapour mixing ratio, wind speed

and wind direction in comparison with radiosonde data that was launched once

a day at 10–11 UTC. During the first ice station on 11 July 2013, a strong wind

speed occurred at 200–400 m height that was solely measured with the UAS after

a large time span of 5 h after the radiosonde ascent. The observation of this strong

wind band was identified as a LLJ. High frequencies of LLJs were further subject

to the findings of Andreas et al. (2000) in relation to stably stratified ABL that
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might be further reinforced above the closed sea ice area. The other case study

was presented during the second ice station on 1–2 August 2013, characterized by

the presence of inhomogeneous sea ice surfaces. There, the interaction between

water, sea ice and atmosphere led to the formation of a pronounced capping in-

version layer, most likely accompanied by high vertical mixing underneath and

a penetration of turbulent mixing above. By considering all vertical profiles, the

vertical distribution of potential temperature demonstrated a good consistency

of the UAS and radiosonde data. However, the results were marginally in agree-

ment in terms of the calculated moisture and wind conditions, which may be

attributed to the large time spans (5–13.5 h) that existed between those obser-

vations. Thus, most likely the discrepancies are based on the investigation of

different types of air masses so that a direct validation of the data in terms of

functionality is not legitimate.

The main results of the winter experiment were obtained during horizontal

flights that were performed above open water sections on 2 August 2013. Six

horizontal flight legs were perpendicularly targeting the plume of a lead that ex-

isted at a distance of around 2.5–3 km. The horizontal legs were flown close to

the sea ice surface at heights between 15 and 150 m. Further, the turbulent kinetic

energy TKE and sensible heat flux H were estimated in 1 km steps and the results

were presented above the open water area in a vertical pattern for the last quar-

ter. H reached the highest value of 26 W m
−2

at the height of 15 m, and decreased

exponentially in the lowermost 150 m. In contrast to this, the TKE showed high-

est values of 1.3 m
2

s
−2

at the height of 150 m. However, due to missing vertical

profiles during the later flight, a clear explanation can not be given for the maxi-

mum of TKE. It is hypothesized that an additional inversion layer close to 150 m

may have caused the increased turbulence in case of momentum and not in terms

of heat due to the large distance to the surface. It should be clarified that the case

study shown here is based on six horizontal legs, thus not statistically relevant.

However, the data are of special importance due to the unique observations in

the Weddell-Sea by UAS and in particular during polar night. Similar field cam-

paigns were operated with the Aerosonde
®

(e.g. Curry et al., 2004) over coastal

polynyas in the Terra Nova Bay in 2009 and 2012 (Cassano et al., 2010, 2016). For

example, four vertical profiles were taken up to a distance of 43 km away from

the coast, downwind of a polynya. The formation of a convective plume was

identified in a 38 km track by a lifted ABL. The results show some accordance

with the lead study presented here in terms of the horizontal distribution of air

temperature and moisture that showed to a small extent an increase of both pa-

rameters over open water regime.
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However, other field activities with UAS were not performed so far, but are of

high importance as they have the high potential to fill an observational gap on

horizontal scales of a few 100 m to a few km and on the vertical scale from the

surface up to the top of the ABL. This is further achieved by minimal risks for

crew and limited environmental pollution in comparison with manned aircraft.

Thus, it is strongly recommended to continue with UAS applications in polar

areas

by high frequently profiling and

by simultaneous observation of meteorological parameters in the horizon-

tal scale

in order to better characterize ABL properties and small-scale processes in the

still minor explored regions in comparison with most other parts of the world.

4.5.1 Challenges of UAS application during the Antarctic winter
time

Subsequently, challenges and personal experiences are summarized that occurred

during the winter experiment. This is of special importance for newly planned

UAS activities in the polar areas. Further, the presented limitations may help

to better understand the low number of performed research flights. The im-

pacts can be grouped into two main factors which are characterized by externally

based limitations and technical issues that were not fulfilled during the experi-

ment.

Externally and technically driven limitations during the experiment

Externally based factors

To the author’s mind, the most critical limitation of possible measurement

flights was given by the requirement of save operation of the UAS that was

solely feasible apart from the ship and depended on sufficient thickness

of sea ice, thus on the availability of ice stations. Within the experiment

period of 12 weeks, only eight ice stations were set up and only three of

them fulfilled suitable weather conditions for allowing a safe operation.

As technical parts did not work properly during the first flight, the total

investigation sites are reduced to the two ice stations studied here.
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Further, it should be taken into account that flights were strongly limited
by extensive work for airfield preparation that was, however, an essential

requirement for take-off and landing of the aircraft. The resting time at

the ice stations varied between a few hours and up to several days. In

five of the eight ice stations the preparation of a suitable airfield was not

achievable in the limited time schedule of several hours, as the airfield had

to be sufficiently prepared and flattened prior to operations.

Another critical impact was high frequency of icing, although the flights

were carried out under conditions of minimal potential of icing, based on

personal observations on site. This in turn means good visibly and no pre-

cipitation. However, during three of eleven flights (M
2
AV-ant4, M

2
AV-ant7

and M
2
AV-ant9) icing did occur and affected the mission in different ways.

Two of the three flights had to be directly cancelled after take-off. In all of

those cases, the telemetry signal was reduced to a minimum so that a safe

operation was not assured. On 2 August 2013, icing was obviously affect-

ing the whole aircraft with an additional weight of 690 g (Jonassen et al.,

2015) that further resulted in almost stalling, as it was shown in Fig. 4.14.

This issue should be avoided in any future activity. For instance, Curry

et al. (2004) addressed the use of an early icing device on the Aerosonde

by applications in the Arctic so that the detection of icing on the UAS was

subject to other studies as well.

Another main challenge during the experiment was severely restricted
access to current weather data and forecasts in order to accurately pre-

pare the flight operations. This is mainly based on limited data availabil-

ity of remote sensing, e.g. satellite observations and by the fact of lim-

ited or no internet access in the polar areas at that time. However, a daily

weather meeting was held by participants of the German Weather Service

(Deutscher Wetterdienst, DWD) in order to discuss possible flight schedules

for all airborne activities.

Further, and in parallel to the work carried out at ice stations, a large di-

versity of other research activities was going on. Thus, mobile instruments

were mainly mounted near the ship and researchers were working at the

field at the same time, so that a precise coordination of the field activities

was mandatory in advance. Those agreements took several hours of the

preparation time. The simultaneous work of different field activities led

even though to a reduced availability of necessary equipment like snow
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mobiles and sledges that had to be used in order to reach the airfield that

was prepared at sufficient distance to the ship.

This point affiliates to the previous one by the fact of high turnaround time.

The time span between two possible research flights is comparable with the

first experiences of the M
2
AV shown in Spieß et al. (2007). The turnaround

time lasted at least 2–3 h, as the batteries were solely chargeable on the ship

and data was stored and saved on SD–cards that had to be manually read

out on the ship and checked before preparation of the next flight. The use

of a mobile heating bag is highly recommended in order to reduce the time

span of turnaround to a minimum.

The time delay between two flights was further enhanced by the polar

clothing that significantly limited mobility and flexibility of the crew. For

instance, the top and the bottom part of the aircraft bug were merged with

each other by screws which was difficult with polar gloves. However, this

is mostly based on the impracticable application of the UAS by the need to

screwing the battery board.

Based on previous experiences (e.g. Martin et al., 2011) a safe operation of

the UAS M
2
AV is restricted to several limitations: the wind speed should

not exceed 10 m s
−1

. In addition, the electronic devices of the system are

not rainproof so that performance during precipitation is not possible. How-

ever, those criteria were of minor relevance for the winter experiment. The

weather conditions were stable during the two ice stations. The only limi-

tation was based on the low elevation of the sun that led to poor visibility

of the aircraft, although it was equipped with lights and it was well visible

during darkness.

Another external circumstance is based on high variability of the sea ice
surfaces. High wind speed leads to the formation of ridges, mainly based

on old snow (see Schwegmann, 2013) that formed consolidated ridges. The

deployment of the winch system was complicated in terms of onsets of old

packed snow. During one ice station it was even impossible to adequately

smooth the surface for a suitable landing strip.

The sea ice drift was a minor point that affected the flight strategy in terms

of the aircraft alignment. The position of the landing strip changed con-

tinuously, thus the already prepared airfield shifted steadily. This in turn

means that the heading of the airfield had to be adapted prior to each flight
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in order to prevent any danger for the ship, crew or other research activi-

ties. The preparation of the new landing field by heading the winch system

into the main current wind speed took around 2 h.

Here, one advantage should be specified in comparison with previous re-

search flights of the M
2
AV. In principal, the UAS flights are only allowed

to executing under VFR. However, during the carried out period of the ex-

periment, there was no VFR regulation. Thus, in the case of valid VFR, no

lead study would have been possible.

Technical requirements

The lack of live data observation turned out to be one of the most criti-

cal parts during the post-processing. To the current state of the mission it

was only possible to follow the flight track and autopilot data. However, a

record of the meteorological parameters was not directly transferred to the

ground observation. Thus, it was only possible to execute the first quality

check of data after post-processing and not prior to sampling.

To the author’s point of view another import impact on inadequate data

analysis was given by the fact of insufficient availability of additional in-
strumentation that could be exchanged in case of non-functionality and

damages of the sensors. Further, it would be mandatory to use all sensors

of the same type simultaneously in order to avoid any data lacks. Here

the issue is mostly related to high initial costs of the instrumentation, ei-

ther way in the field of meteorology and navigation. However, due to the

steady development in miniaturization of sensors, there are now less ex-

pensive sensors available so that a duplication of sensors is highly recom-

mended for future tasks. This is also important for redundant GPS/IMU.

In case of signal loss, a flight operation would have still been possible.

One of the main critical issues was based on fast cooling of the batteries
caused by the low air temperatures of around -30 °C, that significantly re-

duced the total flight duration of the experiment. Previous student projects

addressed the preparation of the UAS for the harsh conditions in the Antarc-

tic environment. Batteries were isolated with expanded polypropylene and

aerogel. In addition, heating bags were used in order to prevent the imme-

diate cooling of the batteries on the way from the ship to the airfield. How-

ever, final preparations were not sufficiently solved and a heating bag for a



ABL observations during Antarctic wintertime 87

direct warming and loading of the batteries at site would have been vital,

as it was realized by the latest field application of ALADINA in Svalbard

(see Lampert et al., 2020).

The impracticable handling of the aircraft excluded a continuous profil-

ing. This is first caused by the need to unscrewing the payload bay for

changing the battery. Another fact caused critical delays before take-off

by starting two separate data acquisition systems for the meteorological

observations and for the autopilot system.

After post-processing it turned out that a high discrepancy existed be-
tween the measured GPS height zGPS and the determined barometric al-
titude zbaro.

Latter is solely calculated with meteorological parameters:

zbaro = ln
(

ps,0

ps

)
· Tvir

Rd
|g| .

Here, ps,0 is the static pressure before take-off at the height of z=0 and ps
corresponds to the static pressure ps. Rd is the gas ideal gas constant for

dry air and |g|=9.81 m s
−1

stands for gravitation constant. Tvir is defined

as virtual temperature and can be calculated according to:

Tvir = (Tstat + 273.15) ·
(

1 +
0.61 · r
1000

)
.

Thus, Tvir is derived via the static temperature Tstat, and the water vapour

mixing ratio r (see Eq. 3.10).

In all cases, zGPS was higher than zbaro as the calculation depends on the

geoid. However, reasons for the high inconsistency of 50.53–97.44 m could

not be identified. The most likely cause may go along with the calculation

of zbaro, but all parameters were checked independently. However, the ef-

fect was not relevant for the study shown here, as in case of GPS loss, the

flight was stopped anyhow.



ABL observations during Antarctic wintertime 88

Final remark

Even if the critical aspects of the study summarized here seem to overcome the

results, the measured data are of special importance due to the unique investiga-

tion in the Weddell-Sea during polar night and the gained experiences served as

an important basis for other polar applications as shown in Lampert et al. (2020).

Further, it needs to be pointed out, that to the largest extent, the UAS worked

properly and it was possible to carry out eleven research flights despite the high

amount of limitations and restrictions.

Most of the critical points presented here that limited the frequent use of UAS

were considered by the crew and implemented onto a larger UAS which further

allows to integrate additional sensors (like aerosol instrumentation) and redun-

dant systems. After the winter experiment in 2013, the M
2
AV was replaced with

the UAS ALADINA which was extensively used for field campaigns since Octo-

ber 2013.

The following chapter will address the impact of the continental ABL on the

vertical distribution of freshly formed aerosol particles, based on observations

that were performed with ALADINA in Melpitz.



Chapter 5 Investigations of aerosol
particles in a continental ABL

5.1 Brief outline of the chapter
This chapter presents different case studies of aerosol particles that were ob-

served in a continental ABL between the surface and up to a typical height of

1 km. The data shown here is based on measurement flights that were performed

with the UAS ALADINA during three different seasons (spring–autumn) at the

TROPOS research site in Melpitz, Germany, since October 2013. In total, more

than 100 measurement flights were carried out on 23 different days, leading to a

sampling time of 53 h. Thus, the sampled data stands for a highly gained quan-

tity of atmospheric measurements that were solely based on the use of UAS.

Subsequently, this chapter starts with an overview: First, a summary of the

ALADINA measurement flights is presented (Sect. 5.2) and a description of the

investigation site with installed ground instrumentation for monitoring of me-

teorology, gas concentrations and aerosol particles that run continuously at the

TROPOS research site. After that, background information is provided regard-

ing NPF observations in general and in particular at the measurement site in

Melpitz (see Sect. 5.3).

The results are presented in terms of different case studies, based on the AL-

ADINA observations. In general, vertical profiles of ultrafine aerosol particles

(UFP) are compared with ground-based measurements from the research site as

well as with vertical profiles of wind, potential temperature and turbulent fluxes

taken from radiosondes and a LES model. The main focus of the study is on

achieving a better understanding of NPF by addressing four basic open research

questions (see Sect. 5.4).

Where does NPF take place within the ABL?

Which are favourable conditions for NPF in terms of dynamics?

Are the observed NPF events in relation to anthropogenic emissions?

How is NPF distributed horizontally?

Finally, the chapter concludes with a summary of the results and ends with a

brief outline regarding future planned activities with the UAS ALADINA (Sect.

5.5).
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5.2 Description of the investigation area
The measurement flights shown here were performed at the TROPOS research

site in Melpitz (12° 56
′
E, 51° 32

′
N, 86 m a.s.l.). The research station is located

around 40 km north-east of Leipzig. The recorded ground data contribute to

networks like ACTRIS (Aerosols, Clouds and Trace gases Research Infrastruc-

ture), GUAN (German Ultrafine Aerosol Network) and GAW (Global Atmo-

sphere Watch) and the site is further integrated in EMEP (informally European

Monitoring and Evaluation Programme). In principle, Melpitz stands for a typ-

ical rural continental background site in Europe (Asmi et al., 2011). The aerosol

composition and the aerosol mass concentration seem to be predominately in-

fluenced by two main wind regimes (Spindler et al., 2010). Namely, (1) generally

clean air masses originate from westerly flows over the Atlantic and Western Eu-

rope and contribute to a typically low particle mass. In contrast to this, (2) higher

aerosol loads are often coupled with easterly wind conditions, as a consequence

of a potentially larger impact of anthropogenic pollution that is mainly emitted

from Eastern Europe.

Nonetheless, there exists no clear emission hot spot in the direct vicinity of the

investigation site (< 100 km), like anthropogenic emissions from huge industrial

areas or power plants. However, it cannot be ruled out, that to a small extent, lo-

cal emissions may be caused by a temporarily cultivation of agriculture land and

car traffic that occurred near the site in case of transportation or was especially

advected from the main road.

In terms of a possible field application for UAS, the TROPOS research site of-

fers a suitable environment due to the flat terrain and by the fact that there are no

obstacles in the proximity (e.g. Spindler et al., 2001). The area belongs to the low-

lands of Saxony that are characterized by flat grassland surrounded with forests

and agricultural land (e.g. Spindler et al., 2001, 2012). The surrounding of the

measurement area is further shown in Fig. 5.1, based on a LES domain of the

ASAM (All Scale Atmospheric Model; Jähn et al., 2015) model that was applied

for the investigation area, where the site is centred in the middle (red circle).

5.2.1 Overview of the ALADINA flights in Melpitz

Location

A picture taken from the investigation area around the TROPOS research site is

presented in Fig. 5.2a. The indicated flight of ALADINA was performed by re-

mote control on 8 October 2013. The landing strip was prepared by flattening
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Fig. 5.1: The map shows the simulation domain for the ASAM (All Scale Atmospheric

Model) model (Jähn et al., 2015) in (a) the land use domain and (b) the topography

around Melpitz that is centred in the middle of the domain and indicated by the

red dots. The figure was taken from Altstädter et al. (2018)–Fig.1.

the grass at a distance of around 200-400 m north of the TROPOS research site

(Fig. 5.2b) and in parallel to the main road B87 at a distance of 1.5 km north of

the research site. At a distance of 0.5 km north of the measurement area, as well

as in parallel to the main road, train traffic occurred temporarily on the railway

tracks. A flight permission was obtained by the CAA. Thus, in accordance to

the regulations, a maximum altitude of 1–1.5 km was given and only valid for a

permission under VFR. Further, the area was horizontally limited by restricted

areas, like bird sanctuary in forests (south and south-east of the site) and inhab-

ited buildings like in the village of Melpitz, see Fig. 5.2b. Thus, the investigation

area was mainly based on a square pattern of 1–2.5 km width in SW to SE direc-

tion of the TROPOS research site.

Performed research flights

A summary of the performed ALADINA flights is given in Tab. 5.1. In total,

109 flights were carried out with ALADINA on 23 different measurement days,

leading to a total sampling time of around 53 h and a flight distance of 5350 km.

Here, it should be pointed out that eight of 109 flights were operated with less

than 10 min of flight endurance. Thus, those flights are not taken into account

in the study, so that the total number is reduced to 101 research flights that are

characterized by a good data quality. Nonetheless, the presented data is still of

statistical significance, as 310 vertical profiles were taken between the surface

and up to a typical height of 1 km. Some explanations for a poor data quality or

limited flight duration are based on technical aspects in terms of signal loss of the
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Fig. 5.2: (a) Vertical profile performed with ALADINA(white dots) at the TROPOS research

site (red square) on 8 October 2013. The site is located around 40 km NE of Leipzig

(blue arrow). The picture was created with Google Earth on 15 April 2015. (b)

The UAS flights were mainly operated above a field of 1–2.5 km
2

along the airfield

(grey line). The map was created with Google Maps on 16 June 2020.

observation data or insecure weather conditions. This includes for instance the

rapid appearance of low-level clouds or gusts at upper heights of the ABL. Due

to missing measurement methods, those impacts could not have been identified

accurately at ground immediately prior to take-off.

As it can be taken from the overview table, the main focus of the ALADINA

flights was on studying the appearance of NPF in relation to ABL processes.

Thus, the flight missions of ALADINA were dedicated to vertical profiling. In

this context it is important to note that during most of the ALADINA research

flights, a second UAS MASC (Multi-purpose Airborne Sensor Carrier; Wildmann

et al., 2014c) was used at the same time in order to investigate meteorological pa-

rameters on the horizontal scale. However, the data of this thesis is solely based

on the ALADINA measurements and compared with ground observations de-

ployed at Melpitz.

Since October 2014, the AE51 was installed on-board ALADINA in order to

expand the current observations with eBC emissions that might have been trans-

ported or have been directly emitted at the measurement site. However, the mea-

sured data is not shown in the thesis, as the focus is on the observations of UFP.

By considering the given time series, the spring months were dominating with

a sum of 39 flights on nine measurement days. Beginning with a feasibility study

in October 2013, 18 flights were performed during five measurement days in au-

tumn. The largest field campaign by means of the longest observation period

in short time intervals was during the ”MelCol” (Melpitz-Column 2015) experi-

ment. The campaign lasted between 4 May and 10 July 2015. There, the majority

of the ALADINA flights were operated during the summer season between 16
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Tab. 5.1: Overview of the measurement flights performed with the UAS ALADINA at the

TROPOS research site in Melpitz since October 2013. The main focus of the field

activities was on studying ABL properties in connection with the appearance of

NPF. Since October 2014, the micro aethalometer was installed on the UAS in order

to estimate eBC.

Period Flight days Total flights Main target of field campaign

Oct 2013 2 3 Feasibility study

Apr 2014 4 21 ABL, NPF

May 2014 4 12 ABL, NPF

Oct 2014 3 15 ABL, NPF, eBC
May 2015 1 6 ABL, NPF, eBC
Jun 2015 8 46 ABL, NPF, eBC
Jul 2015 1 6 ABL, NPF, eBC
Total 23 109 good data quality 101

June and 1 July 2015. In this period, 52 research flights were carried out during

nine different observation days. Here it is obvious that experiments during the

winter season are missing so far. One explanation for this is based on the minor

appearance of NPF at Melpitz. For example, Nieminen et al. (2018) calculated a

small fraction of 6.5 % of NPF days during the winter season in comparison with

57.6 % during the summer months. Another reason for excluding the winter sea-

son for UAS application is the high potential of damages of the UAS in case of

a frozen surface. This in turn means primary a critical landing procedure with

ALADINA that was not operated with brakes at that time and would have been

exposed by a high risk of damages for the outer structure by landing on a hard

surface.

5.2.2 Ground-based observations at the TROPOS research site
in Melpitz

The TROPOS research site is equipped with long-term instruments for observa-

tions in the fields of meteorology, air chemistry, aerosol scattering and absorp-

tion as well as for analyzing the size distribution of aerosol particles and particle

mass. For a comparison with the airborne data shown here, ground observa-

tions of meteorology, gas concentrations and aerosol particle number concen-

tration are used. The reason for the combination of using ground-based data
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and UAS observations is based on the fact that the UAS data is a point-to point

method and measurements on a full daily course are missing. Thus, the UAS data

strongly benefits from a comparison with the surface observations equally to the

ground-based monitoring in terms of achieving an additional 4-D picture of the

investigations. Now, the used ground instrumentation is briefly introduced.

Meteorological parameters and back-trajectories

The measurements of air temperature, humidity, wind speed, wind direction and

radiation are considered from the weather stations which are deployed at the

height of 1 and 6 m at the TROPOS research site. The latest version of the sensors

can be found in Stieger et al. (2018).

In order to classify the origin of different air masses that may influence the

aerosol composition at the measurement site, back-trajectories Hybrid Single-

Particle Lagrangian Integrated Trajectory (HYSPLIT) model (Stein et al., 2015;

Rolph, 2017) were applied for an observation period in summer 2015.

Aerosol particle number concentration

Time series of the aerosol particle number concentration are mainly investigated

with a Twin Scanning Mobility Particle Sizer (TSMPS; Wiedensohler et al., 2012)

for 10 min scans and valid for particle sizes of 5–800 nm.

For a particular case study on 3 April 2014, a Neutral cluster and Air Ion Spec-

trometer (NAIS, Kulmala et al., 2007; Manninen et al., 2009) was available. Scans

are performed every 3 min for a mobility diameter size of 3–40 nm.

Gas concentration of SO2 and NOx

Gas concentrations of sulphuric dioxide (SO2) and nitrogen oxides (NOx) are

shown for one case study sampled in 1 min intervals. The set-up of the in-situ

equipment can be derived for instance from Hamed et al. (2010). Both gases

NOx and SO2 are of major importance in terms of building up secondary organic

aerosols (SOA), as they can interact with VOCs and modify the chemical compo-

sition and optical properties of the particle surface. However, it is still not clear

to what extent NOx yields SOA, as it is partly known to suppress NPF which

was identified by a decrease of a condensation sink (CS, see following Sect.) in

correlation with an increase of NOx (e.g. Wildt et al., 2014; Sarrafzadeh et al.,

2016). Further, SO2 is directly linked to the formation of sulphuric acid (H2SO4)

by means of oxidation which is a well-studied proxy for NPF (e.g. Sipilä et al.,

2010).
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5.3 Methods for elucidating a new particle formation (NPF)
event

5.3.1 Example of a typical NPF event

For a better understanding of the NPF topic, Fig. 5.3 is discussed, based on the

publication of Nieminen et al. (2018). On the y-axis, the aerosol particle diameter

is displayed in the range between 3 nm and 1 µm, and on the x-axis a time span

of 36 h. The measurement presented here was carried out in Hyytiälä, Finland,

starting from mid-night at 00:00 h on 15 March 2011 until mid-day at 12:00 h on 16

March 2011. The observed aerosol particle number concentration is represented

with a colour map ranging from 10 to 10
4

cm
−3

.

The overall course of the aerosol particle number concentration is representa-

tive for a typical NPF event resulting in a so-called ”banana-shape” (Heintzen-

berg et al., 2007). This will be explained in more detail now. Highest aerosol

particle number concentrations with a small size of 3 nm were first measured

at around 09:30 h. It is obvious that those particles increased by means of the

number concentration and grow to larger sizes. For instance, this can be eas-

ily followed by the indicated black dots that stand for the geometric mean of

the nucleation mode particles (Hussein et al., 2008). Further, at around 14:00 h,

particles were dominated by a particle size of 10 nm, and at around 02:00 h on

the following day, the mean nucleation mode was dominated by particles with

a size of 25 nm. Thus, by considering the temporal evolution of the fitted lines,

the particles were steadily growing within a time period of several hours.

The presented example of a NPF event is representative for a class I event,

as classified after Dal Maso et al. (2005). In contrast to a clear NPF event of

class I which is further typically defined by a subsequent and continuous par-

ticle growth, class II events show an inhomogeneity in the particle growth de-

pending on the temporal evolution (e.g. Kulmala et al., 2012). The interruption

of the subsequent growth can be triggered by rapid changes of air masses at the

measurement site or induced by different types of pollutions. Despite those two

cases of class I and class II, there are even more events which cannot be easily

categorized into clear NPF event days or non-event days.

5.3.2 Basic formulas for investigating a NPF event observed at
ground

The subsequently introduced formula may help to better characterize different

processes of a NPF event that is accompanied by nucleation and growth of the
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Fig. 5.3: This figure shows an example of a typical new particle formation (NPF) event of

class I that was measured in Hyytiälä, Finland, on 15-16 March 2011, taken from

Nieminen et al. (2018). The colour bar represents the aerosol particle number con-

centration from 10 cm
−3

(blue) to 10
4

cm
−3

(red). The temporal evolution of the

particle growth (black dots) shows a subsequent growth of the particles after for-

mation, leading to a typically called ”banana-shape” (Heintzenberg et al., 2007).

aerosol particles. This in turn proceeds, however, continuous records of the

aerosol particle size distributions over several hours (Kulmala et al., 2001). In

principle, this can be only realized by continuous fixed point measurement sta-

tions and not by point-to point measurements, like valid for UAS in terms of

profiling (see Chap. 5).

The particle nucleation rate Jm can be calculated according to Kerminen and

Kulmala (2002):

Jm = J∗e
0.23

(
1

dm
−

1
d∗

)
CS′

GR . (5.1)

Here is Jm the effective production rate or nucleation rate of the detectable par-
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ticles, given by a specific low particle diameter dp. The parameter J∗ describes

the nucleation rate in terms of mechanisms that are mainly depending on sul-

phuric acid concentrations. GR stands for the growth rate in nm h
−1

and can be

expressed by the change of a particle diameter ∆dp in relation to a specific time

span ∆t (Heintzenberg, 1994):

GR =
∆dp

∆t
. (5.2)

CS’ is the reduced condensation sink and can be analyzed by summing up the

studied aerosol size bins n:

CS′ = ∑
n

βn rp, n Nn, (5.3)

with βn the correction for the condensation mass flux, specified after Fuchs and

Sutugin (1971). rn is the particle radius and Nn stands for the particle number

concentration. Further, the condensation sink in s
−1

is given by the reduced con-

densation sink CS’ and can be derived by the following formula with the water

vapour diffusion coefficient D:

CS = 4π D CS′. (5.4)

5.3.3 General role of NPF observed in Melpitz

The ground observations at the TROPOS research site have been subject to many

studies. For example, Nieminen et al. (2018) summarized long-term measure-

ments of NPF at different continental ABLs worldwide. In relation to the global

overview, NPF occurred frequently at Melpitz. More precisely, the NPF frac-

tion of 6.5 %–57.6 % was calculated for selected measurement days in the period

of 2008–2015 with a maximum in the summer months between June and Au-

gust. This is in agreement with other observations that were carried out earlier

by Hamed et al. (2010), who showed a high daily NPF frequency of 30 %–50 %

between spring and autumn. The highest nucleation rate of 2.7 cm
−3

s for a par-

ticle diameter between 10 and 25 nm was linked to the spring months between

March and May. A lower nucleation rate of 1.8 cm
−3

s was estimated between

June and August and the lowest production rate of 0.69 cm
−3

s was measured in

the autumn months (Nieminen et al., 2018). However, growth rates seem to differ

marginally between 2.5 and 2.7 nm h
−1

, independent from all types of seasons

(Nieminen et al., 2018).
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Apart from a frequent appearance of NPF at ground, NPF was linked to occur

in the ABL as well. For instance, Stratmann et al. (2003) studied vertical profiles of

UFP with the helicopter sonde ACTOS (Airborne Cloud Turbulence Observation

System) around Melpitz. NPF was observed in the RL before breaking up of a

nocturnal inversion layer. The observed UFP grew up to larger sizes, were mixed

downwards and have been observed several hours later in the ML. Other studies

investigated the appearance of NPF near inversion layers (Siebert et al., 2004) and

in the RL (Wehner et al., 2010), thus leading to a high occurrence of UFP within

the whole ABL around Melpitz.

5.3.4 Selected criteria for identifying a NPF event

In contrast to the recommendations according to the guidelines of Dal Maso et

al. (2005) or Kulmala et al. (2012), the results of the NPF events observed here

cannot be classified into the three main categories: in principle a simple sepa-

ration is suggested by dividing a NPF event day, non-event day or undefined

day. However, this study will discuss the NPF appearance of a class I and class

II event and mainly during undefined days, influenced by an interrupted parti-

cle growth. The main reason for considering unspecific events as well, is based

on the fact that those undefined NPF event days appeared most frequently dur-

ing the ALADINA measurement period. Here it should be pointed out that NPF

was observed and, however, clearly linked to fast driven dynamic processes that

interrupted the particle growth (e.g. Größ et al., 2018; Altstädter et al., 2018).

Another reason for taking into account non-clear event days is based on the au-

thor’s personal experience, as undefined NPF event days are mainly a cause of

NPF which originates from aloft, as shown in Platis et al. (2016). Further, an inter-

ruption in the particle growth can be affected by strong turbulence by the onset

of clouds, as shown in Wehner et al. (2015) and Altstädter et al. (2018). As most

of the studies mentioned above are based on the author’s collaboration, more

details of the introduced investigations are given in the following sections.

5.4 Observational case studies of aerosol particles in
Melpitz

This section focuses on selected case studies of aerosol particles that were mea-

sured during different daytimes and distinguished seasons during the ALAD-

INA investigation period in Melpitz. The results shown hereafter will contribute

to the fundamental open questions that still exist for a better understanding of

the interaction between the appearance of NPF with dynamics in the ABL at a



Investigations of aerosol particles in a continental ABL 99

continental site. First, three different measurement days are shown with different

types of NPF classifications that are categorized according to the aerosol particle

observations at ground. The chosen case studies are then in general compared

with vertical profiles of UFP, based on the ALADINA measurements (Sect. 5.4.1).

Further, a summary of 100 vertical profiles of potential temperature and UFP will

be presented in order to estimate a possible impact of the ABL stability on NPF

during spring (Sect. 5.4.2). The potentially large impact of anthropogenic emis-

sions on the NPF within the ABL is studied via back-trajectories which were run

during the MelCol-experiment period in 16 June–1 July 2015 (Sect. 5.4.3). Apart

from the NPF investigations on the vertical scale, another example is presented

that shows the horizontal distribution of UFP, observed in relation to a local hot

spot that occurred directly at the measurement site after a flight maneuver of a

manned aircraft (Sect. 5.4.4). A discussion and conclusion of the investigations

presented here are shown in Sect. 5.5.

5.4.1 Where does NPF take place within the ABL?

Subsequently, three different case studies are presented that show a high vari-

ability of NPF events observed at ground in comparison with selected vertical

profiles of UFP, taken from the ALADINAmeasurements. The investigation days

were classified according to favourable and non-favourable conditions for NPF.

This in turn means a link to clear sky or cloudy conditions, apparent at the mea-

surement site.

For a brief overview, the case studies are primarily categorized according to

the aerosol observations at ground:

I The first case study shows a typical NPF event of class I, caused by high

incoming solar radiation on 1 July 2015.

II The second case study presents observations during high incoming solar

radiation on 3 April 2014 (Platis et al., 2016). However, solely based on

ground data, the day would have been classified as a non-defined NPF

day.

III The third case study stands for a non-favourable day for NPF, influenced

by the presence of low-level clouds that occurred at the measurement site

on 21 June 2015 (Altstädter et al., 2018). According to the ground data, this

day would have been classified as a non-defined NPF event day as well.
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Case I: NPF observations under favourable conditions and fast vertical
mixing of ultrafine aerosol particles (UFP) on 1 July 2015

Only one out of total 23 different measurement days that were investigated with

ALADINA is representative for a class I event day with subsequent growth of

the particles, resulting in a so-called ”banana-shape” on 1 July 2015. The day

was influenced by clear sky conditions and the site was affected by wind from

NE (both parameters not shown here).

Figure 5.4 shows the aerosol particle number concentration measured at ground,

taken from the TSMPS data between 00:00 UTC on 1 July 2015 until 00:00 UTC on

2 July 2015. During night and until the morning hours at around 07:30 UTC, the

aerosols were dominated by particles with a size of around 100 nm. However, at

around 03:00–06:00 UTC, UFP were observed with a maximum of 1× 10
4

cm
−3

for the size range of 15–25 nm but this sporadic occurrence of UFP disappeared

afterwards without growing of the particles. At around 07:30 UTC, UFP with

a size of 4 nm were apparent at the measurement site and a total maximum of

4× 10
4

cm
−3

, valid for a mean particle size of 10 mm, was recorded at around

09:00 UTC. According to the specified mean GR, those freshly formed UFP grew

continuously to larger sizes and reached a mean particle size of 50 nm at 21:00

UTC.

In order to discuss the impact of the prevailing ABL conditions on the verti-

cal distribution of UFP and its connection to the ground observations, Fig. 5.5

is displayed. In this context, it should be clarified that the temperature sensors

on-board ALADINA did not work properly on 1 July 2015. The main reason for

this is based on damages that occurred during the day before and no additional

sensors were available for a potential replacement. However, two radiosondes

were launched at 04:27 and at 09:05 UTC directly at the measurement site. Thus,

the vertical profiles of potential temperature and wind speed are shown in order

to identify ABL stability during the ALADINA measurement period. At 04:27

UTC, the vertical profile of the potential temperature showed a strong inversion

layer between the heights of 120 and 380 m a.g.l. Further, this altitude range was

linked to a strong wind field, indicated by the vertical distribution of the mea-

sured with speed with a maximum of 8.5 m s
−1

at the altitude of 200 m a.g.l. The

vertical distribution of the wind speed shown here is typical for a LLJ, affected

by a clear maximum of wind speed in connection to a stably stratified ABL. At

09:05 UTC, the vertical profile of the potential temperature showed that the ABL

was well-mixed, most likely due to the onset of the high incoming solar radia-

tion. In agreement with the weakened turbulence in the well-mixed layer, the

LLJ disappeared.
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Fig. 5.4: TSMPS data observed at ground in Melpitz on 1 July 2015. The temporal evolution

of the measured aerosol particle number concentration shows a class I event, char-

acterized by a subsequent growth of the particles (mean GR indicated in dashed

black line), resulting in a ”banana-shape”. Three vertical profiles of ALADINA

were selected during the given period, marked in black lines. The different thresh-

old diameters of the two CPCs allow to identifying the aerosol particle number

concentration in the size between 7 and 12 nm (N7−12), indicated in pink.

Further, three vertical profiles of the measured aerosol particle number concen-

tration are presented for the CPC observations, based on the ALADINA flights

at 04:43, 07:34 and 09:23 UTC on 1 July 2015. In the early morning at 04:43 UTC,

UFP in the size of N7−12 were observed in the lowermost 1 km with a maximum

of 1× 10
4

cm
−3

at the height of around 100 m a.g.l. Above, N7−12 decreased to

a mean number concentration of 0.5× 10
4

cm
−3

and it was homogeneously dis-

tributed in the whole vertical profile. At 07:34 UTC, N7−12 increased to a max-

imum of 1.8× 10
4

cm
−3

at the height of 50 m a.g.l. and was mixed up to the

height of 400 m a.g.l.; upwards, the vertical distribution of N7−12 was homoge-

neously formed and reached the same vertical pattern as measured earlier at

04:43 UTC. At 09:23 UTC, the vertical distribution of N7−12 was well-mixed in

the lowermost 1 km and reached a mean aerosol particle number concentration

of 4.2× 10
4

cm
−3

.
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Fig. 5.5: The figure shows vertical profiles of potential temperature θ in K (first from the

left) and wind speed f f in m s
−1

(second from left) measured with radiosondes

that were launched at 04:27 (black line) and at 09:05 UTC (dashed grey line) on 1

July 2015. Further, three selected vertical profiles of the aerosol particle number

concentration of N7−12 in cm
−3

(third from left) and N390 in cm
−3

(fourth from

left) are presented, measured with ALADINA at 04:43 (black dotted line), at 07:34

(red line) and at 09:23 UTC (blue line) on 1 July 2015.

The vertical distribution of the larger particles, measured with the OPC in the

particle size of N390, showed an overall higher variability in contrast to the ob-

served UFP. One reason for this could be in relation to the concentration shown

here between 10 and 40 cm
−3

. At 04:43 UTC, N390 decreased significantly from

35 to 10 cm
−3

between the surface and up to 300 m .a.g.l. but increased upwards

to 25 cm
−3

at the height of 1000 m a.g.. At 07:34 UTC, the vertical distribution

of N390 was still the same, but the minimum of 10 cm
−3

was lifted upwards at

the height of 400 m a.g.l. and disappeared completely in the vertical distribution

measured at 09:23 UTC. Here, N390 increased linearly from 20 to 35 cm
−3

with

height.

By summarizing the given parameters, most likely two different types of NPF

were apparent at the measurement site. In the early morning, the UFP were pos-

sibly connected to the appearance of the LLJ. However, during the day, clear sky

conditions dominated the existence of UFP which can be further seen in the sub-

sequent growth of the particles. Further, the occurrence of the UFP in the ABL

was probably linked to two mechanisms that occurred simultaneously.

First, in the early morning a LLJ appeared, as a cause of the strong stably
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stratified ABL. Fast mixing of UFP was observed in the vertical above the in-

version layer. Thus, most likely the observed UFP originated from the RL and

were mixed below the inversion layer within short time intervals due to strong

mixing of the LLJ. By taking into account the vertical distribution of N390, the

UFP could be linked to a CS at the height of 300 m a.g.l. as well. The appearance

of UFP was observed with ALADINA on the vertical scale and with the TSMPS

data at ground, but it was limited until around 06:00 UTC. The main reason for

the disappearance of the sporadic event could be based on the reduced LLJ that

finally dissolved at 09:05 UTC after the onset of high incoming solar radiation.

The clear sky conditions can be further indicated by the well-mixed stratified

ABL, that already formed at 09:05 UTC, taken from the vertical profile of the po-

tential temperature. After that, the classical mechanism of NPF took place as a

cause of highest oxidation phase due to incoming solar radiation. According to

the vertical profiles of N7−12, one may hypothesize that those observed UFP were

transported mainly from the surface upwards into the atmosphere and were then

finally homogeneously formed during the well-mixed ABL. However, a clear ev-

idence for the initial source of the NPF event is not obvious, but the combination

of ground observations with ALADINA profiles helps to better address the mix-

ing of UFP within the ABL.

Case II: NPF appearance under favourable conditions and downwards
transport of UFP on 3 April 2014

The following case study is based on the observations that were published in

Platis et al. (2016). On 3 April 2014, the measurement site was influenced by high

incoming solar radiation and the aerosol particle number concentration showed

two different types of aerosol composition (Fig. 5.6). From 00:00 UTC until 10:00

UTC, particles with a size of 100 nm were dominant at the measurement site,

apart from a sporadic appearance of UFP with a size of 20–30 nm that occurred

at around 05:00 UTC and disappeared, however, 1 h later. At 10:00 UTC, the site

was influenced by the existence of UFP with a total maximum concentration of

1.5× 10
4

cm
−3

for a size of 5 nm. During the day, the UFP grew to larger sizes of

around 100 nm, but the growth rate was not homogeneous, like seen in the case

study described above (see Fig. 5.4).

The mean GR specified here was extrapolated instead of calculated, so that

a NPF event of class I would not have been classified regarding the methods

recommended in Dal Maso et al. (2005). The two distinct types of aerosols that

were most likely mixed or transported to the site at 10:00 UTC, may be originated

from different types of air masses. For instance this was verified by a decline of
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ground measured NOx concentration (not shown here, but presented in Platis

et al. (2016), Tab. 1) that occurred at the same time. However, according to the

results of the previously mentioned study, there was only a low horizontal advec-

tion at ground, so that a clear presence of cleaner air masses was not guaranteed

for a reasonable explanation that might have caused the distinguished aerosol

composition on 3 April 2014.

Figure 5.7 presents one selected vertical profile that was performed with AL-

ADINA between the height of 100 and 800 m a.g.l. at 09:58 UTC on 3 April 2014.

More precisely, the figure displays calculated potential temperature θ, correlation

coefficient between temperature and humidity cor, spatial temperature structure

parameter C2
T , temperature variance σT and aerosol particle number concentra-

tion of N5−10 in the vertical scale. At the height between 380 and 490 m a.g.l.,

a maximum of N5−10 occurred that coincided with a pronounced temperature

inversion layer and with a significant increase of C2
T as well. This area was fur-

ther marked with a height difference of ∆z=110 m that was used for . In total,

the inversion layer exhibited a calculated C2
T of 15 times higher in comparison

with the rest of the ABL structure, indicating a high impact of turbulence on

the occurrence of the observed UFP. According to following vertical profiles that

were performed with ALADINA (not shown here), N5−10 increased to a maxi-

mum of 6.0×10
4

cm
−3

on the vertical scale within the given altitude range and

was finally mixed in the whole vertical pattern that was obvious according to a

recorded vertical profile at 10:45 UTC.

Further, the observed N5−10 taken from the ALADINA measurements were

linked to ground observations of NAIS data for the same particle size, shown

in (Fig. 5.8). At the height of 100 m a.g.l the measurements presented a good

agreement, justifying a possible origin of the UFP from aloft. Additionally, the

observed UFP peaked at around 10:45 UTC, in relation to an increase of SO2 and

a pronounced CS (bottom). Thus, the observations lead to the assumption that

SO2 as a precursors gas had existed in the RL and was mixed downwards after

the breakthrough of the inversion layer and was finally detectable at ground.

Thus, by considering all mentioned observations, the UFP which were initially

observed near the inversion layer, were most likely transported downwards from

the ABL to ground, initiated by a high degree of turbulence.
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Fig. 5.6: TSMPS data measured at ground in Melpitz on 3 April 2014. The sporadic appear-

ance of UFP would not have been classified as a typical ”banana-shape” of class

I event. However, those observed UFP were connected with UFP measured with

ALADINA that originated aloft and were transported downwards during the day.

The figure was taken from Platis et al. (2016)–Fig. 12.

The hypothesis of a possible downward transport of N5−10 was confirmed by

a high frequency of performed vertical profiles (not shown here) as well. Fur-

ther, according to the results published in Platis et al. (2016), the measured UFP

were mixed downwards within a short time period of 10 min, where the vertical

turbulent mixing was estimated based on the method described in Siebert et al.

(2004):

∆N
∆t

=
K

(∆z)2 ∆N. (5.5)

With ∆N =2.4× 10
4

cm
−3

which corresponds to the increase of the background

N5−10 to the maximum measured N5−10 in the vertical pattern. ∆z=110 m is the

height difference between 380 and 490 m a.g.l. (see above and Fig. 5.7), indi-

cated by the first occurrence of UFP. K=5.8 m
2

s
−1

(Hanna, 1968) is the turbulent

exchange coefficient (calculated from horizontal flight legs of the second UAS

MASC) and under the assumption that K is equal for momentum and particle

concentration.

By considering the given values, the vertical turbulent mixing was: ∆N ∆t−1

≈ 11.6 cm
−3

s
−1

, thus particles were rapidly mixed from the inversion layer to

ground and even around 100 times faster than calculated for the mixed layer

according to Siebert et al. (2004).
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Fig. 5.7: From left to right: vertical profiles of potential temperature θ in K, correlation coef-

ficient between temperature and humidity (cor, blue line, dimensionless), spatial

temperature structure parameter C2
T (red) in K

2
m

−2/3
, temperature variance σT in

K and aerosol particle number concentration N5−10 in cm
−3

, measured with AL-

ADINA at 09:58 UTC on 3 April 2014. The indicated height difference ∆z was used

for a calculation of vertical mixing of N5−10 (see Eq. 5.5). The figure was taken but

modified from Platis et al. (2016)–Fig. 7.

Case III: Sporadic occurrence of NPF under non-favourable conditions
due to the presence of clouds on 21 June 2015

The case studies mentioned above showed the appearance of UFP within the

ABL on days with high incoming solar radiation. Thus, those days were influ-

enced by the best known trigger for NPF, as a cause of largest potential of oxida-

tion. In contrast to the previous observations, the following case study presents

investigations that were carried out during a non-favourable day, affected by the

appearance of low-level clouds that occurred temporarily at the measurement
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Fig. 5.8: Aerosol particle number concentration in cm
−3

with a size of 5–10 nm, measured

with NAIS (Neutral cluster and Air Ion Spectrometer, red line) and ALADINA

at the height of 100 m a.g.l. (black stars) on 3 April 2014. Both systems show a

good consistency and a strong increase of N5−10 at around 10:45–11:00 UTC. The

increase of the UFP coincides with a maximum of the measured SO2 concentration

in µg m
−3

(blue line) and with a pronounced condensation sink in s
−1

(CS, black

line). The figure was taken from Platis et al. (2016)–Fig. 11.

site on 21 June 2015. The study was shown in Altstädter et al. (2018) and some

of the results will be discussed hereafter.

Figure 5.9 displays ground observations of aerosol particle number concentra-

tion, taken from a TSMPS, and gas concentrations of NOx and SO2 between 00:00

UTC on 21 June 2015 until 00:00 UTC on 22 June 2015. From 00:00 UTC until 07:30

UTC, the aerosol particle number concentration was homogeneously dominated

by particles with a mean size of 50 nm. At around 08:00 UTC, and accompa-

nied by cloudy conditions (not shown here), a sporadic event of UFP occurred

that, however, dissolved within 30 min without any further growth of the parti-

cle. Until 16:00 UTC, five more sporadic NPF events were visible at ground that

showed an interruption in the particle growth as well. Between 17:00 UTC until

00:00 UTC, the investigation area was influenced by an overall reduced aerosol

background concentration of only a few particles cm
−3

.



Investigations of aerosol particles in a continental ABL 108

Fig. 5.9: TSMPS data and gas concentrations of SO2 and NOx in µg m
−3

measured at

ground in Melpitz on 21 June 2015. The sporadic appearance of UFP would not

have been classified as a typical ”banana-shape” of class I event. However, the

sporadic spots of UFP correlate to two increases of NOx and to the time series

of low-level clouds that occurred at the measurement site (not shown here). The

graph was adapted and modified from Altstädter et al. (2018)–Fig. 7.

Interestingly, no clear correlation of the SO2 concentration in relation to the

sporadic appearances of UFP could be identified and the SO2 concentration was

low between 1 and 3 µg m
−3

. But during the analyzed time period, two main

peaks of the ground NOx concentration occurred with values of 10 µg m
−3

at

around 11:30 UTC and with a maximum of 14.5 µg m
−3

at 15:30 UTC. The two

rapid increases of NOx showed similar temporal appearances with the sporadic

occurrences of the UFP. Here it is important to note that the particles showed a

mean diameter of around 20 nm, thus the observed UFP were not freshly formed

at the site but were altered for several hours.

According to the time episodes of the mentioned sporadic NPF events, calcu-

lated EC particle fluxes showed a high variability of updraft and downdraft (Fig.

5.10). However, based on the 30 min intervals of the EC particle fluxes, a clear de-

position was available with a total minimum of -25× 10
−6

m
2

s
−1

at 12:30 UTC.

By combining the fact of an overall deposition of the particles in comparison

with the sporadic occurrence of the NPF, one may assume that the measured

UFP could be linked to a source of NPF that was originated from aloft.
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In order to estimate a potential impact of the vertical dynamics on the NPF,

Fig. 5.11 is discussed. Vertical profiles of sensible heat flux w′θ′ and latent heat

flux w′q′ were calculated with the ASAM model (Jähn et al., 2015) for an 1 h

interval between 08:00 and 09:00 UTC on 21 June 2015. During this time span,

three vertical profiles of N7−12 were performed with ALADINA. The sensible

heat flux increased near the surface and up to the height of 160 m a.g.l. with a

maximum of 56×10
−3

K m s
−1

. Above, the sensible heat flux decreased rapidly

to a minimum of -18×10
−3

K m s
−1

at the height of 950 m a.g.l. and in agreement

with a maximum of the latent heat flux with 25 g kg
−1

m s
−1

at the same height.

The first vertical profile was taken with ALADINA at 08:13 UTC. There, a high

variability of the vertical distribution of N7−12 was visible; a sharp gradient oc-

curred at the height of 400–500 m a.g.l. that further reached a total maximum of

16× 10
4

cm
−3

.

However, below and above this altitude range, the aerosol particles were well-

mixed. Within a short time interval of 7 min later at 08:20 UTC, the increased

N7−12 disappeared and further 6 min later at 08:26 UTC, the vertical distribu-

tion of N7−12 was homogeneous in the lowermost 1 km and reduced to a mean

number concentration of around 2× 10
4

cm
−3

.

Fig. 5.10: EC particle flux in m
2

s
−1

calculated for 30 min intervals (black dashed line) and

1 min intervals of wavelet analysis (grey line) measured by the University of

Bayreuth on 21 June 2015. The figure was adapted from Altstädter et al. (2018)–

Fig. 7b.
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Fig. 5.11: Vertical profiles of sensible heat flux w′θ′ in K m s
−1

and latent heat flux w′q′ in

g kg
−1

m s
−1

calculated from ASAM (All Scale Atmospheric Model; Jähn et al.,

2015) in the time interval from 08:00 until 09:00 UTC (red line) on 21 June 2015.

The aerosol particle number concentration in cm
−3

is shown based on three verti-

cal profiles of N7−12 measured with ALADINA between 08:13 and 08:26 UTC and

in comparison with four scans of TSMPS ground data from 07:50 until 08:50 UTC

(see respective markers). The figure was taken from Altstädter et al. (2018)–Fig.

9.

For a comparison, four scans of the TSMPS data are presented during the AL-

ADINA measurements for the same particle size of 7 and 12 nm, but between

07:50 and 08:50 UTC on 21 June 2015. The high aerosol particle load measured

with ALADINA can be verified by an extrapolation of N7−12 close to ground on

two scans that were performed at 08:10 UTC and at 08:30 UTC. Interestingly, the

shown occurrence of the UFP is a truly non-stable and transient NPF event, as

almost no particles were recorded by the TSMPS before and after the ALADINA

measurements at 07:50 UTC and at 08:50 UTC. By considering the vertical pro-

files of N7−12 it is obvious that the UFP were enhanced above, mixed vertically

in a very short time interval and then tended to disappear. One explanation for

the fast nucleation could be in relation to the increased turbulence that occurred

between cloud gaps, as it was observed by Wehner et al. (2015) as well.
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5.4.2 Which are favourable conditions for NPF in terms of dy-
namics?

Based on the case studies described above, a large diversity existed between the

NPF measured at ground and the occurrence and vertical transport of observed

UFP within the ABL. Thus, the results may lead to the assumption of a potential

large impact of dynamics on the NPF origin, which may further result in fast

mixing and transport of the UFP. This might be most likely induced by the pres-

ence of strong turbulence in the ABL, as assumed by Lauros et al. (2007), and

NPF was observed in connection with turbulent mixing as well (Nilsson et al.,

2001b). Due to the higher preference of vertical profiles with ALADINA for ob-

serving the vertical distribution of UFP, horizontal legs were not performed, that

might be, however, needed for a detailed investigation of a possible impact of

turbulent properties on the NPF. So far, no clear tendency was visible in terms of

a domination of updraft or downdraft of the particles, and the actual trigger for

NPF was not identified.

Thus, a more profound understanding of the potentially high impact of ABL

processes on the NPF is essential. This is of particular importance in order to

address a full picture of the NPF that is missing by a study which is solely based

on ground data.

An overview of 100 vertical profiles is shown hereafter in order to identify

possible altitude regions for a source of the NPF; and to obtain a tendency for

a favourable altitude of the appearance of UFP within the ABL. Figure 5.12 dis-

plays 100 vertical profiles of air temperature in comparison with aerosol particle

number concentration, measured with the CPC2 and the difference of both CPCs,

here referred to ∆CPC. Here it is important to mention, that the vertical profiles

are exclusively taken from ALADINA measurements during the spring months.

The reason for excluding the other seasons is based on the fact, that the vertical

profiles of UFP showed the highest frequency during spring time, and the au-

tumn and summer months were on minor relevance in case of the ALADINA

measurement period. The corresponding variances of the parameters are indi-

cated in the figure and were calculated according to 30 m level steps. Further, it

should be pointed out, that the aerosol particle number concentration of the mea-

sured UFP corresponds to ∆CPC=CPC1-CPC2, thus the particle size is smaller

than 12 nm; and a calculation in the vertical pattern was solely valid for the case

if the CPC1 reached a higher value than the CPC2.

The vertical profile of air temperature showed a strong inversion layer close

to ground and decreased linearly up to the altitude of 950 m a.g.l. The mean

vertical profile of CPC2 is characterized by a more homogeneous distribution
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Fig. 5.12: Summary of 100 vertical profiles that were performed with ALADINA in spring

months during the investigation period at the TROPOS research site from April

2014 to May 2015. From left to right: vertical profile of the mean air temperature T
in °C and the mean aerosol particle number concentration in cm

−3
measured with

CPC2 and the difference of both CPCs (∆CPC), which can be used as an indicator

for NPF. The error bars stand for the variance of the parameters presented here,

calculated for 30 m height levels accordingly.

in the lowermost 950 m a.g.l. and given by a mean number concentration of

0.8× 10
4

cm
−3

. However, the variances of CPC2 are high in the ABL with two

pronounced peaks at the altitudes around 400 and 850 m a.g.l., leading to the

assumption of a possible impact of different types of air masses or horizontal ad-

vection that might have occurred frequently at the measurement site. The verti-

cal distribution of the UFP, indicated by ∆CPC, shows a minimal increase of the

mean calculated number concentration depending on the altitude with a clear

maximum of 1.2× 10
4

cm
−3

at the height of 950 m a.g.l. accompanied by the in-

version layer, as it can be seen in the air temperature profile. Interestingly, the

calculated variances of ∆CPC are of minor magnitude close to ground in compar-

ison with the higher altitude levels between 400 and 900 m a.g.l., so that a high

occurrence of UFP in the middle and upper part of the ABL can be derived. The

pronounced peak of the vertical profile of ∆CPC at the height of 950 m a.g.l., is

most likely based on a rare observation, as the variances are extremely high and

the most typical maximum altitude was 900 m a.g.l., thus below this specifically

explained altitude.
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Due to the fact that to a largest extent the humidity sensors were not properly

working during the ALADINA measurements; and given by the main target of

vertical profiling with ALADINA, no further statistical overview can be used for

an additional impact that might justify the observations shown here. However,

this would be an essential work for future perspectives to compare the statistic

overview with a more profound study of turbulence properties in order to asses

a possible correlation.

Nevertheless, the overview of the measured UFP indicates a major role of NPF

apparent in the ABL, especially above the height of 400 m a.g.l., accompanied

by a dominant well-mixed layer of the measured total aerosol particle number

concentration. Now further questions arise that should be considered for future

planned studies: What are the main sources for the NPF that can be measured

aloft? Are those observed UFP linked to advection of different types of air masses

or is the occurrence of UFP solely based on dynamics?

5.4.3 Are the observed NPF events in relation to anthropogenic
emissions?

In order to estimate a potential impact of different types of air masses on the oc-

currence of NPF, a longer observation period during the MelCol-experiment is

discussed in the following section. The case study mentioned previously stresses

the need to consider additional parameters, apart from vertical temperature mea-

surements, in order to identify possible sources for NPF. Here, air masses, wind

data, irradiance and gas concentrations of NOx and SO2 are displayed that might

have influenced the measurement site during the MelCol experiment that lasted

between 4 May and 10 July 2015. ALADINA flights were operated during the in-

tensive flight campaign period between 16 June and 1 July 2015, thus the ground

data are mainly discussed regarding the shorter measurement time.

Impact of air masses on the background aerosol measured at ground

Figure 5.13 displays HYSPLIT back-trajectories (Stein et al., 2015; Rolph, 2017)

for three episodes (3–13 June 2015, 12–22 June 2015 and 21 June–1 July 2015)

during the entire MelCol experiment. Trajectories were calculated backwards for

an interval of 10 days and at three altitude levels of 500, 1000 and 1500 m a.g.l.

in order to estimate a possible origin of air masses that arrived at Melpitz. At

the beginning of the ALADINA period (second episode, first part of ALADINA

flights from 12–22 June 2015), air masses originated from the south of the Atlantic

Ocean and were transported over Western Europe. In addition, all three altitude
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Fig. 5.13: Back-trajectories calculated with Hybrid Single-Particle Lagrangian Integrated

Trajectory model (HYSPLIT) for 10 days backwards (Rolph, 2017; Stein et al.,

2015) for three different episodes and three heights of 500, 1000 and 1500 m dur-

ing the MelCol experiment. The first part (3–13 June 2015, black to grey colours)

is dominated by sources from eastern Europe, thus by a potential high impact on

anthropogenic emissions. During the second (13-22 June 2015, coloured in red

to orange) and third period (21 June–1 July 2015, marked in blue shading), air

masses originated mainly from Atlantic Ocean, thus a clean period should domi-

nate the measurements at the TROPOS research site in Melpitz (indicated by star).

levels showed a similar transect, thus no high variability was excepted in the

vertical scale of the measured aerosol composition.

During the last period (third episode, second period of ALADINA flights from

21 June–1 July 2015), air masses originated from the north of the Atlantic Ocean,

were transported over the UK and arrived finally after an East-wind component

at Melpitz. Here, the lowest trajectory at the height of 500 m a.g.l. showed a

different path in comparison with the upper levels and spent a larger time span

above land, which might have been resulted in distinguish aerosol compositions

in the vertical scale.

In principle, two different types of air masses may be classified according to

the back-trajectories. Generally clean air occurred during the first period of the
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Fig. 5.14: The wind roses show the wind speed f f in m s
−1

and wind direction dd in ° from

ground data during the MelCol-experiment for two different periods on (a) 16

June–24 June 2015 and (b) 25 June–1 July 2015.

ALADINA measurements and air masses with a higher potential of pollution

that affected the site during the second period.

Figure 5.14 displays two wind roses, based on the recorded ground data of

wind speed and wind direction according to the two different episodes analyzed

here. During the whole period, the wind speed was moderate, not exceeding

5 m s
−1

. During the first ALADINA period (Fig. 5.14a), the site was dominated

by SSW-wind and during the second part SW-wind played a major role but to a

low degree an E-wind component appeared that transported most likely a higher

grade of pollution from Eastern Europe to the site (Fig. 5.14b).

Figure 5.15 shows continuously measured ground data of aerosol particle num-

ber concentration derived from a TSMPS and gas concentrations of SO2 and NOx
during the episode of the ALADINA flights (marked in pink) between 16 June

and 1 July 2015. In the first half of the ALADINA measurements (left-hand side

of the graph) a low appearance of UFP was detected at Melpitz and to the largest

degree particles reached sizes of the accumulation mode (Fig. 5.15a). In addi-

tion, no clear NPF event was captured, only sporadic appearances of UFP that

disappeared in short time intervals. During the second period (left-hand side

of the graph), several NPF events of class I occurred at the site. However, only

one out of four NPF events was available during the ALADINA flights and the

results were presented in Sect. 5.4.1.
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Fig. 5.15: Aerosol particle number concentration in cm
−3

based on TSMPS data (a) and gas

concentrations of NOx and SO2 in µg m
−3

(b) during the MelCol experiment from

16 June until 1 July 2015. The flight series of ALADINA are marked with shading

boxes and the orange line indicates the separation of the two different periods.

Do air masses play a more relevant role for NPF in comparison with
ABL dynamics?

The gas concentrations of SO2 and NOx showed a high daytime variability but on

different sequences (Fig. 5.15b). For instance, in most cases SO2 peaked around

midday and declined during night time or cloudy conditions. To a large extent,

NOx maxima inclined to appear before the measured maximum concentration of

SO2 around midnight. Further, an overall increase of the measured gas concen-

trations was visible regarding the second period of the ALADINAmeasurements

in accordance with a rise of the NPF frequency. In general, high SO2 concentra-

tions showed a greater consistency with the appearance of NPF events in contrast

to NOx, leading to the assumption of a more effective trigger for NPF. Now the

basic question arises, whether air masses with a larger potential of pollution do

increase the NPF occurrence in Melpitz, as higher NPF appearance was observed

during E-wind and similar results were shown in Größ et al. (2018).

Based on Figs. 5.13–5.15, a correlation was obvious between E-wind condi-

tions, a higher frequency of NPF and a generally higher aerosol load as well.

However, according to the ALADINA profiles that are marked in Fig. 5.15, no

clear statement is valid for the MelCol-experiment, as the occurrence of UFP
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played a minor role apart from the observations that were presented in the case

studies on 21 June and 1 July 2015 (see Sect. 5.4.1 and Sect. 5.4.1).

By considering the meteorological parameters that were measured during the

period at ground (Fig. 5.16), a correlation is obvious between clear sky and the

appearance of a typical NPF of class I, identified for the days on 16, 17 and 28

June 2015, as well as on 1 July 2015. Those observation days were mainly influ-

enced by highest variability of air temperature and relative humidity (Fig. 5.16a)

on a daily course, by lowest fluctuation of the reflex radiation (Q ↑, Fig. 5.16b), a

high and stable top of the ABL (zh, Fig. 5.16c) and maxima of SO2 concentrations

(Fig. 5.15b). During the period analyzed here, one may conclude that a typical

NPF event was predominantly triggered by clear sky and to a certain degree by

E-wind, thus by a higher grade of pollution, as well. However, sporadic occur-

rence of UFP was observed equally and more frequently during the experiment.

Those UFP were mainly characterized by larger sizes passing a particle diameter

of 10 nm or more, assuming that they were not directly formed at the site but

transported and altered for several hours in advance.

With respect to the case studies described in the previous sections, the sporad-

ically appearance of UFP may be originated from aloft or transported as a cause

of horizontal advection or mixing to the site. This can not be justified by the

study shown here, as most of the research flights were operated several hours

after nucleation started at ground which can be further seen by the correspond-

ing time series marked in Fig. 5.15. Thus, a conclusion of the actual impact of

turbulence or ABL properties on the NPF is not verified. However, based on

the observations it is apparent that sporadically appearance of UFP occurred fre-

quently so that further investigations are needed for a better understanding of

the mechanisms that might cause NPF apart from ground data.

5.4.4 How is NPF distributed horizontally?

The next section shows briefly one example of measured UFP in the horizontal

scale. On behalf of the German Sächsisches Landesamt für Umwelt, Landwirtschaft
und Geologie (LfULG), a soot campaign was conducted and ALADINA was ap-

plied for measuring vertical profiles of eBC and aerosol particles during three

measurement days on 7 and 9–10 October 2014 in Melpitz. Here it is important

to note that eBC is not considered, as the focus is solely on the investigation of the

spatial distribution of UFP. Nevertheless, as part of the performed project, a small

manned aircraft was operated by the University of Applied Science Düsseldorf

in order to measure soot particles in the upper part of the ABL and ALADINA

was used for a possible closure between aircraft and ground data.
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Fig. 5.16: Meteorological parameters of (a) air temperature T in °C, relative humidity RH in

%, (b) incoming solar radiation Q ↓ in W m
−2

, reflex radiation Q ↑ in W m
−2

and

(c) top of the ABL zh in m, calculated from the ground-based data at the TROPOS

research site during the MelCol experiment from 16 June until 1 July 2015.

On 9 October 2014, one maneuvre of the small aircraft was operated close

to the measurement site. Figure 5.17 displays two examples of the measured

UFP (N7−12) in comparison with the total aerosol particle number concentration

Ntotal , calculated for two different altitudes at a mean height of 964 m a.g.l. (Fig.

5.17a,b) and at around 151 m a.g.l. (Fig. 5.17c,d).

According to the horizontal distributions shown here, UFP played a minor role

of around a tenth in comparison with Ntotal at the upper height of 964 m a.g.l., in

contrast to initially exceptions of a higher occurrence of N7−12 caused by a direct

emission hot spot, exposed from the aircraft exhaust. One explanation for the

minor appearance of UFP in comparison with Ntotal could be that the particles

have been already vertically mixed, thus most likely transported downwards

after the emission. This would further explain the rapid increase of N7−12 in

the lower altitude at 151 m a.g.l., represented with a maximum of 500 cm
−3

and

affected by an overall inhomogeneous concentration on the horizontal scale.

Another reason could be that the freshly emitted particles were not yet de-

tected in the size range between 7 and 12 nm, thus have been on smaller sizes.



Investigations of aerosol particles in a continental ABL 119

Fig. 5.17: Horizontal distribution of the measured aerosol particle number concentration,

calculated for two different heights (964 and 151 m a.g.l.) after a flight meneuver

of a small manned aircraft at the measurement site on 9 October 2014. N7−12

stands for UFP derived from the both CPCs and Ntotal was calculated from CPC1.

The given colour bar stands for the aerosol particle number concentration but on

different scales between 0 and 500 cm
−3

for N7−12, between 0 and 2000–8000 cm
−3

for Ntotal , respectively.

In total, the horizontal distribution of the aerosol particle number concentra-

tion showed a high variability and a high occurrence of UFP accompanied by a

decline of Ntotal . Here it should be pointed out, that studying the horizontal scale

was not in the scope of the performed measurement flights with ALADINA in

Melpitz, but should be considered in future perspectives. Further, additional in-

strumentation would be essential in order to better characterize the composition

of the measured aerosol particles, e.g. based on measurements of gas concentra-

tion. However, to the author’s knowledge, so far no suitable light weight sensor

is available that could be implemented onboard.

5.5 Summary of the aerosol study
This chapter presented results of the vertical distribution of aerosol particles

based on the measurements that were carried out with the UAS ALADINA at

the TROPOS research site in Melpitz. Between October 2013 and July 2015, the

UAS was temporarily used for field applications, with the main goal to better
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understand the variability of UFP in the lowermost 1 km. In total, more than 100

research flights were performed on 23 measurement days with a majority during

the spring months. Selected case studies were presented that mainly addressed

the basic question: ”Where does NPF take place within the ABL?”. A better un-

derstanding of this fundamental question is essential, as NPF was observed to

occur frequently in the whole ABL; like near inversion layers (Siebert et al., 2004),

ML (Stratmann et al., 2003), RL (Wehner et al., 2010), EZ (Nilsson et al., 2001a),

in relation to LLJ (Siebert et al., 2007) and between the interface of the ABL into

the FT (Rose et al., 2015) and even aloft (Quan et al., 2017). However, an iden-

tification of a clear trigger for favourable conditions of NPF in the ABL is still

missing. This is mainly based on lacking measurement methods, particularly in

case of frequently profiling in the vertical scale. Thus, a rapid sequence use of

ALADINA may help to identify regions of NPF in the ABL as well as transport

and mixing of UFP. Summarizing the main findings of the selected case stud-

ies, a high occurrence of UFP was observed with ALADINA and compared with

continuously ground measurements at the TROPOS research site.

Here, the number concentration of the observed UFP was derived from the

records of two CPCs, both implemented in the payload by of ALADINA. The

CPCs are of the same type but run with different threshold diameters and the

difference of both concentrations was used as an indicator for NPF. Since October

2013, the cut-off sizes of the two CPCs were steadily reduced from initially N11−18
(Altstädter et al., 2015) to N3−12, as valid for the current configuration of the UAS

(Lampert et al., 2020). At this point it should be clarified that the observed UFP

were most likely altered for around 1.5–2 hours after nucleation when reaching

the particle size of N5−10. This is based on a recently calculated growth rate of

2.5–2.7 nm h
−1

, valid for the TROPOS research site (Nieminen et al., 2018).

The NPF event days were categorized with respect to ground data into two

main aspects: a typical NPF with subsequent growth rate and non-defined NPF

days with a stop in the particles growth. Only one measurement day out of the 23

total analyzed days with ALADINA was influenced by typical favourable condi-

tions for NPF. On 1 July 2015, the site was affected by high incoming solar radi-

ation under clear sky conditions and by a prevailing wind from E. This resulted

in a well-known ”banana-shape” based on the ground data which was derived

from a TSMPS. During most of the presented case studies, non-favourable condi-

tions for NPF were present which ultimately implied the occurrence of sporadic

events of NPF that was mainly seen by an interrupted growth of the particles,

leading to an ”apple-shaped” distribution of the measured ground data. Two of

those not preferable days for NPF (3 April 2014 and 21 June 2015) were studied in

detail and both observations showed similar indicators, implying that UFP were
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most likely originated from aloft and were transported downwards to ground

during a short time interval. There are two main reasons for the fast vertical

mixing that was observed on both studied days. On the one hand, on 3 April

2014, strong turbulence near a pronounced inversion layer of the ABL led to a 15

times higher C2
T in comparison with the remaining part of the ABL. By taking into

account the temporal evolution of selected vertical profiles, UFP (size between 5

and 10 nm) were mixed downwards within a short time period of around 10 min.

On the other hand, transient cloud gaps that occurred in the low-level stratiform

clouds on 21 June 2015 initiated significant turbulence (also visible in the strong

increase of the calculated sensible heat flux) that might have favoured the NPF

(Wehner et al., 2015), but led to fast vertical mixing of the UFP, so that the ob-

served particles disappeared within several minutes in the vertical distribution.

The low occurrence of so called class I events during the whole ALADINA pe-

riod is highly questioning the common method for classifying a NPF event. The

hypothesis of a possible underestimation of NPF events, which were solely cal-

culated from pure ground-based data, is supported by taking into account the

high appearance of UFP that were observed with ALADINA aloft.

To sum up the other aspects of the case studies presented here, a clear dom-

inant role of the vertical distribution of the UFP was observed according to an

overview of 100 vertical profiles, that was calculated from the spring months. In

contrast to a generally well-mixed distribution of the total aerosol particle num-

ber concentration that was derived from the CPC2, the vertical distribution of the

UFP increased slightly above the height of 400 m a.g.l. Here, a possible impact

of the horizontal advection of different types of air masses might explain the

dominant role of the UFP which was measured above. However, polluted air

masses played only a minor role by comparison of the measured ground NPF

with the occurrence of the UFP measured above. For one example, it turned out

that during the MelCol-experiment two main wind regimes (SSW and E) showed

an influence on NPF but only in case of an overall higher total aerosol particle

number concentration. The second period from 25 June until 1 July 2015 was

influenced to a minor part by wind from E as well, so that the ground measure-

ments were characterized by enhanced values of the gas concentrations of NOx
and SO2. Thus, one may assume that air masses play a dominant role for NPF at

ground, as further supported by the observations from Größ et al. (2018). How-

ever, no clear conclusion can be drawn for the vertical distribution. Further, it

cannot be ruled out that the better conditions for NPF were linked to passages of

high pressure systems, as the site was influenced to a larger extent of clear sky

conditions, high air temperature and enhanced humidity fluctuations during the

second period.
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The last example presented the high variability of the horizontal distribution of

measured UFP in comparison with the total aerosol particle number concentra-

tion. The large difference was not only visible in the total amount of the measured

number concentration, but in different altitude levels as well. Thus, a detailed

characterization of the horizontal distribution would be mandatory for studying

the spatial scale of NPF within the ABL.

Due to dedicating vertical profiles, a wind study was not feasible with the AL-

ADINA measurements. However, this would be an important target in order to

assess other possible impacts on the vertical distribution of the observed UFP.

In addition, it would be useful to obtain a simultaneous picture of a full 4-D

wind field that would most likely help to find an explanation for the vast dis-

crepancies that occurred between the ground measurements (minor appearance

of NPF) and the ALADINA profiles (high occurrence of UFP above). This would

be one of the main aspects that should be considered for future tasks operated in

Melpitz. For instance, this could be realized by using two ALADINA in a swarm

at the same time or with complementary flight strategies. The latter might obtain

the missing data in terms of a simultaneously characterization of the ABL and

by obtaining the vertical distribution of the UFP, accompanied by a horizontal

investigation of the aerosol particles and the 3-D wind vector.

Further, it should be noted that the investigations shown here are only based

on case studies, so that long-term observations of NPF within the ABL are still

limited. This is mainly based on the fact that a frequent use of UAS is strongly

affected by current weather situation, for instance by a good visibility, moderate

wind speed and restricted by regulations from the local CAA. Nevertheless, a

clear benefit from using UAS is obvious based on the ALADINA measurements

shown here. This means in particular the possibility to enable transport and mix-

ing processes of UFP. But at the same time it should be pointed out that UAS

observations should not be used stand-alone in order to fully characterize a NPF

event in the ABL. The UAS data is helpful in identifying the altitude levels of

the UFP and in order to characterize a possible vertical mixing, but it is still a

point-by point method. Thus, a comparison of the airborne data with contin-

uously running ground measurements of aerosol particles, gas concentrations,

air masses and meteorology is substantial in order to fully characterize the pre-

vailing measurement conditions, that might be affected by small and large-scale

processes at the same time.

Due to technical problems, the data quality of the ALADINA measurements

was partially limited by data gaps, in particular in case of the meteorological

records. Main reasons are based on technical issues, linked to frequent damages

of the meteorological instrumentations during take-off and landing, and given
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by the fact of missing redundant systems that would have been essential for a

replacement on short notice. However, the platform was re-engineered and in-

sulated, so that it is now more robust, and applicable for a reliable polar field

activity as well, as already presented and verified in Lampert et al. (2020) and

Petäjä et al. (2020).

At the current stage, model results were only considered for a comparison with

the ALADINA measurements, e.g. ASAM during MelCol and COSMO-ART

(Consortium for Small-scale Modelling–Aerosols and Reactive Trace gases, Bal-

dauf et al., 2011; Vogel et al., 2009) applied for the DACCIWA period. However,

an implementation of the calculated UAS data into small-scale models would be

one of the most important aspects for future activities in order to derive a better

understanding of dynamics in the ABL and in order to get an idea of possible

sources for NPF which may originate to a large part exclusively from aloft.





Chapter 6 Concluding remarks
This conclusion considers a broader perspective of the general use of unmanned

aerial systems (UAS) and in particular recommendations for future work, based

on the applications and gained experiences of the author presented here.

To sum up, the thesis focused on different case studies, derived from observa-

tions with two UAS that were applied for field activities at different investigation

areas and the results were subject to the individual chapters (Chap. 4 and Chap.

5). More precisely, the Carolo T200 ”M
2
AV” (Mini Meteorological Aerial Vehi-

cle) was used in the Antarctic Weddell-Sea during polar night in the summer

2013 and the Carolo P360 ”ALADINA” (Application of Light-weight Aircraft for

Detecting IN-situ Aerosol) was operated during diverse research campaigns at

the continental site in Melpitz from October 2013 to July 2015. The investigations

concentrated mainly on the altitude range between the surface and the top of the

ABL, hence, on an area that is strongly affected by a sparse data availability due

to a lack of feasible high resolution measurement principles.

First, both UAS were introduced in detail by means of characterizing the air-

craft, implemented sensors and by summarizing the field activities. The UAS

were used for two different flight strategies, according to the specific tasks of

the individual missions. Vertical profiles were used for a characterization of the

ABL’s stability and for analyses of the vertical distribution of aerosol particles.

Turbulence parameters were calculated from the EC-method, thus a considera-

tion was only possible for horizontal legs with a length of at least 1–2 km. During

the polar study with the M
2
AV, it turned out, that a combination of both com-

plementary flight missions was not feasible at the same time. This was mainly

based on the limited capacity of the batteries. However, a performance of both

flight missions would be essential for future tasks in order to firstly characterize

the stratification of the ABL and then, to assess a likely impact of dynamics and

the horizontal distribution of the measured parameters as well. Here, it should

be noted, that this was realized during the ALADINA campaign at Ny-Ålesund

in spring 2018, introduced in Lampert et al. (2020) and Petäjä et al. (2020). Hor-

izontal flight legs were operated across the glaciers towards open water areas

above the fjord and back, in order to identify possible sources for NPF which

may originate from the open water as a cause of released dimethyl sulphate.

Both UAS presented here are fixed-wing and electrically powered, thus the

field activity is limited to some point in terms of a suitable landing area (flat

surface, no obstacles and sufficient size) and by a specific flight duration that

is certainly shorter in comparison with a combustion engine. However, due to a

possible contamination of the sampled air probe, a combustion engine will not be
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considered for future activities, especially in terms of studying aerosol particles.

If a suitable integration of fuel cells will be assured for power supply, this would

be one of the first renewals for the UAS.

As shown in detail, the field activity of the M
2
AV was significantly influenced

by harsh polar conditions, like strong wind speed and poor visibility due to a

frequent occurrence of low-level clouds that further increased the potential for

icing. In addition, the low air temperature strongly affected the capacity of the

battery, which ultimately led to a reduced flight time of around 35–40 min. For

safety reasons, a flight operation was only possible on ice stations and not di-

rectly from the ship. However, a direct operation from the research vessel might

have enhanced the total flight number to a larger extent, thus a possible operation

on limited space should be one of the main targets for future planned activities.

Other aspects of the critical handling with the M
2
AV were commented by the

author as well. Here it is important to mention, that most of the disadvantages

of the M
2
AV, like a small payload capacity, no live data availability and the need

of additional and redundant sensors were pursued and applied for the UAS AL-

ADINA. In particular, the optimization is valid for the present set-up shown in

Lampert et al. (2020).

Based on the UAS studies presented here, a high potential for filling current

data gaps is obvious. The main reason for a possible closure relies on the fea-

sibility to obtain a 4-D picture of temperature, humidity, wind and aerosol par-

ticles, based on frequent profiling at small-scale with a low cruising speed of

22–30 m s
−1

. This is one of the main advantages of the UAS in comparison with

manned aircraft, balloons or radiosondes. Those airborne systems allow to study

the same properties, if a sufficient payload capacity is applicable, but on differ-

ent scales. For instance, manned aircraft offer the possibility to study turbulence

parameters on large-scale, but a detailed observation of small-scale processes

is missing due to a high cruising speed and enhanced climb rate. In turn, this

means it would be mandatory to operate diverse airborne systems simultane-

ously in order to achieve the best possible results with highest accuracy on the

vertical and horizontal scale.

Certainly, there exists a large portion of externally driven impacts that can

not be influenced by the crew directly. This means for instance the prevailing

weather conditions. In most cases, the preparation time of a UAS field activ-

ity takes several months in advance, thus an accurate prediction of the synoptic

conditions is not feasible and can only be considered on short notice at the mea-

surement site. Another critical issue that mainly affects fixed-wing, concerns the

surface properties which can only be adapted to a small degree by the crew, like

flatten of grass or smoothing of covered snow surfaces. However, the most im-
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portant point for a safe and reliable operation is a highly experienced safety pilot

who should be supported by a well-coordinated team of sufficient scientists and

engineers during the field application.

Nonetheless, there are some points that might be reconsidered in case of fu-

ture planned works with UAS, in order to assure a consistent data availability.

For instance, it would be a clear benefit to have a mobile set-up of ground-based

monitoring in sparse. This would be valid for a mobile weather mast or an EC-

station that might run continuously and especially at a close distance to the re-

search flights. A contribution might occur in many ways: The meteorological

data could be directly compared in order to assess possible offsets of the mea-

sured UAS data. Further, the gained fixed-point measurement would help to

derive a more detailed picture of the atmospheric conditions, especially in terms

of the surface turbulent fluxes.

Although the UAS community is growing at a rapid pace, there exists only a

few publications like Gaffey and Bhardwaj (2020) who assembled different types

of UAS that were operated in the polar area so far. According to Gaffey and

Bhardwaj (2020), atmospheric studies play a minimal role in comparison with

other disciplines, with the highest UAS applications in the field of glaciology.

However, further UAS activities should be carried out in the polar area, espe-

cially in combination with balloons and helicopter borne systems. Thus, the field

campaign with ALADINA in Ny-Ålesund is of special importance for the polar

research community and should be continued in future work. Apart from field

campaigns, the UAS data is highly recommended for an implementation into

models. Here it is important to note that in the near future the ALADINA data

will be validated with the model SOSAA (model to simulate the concentration of

organic vapours and sulphuric acid, Boy et al., 2011; Zhou et al., 2014) in order

to assess possible sources for NPF in the Arctic ABL.
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C., Ebus, F., Bärfuss, K., Pätzold, F., Lampert, A., Adler, B., Kalthoff, N. and
Lohou, F.: The vertical variability of black carbon observed in the atmo-
spheric boundary layer during DACCIWA, Atmos. Chem. Phys., 20, 7911–
7928, https://doi.org/10.5194/acp-20-7911-2020, 2020.

André, J.C., De Moore, G., Lacarrère, P., Therry, G. and Du Vachat, R.: Modeling

the 24-hour evolution of the mean and turbulent structures of the planetary

boundary layer, J. Atmos. Sci., 35, 1861–1883, 1978.

Andreas, E.L., Claffey, K.J. and Makshtas, A.P.: Low-level atmospheric jets and

inversions over the Western Weddell Sea, Bound.-Lay. Meteorol., 97, 459–486,

https://doi.org/10.1023/A:1002793831076, 2000.

Angevine, W.M., Baltink, H.K. and Bosveld, F.C.: Observations Of The Morning

Transition Of The Convective Boundary Layer, Bound.-Lay. Meteorol., 101, 209–

227, https://doi.org/10.1023/A:1019264716195, 2001.

Asmi, A., Wiedensohler, A., Laj, P., Fjaeraa, A.-M., Sellegri, K., Birmili, W., Wein-

gartner, E., Baltensperger, U., Zdimal, V., Zikova, N., Putaud, J.-P., Marinoni,

A., Tunved, P., Hansson, H.-C., Fiebig, M., Kivekäs, N., Lihavainen, H., Asmi,

E., Ulevicius, V., Aalto, P.P., Swietlicki, E., Kristensson, A., Mihalopoulos, N.,

Kalivitis, N., Kalapov, I., Kiss, G., de Leeuw, G., Henzing, B., Harrison, R.M.,

Beddows, D., O’Dowd, C., Jennings, S.G., Flentje, H., Weinhold, K., Meinhardt,

F., Ries, L. and Kulmala, M.: Number size distributions and sea-sonality of

submicron particles in Europe 2008–2009, Atmos. Chem. Phys., 11, 5505–5538,

https://doi.org/10.5194/acp-11-5505-2011, 2011.

Aubinet, M., Vesala, T. and Papale, D.: Eddy Covariance, Springer,

Dordrecht, Heidelberg, London, New York, 1st edition, 483 pp.,

https://doi.org/10.1007/978-94-007-2351-1, 2012.

http://www.atmos-meas-tech.net/8/1627/2015/amt-8-1627-2015.pdf


References 130

Bärfuss, K., Pätzold, F., Altstädter, B., Kathe, E., Nowak, S, Bretschneider, L.,
Bestmann, U. and Lampert, A.: New Setup of the UAS ALADINA for Mea-
suring Boundary Layer Properties, Atmospheric Particles and Solar Radia-
tion, Atmosphere, 9, 1–21, https://doi.org/10.3390/atmos9010028, 2018.

Baklanov, A.A., Grisogono, B., Bornstein, R., Mahrt, L., Zilitinkevich, S.S., Taylor,

P., Larsen, S.E., Rotach, M.W. and Fernando, H.J.S.: The Nature, Theory, and

Modeling of Atmospheric Planetary Boundary Layers, Bull. Amer. Meteor. Soc.,
92, 123—128, https://doi.org/10.1175/2010BAMS2797.1, 2011.

Baldauf, M., Seifert, A., Förstner, J., Majewski, D., Raschendorfer, M. and Rein-

hardt, T.: Operational convective-scale numerical weather prediction with the

COSMO model: description and sensitivities, Mon. Weather Rev., 139, 3887–

3905, https://doi.org/10.1175/MWR-D-10-05013.1, 2011.

Bange, J. and Roth, R.: Helicopter-borne flux measurements in the nocturnal

boundary layer over land – a case study, Bound.-Lay. Meteorol., 92, 2, 295–325,

https://doi.org/10.1023/A:1002078712313, 1999.

Banta, R.M., Newsom, R.K., Lundquist, J.K., Pichugina, Y.L., Coul-

ter, R.L. and Mahrt, L.: Nocturnal Low-Level Jet Characteristics

Over Kansas During Cases-99, Bound.-Lay. Meteorol., 105, 221–252,

https://doi.org/10.1023/A:1019992330866, 2002.

Birmili, W. and Wiedensohler, A.: New particle formation in the continental

boundary layer: Meteorological and gas phase parameter influence, Geophys.
Res. Lett., 27, 20, 3325–3328, https://doi.org/10.1029/1999GL011221, 2000.

de Boer, G., Palo, S., Argrow, B., LoDolce, G., Mack, J., Gao, R.-S., Telg, H.,

Trussel, C., Fromm, J., Long, C.N., Bland, G., Maslanik, J., Schmid, B. and Hock,

T.: The Pilatus unmanned aircraft system for lower atmospheric research, At-
mos. Meas. Tech., 9, 1845–1857, doi:10.5194/amt-9-1845-2016, 2016.

Bollmann, A.: Die Atmosphäre über dem antarktischen Weddell-Meer - Stabil-

ität und interne Grenzschichtstruktur im Winter, bachelor thesis, University

Hannover, Germany, in German, 69 pp., 2014.

Bond, T.C., Doherty, S.J., Fahey, D.W., Forster, P.M., Berntsen, T., DeAngelo, B.J.,

Flanner, M.G., Ghan, S., Kärcher, B., Koch, D., Kinne, S., Kondo, Y., Quinn, P.K.,

Sarofim, M.C., Schultz, M.G., Schulz, M., Venkataraman, C., Zhang, H., Zhang,

S., Bellouin, N., Guttikunda, S.K., Hopke, P.K., Jacobson, M.Z., Kaiser, J.W.,

Klimont, Z., Lohmann, U., Schwarz, J.P., Shindell, D., Storelvmo, T., Warren,

S.G. and Zender, C.S.: Bounding the role of black carbon in the climate system:

a scientific assessment, J. Geophys. Res., 118, 5380–5552, doi:10.1002/jgrd.50171,

2013.



References 131

Boy, M., Rannik, Ü., Lehtinen, K.E.J., Tarvainen, V., Hakola, H. and Kulmala,

M.: Nucleation events in the continental boundary layer: Long-term statistical

analyses of aerosol relevant characteristics, J. Geophys. Res., 108, 4667, 1–13,

doi:10.1029/2003JD003838, 2003.

Boy, M., Hellmuth, O., Korhonen, H., Nilsson, E.D., ReVelle, D., Turnipseed, A.,

Arnold, F. and Kulmala, M.: MALTE – model to predict new aerosol formation

in the lower troposphere, Atmos. Chem. Phys., 6, 4499–4517, doi:10.5194/acp-6-

4499-2006, 2006.

Boy, M., Sogachev, A., Lauros, J., Zhou, L., Guenther, A. and Smolander, S.:

SOSA–a new model to simulate the concentrations of organic vapours and sul-

phuric acid inside the ABL–Part 1: Model description and initial evaluation,

Atmos. Chem. Phys., 11, 43–51, https://doi.org/10.5194/acp-11-43-2011, 2011.

Brady, J.M., Stokes, M.D., Bonnardel, J. and Bertram, T.H.: Characterization of

a quadrotor unmanned aircraft system for aerosol-particle-concentration mea-

surements, Environ. Sci. Technol., 50, 3, 1376–1383, doi:10.1021/acs.est.5b05320,

2016.

Bunker, A.F.: Turbulence and shearing stresses measured over the North

Atlantic by an airplane acceleration technique, J. Meteor., 12, 445–455,

https://doi.org/10.1175/1520-0469(1955)012<0445:TASSMO>2.0.CO;2, 1957.

Butterworth, B.J. and Else, B.G.T.: Dried, closed-path eddy covariance method

for measuring carbon dioxide flux over sea ice, Atmos. Meas. Tech., 11, 6075–

6090, https://doi.org/10.5194/amt-11-6075-2018, 2018.

Buzorius, G. , Rannik, Ü, Nilsson, D. and Kulmala, M.: Vertical fluxes and mi-

crometeorology during aerosol particle formation events, Tellus B, 53, 4, 394–

405, https://doi.org/10.3402/tellusb.v53i4.16612, 2001.

Cassano J.J., Maslanik J.A., Zappa C.J., Gordon A.L., Cullather R.I.

and Knuth S.L.: Observations of Antarctic polynya with unmanned

aircraft systems, Eos, Trans. Amer. Geophys. Union, 91, 28, 245–246,

https://doi.org/10.1029/2010EO280001, 2010.

Cassano J.J.: Observations of atmospheric boundary layer temperature pro-

files with a small unmanned aerial vehicle, Antarct. Sci., 26, 2, 205–213,

https://doi.org/10.1017/S0954102013000539, 2014.

Cassano, J.J., Seefeldt, M.W., Palo, S., Knuth, S.L., Bradley, A.C., Herrman, P.D.,

Kernebone, P.A. and Logan, N.J.: Observations of the atmosphere and surface

state over Terra Nova Bay, Antarctica, using unmanned aerial systems, Earth
Syst. Sci. Data, 8, 115–126, https://doi.org/10.5194/essd-8-115-2016, 2016.



References 132

Chamecki, M. and Dias, N.L.: The local isotropy hypothesis and the turbulent ki-

netic energy dissipation rate in the atmospheric surface layer, Q. J. R. Meteorol.
Soc., 130, 2733–2752, doi:10.1256/QJ.03.155, 2004.
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