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Referat:

Die Bestimmung des direkten Strahlungsantriebs von Aerosolen ist mit großen Unsicherheiten

behaftet. Inwiefern Aerosole die Strahlungsprozesse in der Atmosphäre beeinflussen ist ab-

hängig von ihren optischen und mikrophysikalischen Eigenschaften. Zur Optimierung von

Strahlungstransfersimulationen werden daher ergänzende Informationen über typspezifische

Aerosoleigenschaften sowie die vertikale Aerosolverteilung benötigt.

Im Rahmen der vorliegenden Arbeit wurden anhand von Lidarmessungen die vertikale und

räumliche Verteilung atmosphärischer Aerosole über Europa analysiert sowie deren optische

Eigenschaften ermittelt. Einleitend werden Möglichkeiten der Aerosolklassifizierung erläutert

und Aerosoltypen spezifiziert, die über Europa beobachtet werden können. Vorherige Stu-

dien zur Aerosolklassifizierung sind in einer Literaturübersicht zusammengefasst. Anhand von

Fallstudien wurde zunächst die Analyse von Beobachtungen des europäischen Lidarnetzwer-

kes EARLINET von 2008 bis 2010 auf das Vorhandensein von Aerosolschichten verdeutlicht.

Die Herkunft jeder einzelnen Aerosolschicht wurde anschließend unter Verwendung von Mo-

dellrechnungen sowie weiteren Informationen bestimmt und aerosoltypspezifische Kenngrößen

berechnet. Mit Hilfe dieser Kenngrößen ist es möglich, den Typ des Aerosols abzuleiten.

Daraus wurde eine neuartige Methode zur Typisierung von Aerosolen entwickelt, die z.B. in

Algorithmen zur Verarbeitung von Satellitendaten verwendet werden kann. Zusätzlich wurden

Umrechnungsfaktoren bestimmt, die zur Zusammenführung und zum Vergleich von Daten ak-

tueller und zukünftiger Satellitenmissionen benötigt werden.

Die Ergebnisse der Aerosoltypisierung auf Basis von EARLINET-Daten wurden anschließend

mit Ergebnissen der automatischen Typisierung weltraumbasierter Lidarmessungen des CALIP-

SO-Satelliten verglichen. Es konnte gezeigt werden, dass innerhalb des CALIPSO-Algorithmus

systematisch fehlerhafte Klassifizierungen des Aerosoltyps auftreten. Diese falsche Klassi-

fizierung führt zu einer Unterschätzung der Einfachstreualbedo und zu einer Überschätzung der

erwärmenden Wirkung der betreffenden Aerosolschicht. Die überschätzte Wärmewirkung hat

wiederum fehlerhafte Ergebnisse bei Strahlungstransferrechnungen, die auf CALIPSO-Daten

basieren, zur Folge.
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Abstract:

Aerosols show type-specific characteristics, which depend on intensive aerosol optical and mi-

crophysical properties that influence the radiation processes in the atmosphere in several ways.

There are still large uncertainties in the calculation of the aerosol direct radiative effect. The

classification of aerosols and the characterization of the vertical aerosol distribution is needed

in order to provide more accurate information for radiative-transfer simulations.

In the framework of the present thesis, the vertical and spatial distribution as well as opti-

cal properties of atmospheric aerosols over the European continent were investigated based

on lidar measurements. Possibilities for an aerosol classification or so-called aerosol typing

were presented and major aerosol types were specified. Former studies about the classification

of aerosols were summarized and representative values for aerosol-type-dependent parameters

were given. Case studies were used to demonstrate how observations of the European lidar

network EARLINET from 2008 until 2010 were analyzed for aerosol layers and how model sim-

ulations and auxiliary data including the assessment of meteorological conditions were applied

to determine the origin of each single aerosol layer. Thus, aerosol-type dependent parameters

were evaluated and a novel method for the typing of aerosols was developed, which can be

used, e.g., within algorithms of satellite data retrievals. Additionally, conversion factors were

determined, which are needed for the harmonization of satellite data of present and upcoming

missions.

Furthermore, findings of the aerosol typing based on EARLINET data were compared to results

of the aerosol classification scheme for satellite-borne lidar measurements onboard CALIPSO.

It could be shown that deficient classifications of the aerosol type emerged systematically

within the automated CALIPSO algorithm. Those wrong classification leads to an underes-

timation of the single-scattering albedo and hence to an overestimation of the warming effect

of the respective aerosol layer. This overestimated warming effect has to be kept in mind for

simulations of the global aerosol radiative effect based on CALIPSO data.
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Chapter 1

Introduction

Aerosols – solid or liquid airborne particles – affect local radiation fluxes, the radiation

budget of the atmosphere, and thus climate, because of their scattering and absorption

characteristics. This influence on the incoming solar and outgoing terrestrial radiation

is called direct radiative effect of aerosols. Various global aerosol models were used

to estimate the aerosol direct radiative effect (aerosol-laden vs. clear-sky atmosphere)

and also values of the aerosol direct radiative forcing, which is the change in aerosol

direct radiative effect from pre-industrial to present-day conditions (not including cli-

mate feedbacks) [Heald et al., 2014]. Results are summarized in the reports of the

Intergovernmental Panel on Climate Change (IPCC) [Houghton et al., 2001; Forster

et al., 2007; Stocker et al., 2014]. There are still large uncertainties in the calculation

of the aerosol direct radiative effect and the forcing values. Since aerosols show type-

dependent optical characteristics, which have different effects on the aerosol direct

radiative forcing in total, main aerosol components such as sulfate, black carbon, sea

salt, and dust as well as their contributions have to be identified in order to provide

more accurate information for aerosol transport models and radiative-transfer simula-

tions [e.g., Nishizawa et al., 2008a; Binietoglou et al., 2015; Pitari et al., 2015].

Parameters needed for radiative-transfer modeling cannot be directly measured, but

must be derived from scattering and extinction (= scattering and absorption) mea-

surements [e.g., Shin et al., 2014]. Detailed information on optical properties of

different aerosol species can be determined from, e.g., in-situ as well as active and

passive remote-sensing observations. In-situ measurements are only selective in space

and time and not representative for the whole atmosphere, but additionally provide

information on the chemical composition of the aerosol. The characterization of the

observed aerosols from optical footprints without dealing with chemical components is

called aerosol typing [Müller et al., 2007a]. Within the last years, ground-based remote

sensing has become a powerful method for the typing of aerosols. Measurements with

passive sensors, e.g., sun photometers, are performed to gain detailed information on
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the aerosol concentration and geographical as well as temporal variability [Kaufman

et al., 1997]. Sun photometer measurements only provide information about the whole

atmospheric column. Since aerosol lifetime and climate response depend on altitude

[Hansen et al., 1997; Huang et al., 2015], the vertical aerosol distribution and, hence,

the profiling of aerosols is important for the accurate evaluation of the aerosol direct

radiative effect [Oikawa et al., 2013; Vuolo et al., 2014]. For that purpose, the ac-

tive light detection and ranging (lidar) technique, which allows for vertically resolved

measurements, is used. A lidar maps the temporal and spatial evolution of the at-

mosphere. Vertical profiles of backscatter (180◦ scattering) and extinction coefficients

can be derived at different wavelengths from the intensity of that part of the (pulsed)

laser light that is scattered back to the lidar receiver.

Measured aerosol type-dependent properties are summarized in so-called aerosol clas-

sification models to account for specific scattering and absorption characteristics of

different aerosol species [Dubovik et al., 2002; Cattrall et al., 2005]. The aerosol typ-

ing presented within this thesis is based on advanced multiwavelength lidar measure-

ments of the ground-based European Aerosol Research Lidar Network (EARLINET)

[Bösenberg et al., 2001; Pappalardo et al., 2014]. EARLINET stations perform regu-

lar measurements for specific locations and aerosol situations. In the present study,

aerosol layers of selected EARLINET observations were investigated with respect to

the aerosol source region. The aerosol type was discriminated manually by using a

set of different tools (transport and trajectory models, as well as other observational

data). Thus, optical properties for different aerosol types observable over Europe were

derived. Values of other systematic studies on aerosol typing based on different lidar

parameters presented by, e.g., Müller et al. [2007a], Burton et al. [2012, 2013, 2014],

and Groß et al. [2013, 2015], which mainly rely on investigations of short-term data

gained from several measurement campaigns, were verified and specified based on rep-

resentative regular climatological EARLINET measurements.

The aerosol-type-dependent properties that were determined within this thesis can be

used for the development of algorithms. These algorithms are strongly needed for the

exploitation of the ever-expanding amount of observational data from ground, air and

space-based applications, which is additionally increased by the ability of instruments

to measure autonomously and continuously. A target categorization, i.e., the deter-

mination of different aerosol types, has to be applied to observational data whenever

possible and ideally in an automated way. There is a clear trend of algorithm develop-

ment that allows aerosol typing directly within the data analysis procedure and, thus,

enables target classification that can be provided on-line or at least in near-real time.

A very promising example was recently presented by Baars et al. [2015].

Furthermore, aerosol classification models are used in processing schemes of passive

measurements [cf., e.g., Tanré et al., 1997; Russell et al., 2014] and in retrievals of
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Table 1.1: Active and planned long-term spaceborne lidar observations.

Mission CALIPSO1 ADM-Aeolus2 EarthCARE3

Period 2006–ongoing launch expected 2016 launch expected 2018

Lidar CALIOP4 ALADIN5 ATLID6

(532, 1064 nm) (355 nm) (355 nm)

spaceborne lidars. An example is given by Illingworth et al. [2014] for the Earth

Clouds, Aerosols and Radiation Explorer (EarthCARE). A further study was recently

presented by Amiridis et al. [2015]. The authors report on a three-dimensional multi-

wavelength global aerosol and cloud optical climatology (Lidar climatology of Vertical

Aerosol Structure for space-based lidar simulation studies – LIVAS), which is opti-

mized to be used for future space-based lidar end-to-end simulations with realistic

atmospheric scenarios as well as retrieval algorithm testing activities.

An overview of the ongoing and planned missions with space lidars is presented in

Table 1.1 [Stoffelen et al., 2005; Ansmann et al., 2006; Reitebuch et al., 2009; Winker

et al., 2009; Illingworth et al., 2014]. The timetable of the missions shows that there

will be more than 12 years of vertically resolved lidar measurements from space. These

measurements have to be harmonized with respect to each other in order to establish

an unique long-term global data set that is needed for the synergistic approach of satel-

lite and ground-based observations together with model calculations. That approach

is of high interest to the scientific community in order to achieve an accurate quan-

tification of aerosol radiative forcing [e.g., Diner et al., 2004]. The harmonization of

the spaceborne lidar measurements poses a challenge due to the use of different lidar

instrument types, observations at different wavelengths, and different measured pa-

rameters. Within the framework of this thesis, so-called wavelength conversion factors

were determined, which can be used to relate results from the different space missions

to each other. Calculations are based on ground-based EARLINET measurements.

Since ground-based measurements cannot provide information about the vertical

aerosol distribution on a global scale, especially over the oceans, there is a strong

need for additional spaceborne observations. However, one shortcoming of the Cloud–

Aerosol Lidar Infrared Pathfinder Satellite Observation (CALIPSO) satellite is that

1 Cloud–Aerosol Lidar and Infrared Pathfinder Satellite Observations of the National Aeronautics

and Space Administration (NASA) and the French government space agency CNES
2 Atmospheric Dynamics Mission-Aeolus of the European Space Agency (ESA)
3 Earth Clouds, Aerosols and Radiation Explorer of ESA and the Japan Aerospace Exploration

Agency (JAXA)
4 Cloud–Aerosol Lidar with Orthogonal Polarization
5 Atmospheric Laser Doppler Lidar Instrument
6 Atmospheric Lidar
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the aerosol classification scheme is applied in the beginning of the satellite lidar data

retrieval and, thus, contains a number of assumptions that influence the subsequent

data processing [Omar et al., 2009]. In contrast, type and constitution of atmospheric

aerosols can be characterized from EARLINET measurements without the need of

a priori assumptions. For this reason, EARLINET data were also used within this

study to validate the spaceborne aerosol typing included in the CALIPSO classifica-

tion scheme.

This thesis is structured as follows: In Chapter 2 possibilities for an aerosol classifica-

tion or so-called aerosol typing are introduced and major aerosol types are explained

in more detail. Furthermore, a summary of former studies about the classification

of aerosols and representative values for aerosol-type-dependent parameters are given.

An overview of EARLINET and CALIPSO including the measurement principle of

the applied lidar techniques and available data products is presented in Chapter 3. In

Chapter 4 auxiliary data and tools that were used for the stand-alone aerosol typing

including the assessment of meteorological conditions are summarized. The descrip-

tion of the procedure to identify and classify aerosol layers in the EARLINET data

can be found in the beginning of Chapter 5. This chapter also contains exemplary

case studies of specific aerosol situations. Results of the statistical evaluation of EAR-

LINET measurements including the mentioned conversion factors are presented in the

first part of Chapter 6. In the second part of this chapter findings of the comparison of

the aerosol typing based on data of selected EARLINET lidars against results of the

CALIPSO aerosol classification scheme are shown. Finally, Chapter 7 contains results

and conclusions and closes with an outlook.
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Chapter 2

Aerosol typing – Current state of

research

This chapter overviews the current state of research in terms of aerosol classification

based on optical properties, the so-called aerosol typing. In Section 2.1 methods

of aerosol classification are presented. Aerosol types, which can be observed over

Europe, are introduced in Section 2.2. Results of the aerosol typing derived so far

mainly based on lidar observations are summarized in Section 2.3, followed by most

important findings of studies regarding the applicability of CALIPSO observations for

aerosol typing purposes (cf. Section 2.4). Finally, the approaches of the aerosol typing

based on EARLINET data and the validation of the CALIPSO classification scheme

presented in this thesis are introduced in Section 2.5.

2.1 Methods of aerosol classification

The typing of aerosols implies the adequate characterization of aerosols in the climate

system without describing their physical and chemical properties in detail. This ap-

proach neglects explicit information on size distributions, composition, phase, shape,

and the internal and external mixing state of particles. Instead, macroscopic param-

eters such as mean optical properties of the ensemble of particles are used for the

description. Depending on the application, a number of 5–10 aerosol types appears

to be sufficient to cover the major global aerosol components. However, a general

and unique aerosol classification scheme is not available so far. There are different

approaches how an aerosol typing can be done depending on the instruments available

and on the scientific issue behind.

Since years the question concerning the estimation of the anthropogenic aerosol radia-

tive forcing has been posed. Aerosols were broadly classified being of anthropogenic
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or natural origin to separate man-made from natural aerosol effects. The most im-

portant aerosol types from natural sources are sea salt and mineral dust. Smoke from

biomass burning can be of natural origin as well, but is often related to anthropogenic

activities. Periodically, when a major volcanic eruption injects large amounts of sulfu-

ric gases into the stratosphere where they condense to sulfuric acid droplets, volcanic

aerosols influence the global radiation budget significantly. Ash and gases emitted

from volcanic sources into the troposphere may contribute to the regional aerosol load

in certain areas. Furthermore, soil particles, pollen, and other biogenic material con-

tribute to the aerosol at continental sites. Anthropogenic activities modify the natural

aerosol load of the Earth’s atmosphere drastically. Particles and precursor gases are

emitted through industrial combustion processes, car, train, air and ship traffic, as well

as agricultural and individual human activities. Sulfates, soot, nitrates, ammonium

and organic carbon are typical constituents of anthropogenic aerosol. These chem-

ical predominant species (e.g., sulfates, black carbon, organic carbon, etc.) can be

used to classify aerosols in case of direct measurements of the speciation of particle

samples. Further classification of aerosols can be done by their hygroscopicity as be-

ing water-soluble or water-insoluble, which is especially useful for studies concerning

aerosol-cloud interactions.

The increased application of active and passive instruments for spaceborne obser-

vations has afforded global daily measurements of aerosol optical properties that are

useful for type-dependent classification [Omar et al., 2009]. The collaboration between

different research groups around the world working on satellite aerosol retrievals shall

be strengthened by the International Satellite Aerosol Science Network (AERO-SAT),

which was constituted in September 2013 during the AeroCom (Aerosol Comparisons

between Observations and Models) meeting. AERO-SAT is an unfunded activity. Its

tasks are to advance the satellite aerosol retrieval research and product development

and to coordinate scientific activities of mutual benefit (e.g., intercomparisons, com-

mon definitions, common tools, common formats, etc.). Moreover, the communication

and coordination between producers of satellite information on aerosol properties and

the global user community shall be stimulated. Within AERO-SAT there is a Working

Group on Aerosol Typing. One of its objectives is to review methods for the retrieval

of information on aerosol type from satellite and ground-based remote sensing. In-

formation can be found at http://www.aero-sat.org/wg-aerosol-typing.html. Further

efforts regarding the harmonization of satellite products were made, e.g., within the

Climate Change Initiative (CCI) project Aerosol cci (2010–2013) of the European

Space Agency (ESA) [Holzer-Popp et al., 2013]. The objective of this study was the

development of algorithms for the production of long-term total column aerosol optical

depth (AOD) data sets from European Earth Observation sensors.

In the following, the current most common approaches used for aerosol typing ac-
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cording to optical properties are introduced in more detail. Explanations on optical

properties and the theoretical background of the lidar technique are given in Section

3.1.2 in the next chapter.

2.1.1 Optical Properties of Aerosols and Clouds (OPAC)

The software package OPAC [Hess et al., 1998] consists of data sets of optical properties

(extinction, scattering, and absorption coefficients, single-scattering albedo, asymme-

try factor, and the phase function) of cloud and aerosol components in the solar and

terrestrial spectral range for different humidity conditions. Moreover, derived optical

parameters like mass extinction coefficients and Ångström exponents can be deter-

mined. In case of aerosols calculations are based on microphysical data (particle size

distribution and spectral refractive index) under the assumption of spherical particles.

Aerosols originate from different sources and processes and, thus, often a mixture of

particles is present in the atmosphere. “To describe the wide range of possible com-

positions, the aerosol particles are modeled as components [Deepak and Gerber , 1983],

each of them meant to be representative for a certain origin. The defined aerosol com-

ponents [insoluble, water-soluble, soot, sea salt (accumulation and coarse mode), min-

eral (nucleation, accumulation, and coarse mode, and transported), sulfate droplets]

are described by individual microphysical properties resulting from the internal mix-

ture of all chemical substances that have a similar origin. The aerosol components

may then be externally mixed to form aerosol types [continental (clean, average, pol-

luted), urban, desert, maritime (clean, polluted, tropical), Arctic, Antarctic, mineral

transported, free troposphere, stratosphere]. External mixture means that there is no

physical or chemical interaction between particles of different components” (cf. Hess

et al. [1998]). OPAC is intended to serve as a tool for scientists who need to describe

the optical properties of the atmosphere for climate-modeling purposes. Recently,

an improved version of OPAC was made freely available at www.rascin.net [Koepke

et al., 2015]. For the new version OPAC 4.0, optical properties of mineral particles

are modeled with respect to their non-sphericity. The application of more realistic

shapes for mineral particles improves modeling of optical properties and, therefore,

remote-sensing procedures for desert aerosol and the derived radiative forcing.

2.1.2 Aerosol typing with lidar

A further approach is the aerosol typing from optical data derived from lidar observa-

tions. Lidar is an effective tool for aerosol characterization and aerosol type determi-

nation, because the size of aerosol particles is of the order of the optical wavelengths.

Thus, aerosol parameters measured with lidar sensitively depend on the actual parti-
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cle properties. Particles from different sources, which show different sizes, absorption

properties, and shapes, can be distinguished with lidar by their spectral scattering

characteristics and their light-depolarizing behavior.

In general, information on the particle type can be retrieved from lidar observations

when independent information on extinction and backscattering and, thus, on the

extinction-to-backscatter ratio, which is referred to as the lidar ratio, is available, when

extinction and backscattering are measured at several wavelengths, and/or when the

depolarization of the backscattered light is determined. In numerous studies it was

demonstrated that, e.g., the lidar ratio is a quantity valuable for aerosol characteriza-

tion [Ansmann et al., 2002; Müller et al., 2002, 2003a, 2005; Mattis et al., 2004; Groß

et al., 2013]. The lidar ratio depends on the microphysical and chemical properties of

the scattering particles and, therefore, varies significantly for different aerosol types.

It contains, e.g., information on the absorption and the size of the aerosol particles.

In further studies the particle linear depolarization ratio was used for an aerosol-type

separation [Sugimoto and Lee, 2006; Nishizawa et al., 2007; Tesche et al., 2009a; Ans-

mann et al., 2011b, 2012; Groß et al., 2011b; Tesche, 2011; Mamouri and Ansmann,

2014].

Multiwavelength Raman lidars as operated in EARLINET typically measure the ex-

tinction coefficient at 355 and 532 nm and the backscatter coefficient at 355, 532, and

1064 nm. From these measurements lidar ratios in the ultraviolet and visible wave-

length regions as well as spectral extinction and backscatter properties in terms of

Ångström exponents and color ratios can be derived. Past analyses of these quantities

reveal that characteristic values can be attributed to different aerosol types and, there-

fore, are perfect parameters for aerosol typing [Sasano and Browell , 1989; Ansmann

and Müller , 2005; Müller et al., 2007a; Tesche et al., 2009a, 2011a; Groß et al., 2011b,

2012, 2013; Weinzierl et al., 2011; Burton et al., 2012, 2013, 2014]. For instance, re-

sults of the aerosol typing based on lidar observations reported by Müller et al. [2007a]

are shown in Figure 2.1. The study distinguishes marine aerosol, desert dust, urban

haze, arctic haze, forest-fire smoke, and Southeast Asian aerosol. It also shows that

significant differences are found when the same type of aerosol is investigated in dif-

ferent regions of the globe or after different transport times.

Also synergistic approaches of lidar and sun-photometer coincident observations were

applied to enhance aerosol characterization. For instance, the Lidar/Radiometer In-

version Code (LIRIC) [Chaikovsky et al., 2008, 2012] combines the multiwavelength

lidar technique with sun/sky photometry and enables the retrieval of vertical profiles

of optical and microphysical properties separately for fine- and coarse-mode parti-

cles. Wagner et al. [2013] evaluated LIRIC to determine microphysical properties

of volcanic and desert dust. Lopatin et al. [2013] developed the Generalized Aerosol

Retrieval from Radiometer and Lidar Combined Data (GARRLiC) algorithm, which
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Figure 2.1: Color ratio (ratio of the backscatter coefficients at 1064 and 532 nm) versus

lidar ratio at 355 nm for different aerosol types observed with multiwavelength Raman

lidars from 1996–2007. Data are derived from Table 1 of Müller et al. [2007a]. Error bars

indicate one standard deviation of each quantity from the mean of all observations.

can be regarded as an extended version of LIRIC. The GARRLiC concept pursues an

even deeper synergy of lidar and radiometer data in the retrievals, e.g., by using the

lidar profile information to improve the retrievals of Sun photometers of the AErosol

RObotic NETwork (AERONET; cf. Section 4.3.3).

2.1.3 CALIPSO aerosol typing scheme

Another method for aerosol typing is realized in the CALIPSO aerosol typing scheme.

This scheme was developed to select a specific lidar ratio that is needed for the data

processing, since CALIOP is a simple backscatter lidar [Omar et al., 2005, 2009; Young

and Vaughan, 2009; Young et al., 2013]. Thus, in case of CALIPSO a preliminary typ-

ing must be performed without having all inferable optical parameters available. The

CALIPSO algorithm is based on aerosol models with type-dependent size distributions

and refractive indices and can classify/select six different aerosol types: desert dust,

biomass burning, background (clean continental), polluted continental, polluted dust,

and marine. The selection of the aerosol types is performed based on the type of the

underlying surface (snow/ice or tundra, and land or water), the height of the identified



10 CHAPTER 2. AEROSOL TYPING – CURRENT STATE OF RESEARCH

aerosol layer (elevated layer yes or no), and measured values of the linear volume de-

polarization ratio as well as of the integrated attenuated backscatter coefficient. After

the selection of an aerosol type the respective pre-defined lidar ratio is used for the

data evaluation. An illustration of the CALIPSO aerosol typing scheme and a detailed

explanation can be found in Section 3.2.2 (cf. Figure 3.4).

2.1.4 Aerosol typing by using the Mahalanobis distance

For the classification of aerosols more and more information become available, e.g.,

aerosol optical depth, complex refractive index, single-scattering albedo, and depolar-

ization of backscatter, each at several wavelengths, plus several particle size and shape

parameters. Objective, multi-dimensional analysis methods are required for an opti-

mal use of these various data products. The Mahalanobis distance [Mahalanobis , 1936]

can be used to sort points, each representing an observation, into classes or clusters

that have pre-defined special characteristics, e.g., certain aerosol optical properties.

The Mahalanobis distance from each point to each prespecified class is calculated to

classify a point (i.e., a measurement) regarding its smallest distance to a certain class.

Burton et al. [2012] made use of the Mahalanobis distance to classify observed aerosols

into types (e.g., pollution, biomass burning, dust, marine) by using a set of four dif-

ferent parameters including the particle linear depolarization ratio at 532 nm, the

extinction-to-backscatter ratio at 532 nm, the backscatter-related 532-to-1064-nm

color ratio, and the ratio of aerosol depolarization ratios at 1064 nm and 532 nm.

A similar method, which makes explicit use of uncertainties in input parameters, is

described by Russell et al. [2014]. The authors developed and applied the method for

classifying aerosols observed from space by using only the optical and physical infor-

mation retrieved from a single pixel or neighboring group of pixels (i.e., without using

location, trajectory analysis or other auxiliary information). The algorithm uses Ma-

halanobis classification with prespecified clusters (classes). The prespecified clusters

needed for the determination of the Mahalanobis distance were defined using parame-

ters retrieved from AERONET stations where a single aerosol type tends to dominate

in certain months. In this study of Russell et al. [2014] seven clusters were defined: pure

dust, polluted dust, urban-industrial/developed economy, urban-industrial/developing

economy, dark biomass smoke, light biomass smoke, and pure marine. The prespeci-

fied clusters were then applied to a five-year record of retrievals from the spaceborne

Polarization and Directionality of the Earth’s Reflectances 3 (POLDER 3) polarimeter

on the Polarization and Anisotropy of Reflectances for Atmospheric Sciences coupled

with Observations from a Lidar (PARASOL) spacecraft [e.g., Hasekamp et al., 2011;

Tanré et al., 2011]. Details can be found in Russell et al. [2014].
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2.1.5 Lidar algorithms to retrieve information on aerosol compo-

nents

Nishizawa et al. [2010] and Nishizawa et al. [2011] developed forward and backward

types of algorithms to analyze lidar data to understand the spatial and temporal distri-

bution of aerosols. The authors focussed on the classification of several main aerosol

components in the atmosphere and estimated the concentration of each component

by retrieving vertical profiles of extinction coefficients, and further the extinction-to-

backscatter (lidar) ratio, under clear-sky as well as under cloudy conditions. The

algorithms make use of aerosol models, which consider three different aerosol compo-

nents: water-soluble aerosols with mode radius in the fine-mode region and sea salt as

well as dust with mode radius in the coarse-mode region. Water-soluble particles are

defined as small particles with weak light absorption, consisting of a mixture of sulfate,

nitrate, and organic carbon particles (= organic water-soluble substances) and, hence,

most of them are anthropogenic aerosols. The size distribution for each aerosol com-

ponent is supposed to be log-normal. While the water-soluble and sea-salt particles

are reasonably assumed to be spherical, the dust particles are treated as randomly

oriented spheroids to account for their non-sphericity [Mishchenko et al., 1997, 2004;

Dubovik et al., 2006]. An external mixture of each aerosol component is assumed.

The algorithms were developed based on methods of Sugimoto et al. [2003] and

Nishizawa et al. [2007, 2008a] and are similar to the Fernald method [Fernald , 1984]

apart from the use of information from three measurement channels of the lidar: the

perpendicular and parallel components returned from linearly polarized laser pulses at

532 nm, and the total component (i.e., perpendicular plus parallel) at 1064 nm.

The algorithms classify fine-mode particles (water-soluble particles) and coarse-mode

particles (sea salt or dust) by using the spectral relationship of the scattering coeffi-

cients, which depends on the size of the particles. The depolarization data is used in

addition to determine, if an aerosol layer contains dust particles or sea salt. A detailed

description of the algorithms and work flows can be found in Nishizawa et al. [2007]

and Nishizawa et al. [2011].

A further algorithm developed by Nishizawa et al. [2008b] retrieves the extinction co-

efficients of water-soluble particles, dust, and soot by using three-channel data of the

extinction coefficient (α) at 532 nm and backscatter coefficient (β) at 532 and 1064 nm.

Since this algorithm (1α + 2β) does not use the depolarization data effectively and

assumes that the dust particles are spherical, Nishizawa et al. [2011] plan to improve

this algorithm by introducing spheroid models that will lead to effective use of depo-

larization data (δ) as well as 1α + 2β data. With these adjustments (1α + 2β + 1δ

algorithm) the retrieval of the extinction coefficients of four aerosol components shall

be realized. Furthermore, the authors want to develop an 1α+1β+1δ algorithm based
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on their knowledge of the techniques applied so far to retrieve extinction coefficients

for three aerosol components using three-channel data of α, β and δ at 355 nm derived

from the high-spectral-resolution lidar (HSRL) [Shipley et al., 1983; Shimizu et al.,

1983; Grund and Eloranta, 1991; She et al., 1992; Piironen and Eloranta, 1994; Liu

et al., 1999; Eloranta, 2005; Esselborn et al., 2008; Hair et al., 2008] installed on the

EarthCARE satellite.

2.2 Major aerosol types and their source regions

Within this thesis a validation of the spaceborne aerosol typing provided by

CALIPSO is performed based on results of the aerosol typing from ground-based

EARLINET data. Therefore, the aerosol types that are applied for the clas-

sification mainly rely on the types used in the CALIPSO classification scheme

[Omar et al., 2009] and updates given in the Data Quality Summary (http://www-

calipso.larc.nasa.gov/resources/calipso users guide/data summaries/layer/). In the

following, characteristic optical properties, extracted from former studies, are pre-

sented for major aerosol types. Findings about the distribution of aerosol types that

can be observed over the northern hemisphere are shown in Figure 2.2. Numbers

given in the following provide an overview how an aerosol typing can be done by using

parameters like the lidar ratio or Ångström exponents. The exact definition of the

parameters and the theory behind is explained in Chapter 3.

2.2.1 Marine aerosol

Marine aerosol consists of sea-salt-containing water droplets produced by wind stress

on the ocean surface or by the release of dimethyl sulfide (DMS) from phytoplankton

[Hoppel et al., 1990; Fitzgerald , 1991; Heintzenberg et al., 2000; Smirnov et al., 2002].

As the microphysical and optical properties of marine aerosol are relatively well un-

derstood, this aerosol can be well distinguished from other aerosol types in terms of

optical properties. Marine aerosol particles are liquid, comparably large (significant

component of supermicrometer-sized particles), and non-absorbing. Consequently, op-

tical parameters, e.g., Ångström exponents are low, lidar ratios are of the order of

20–30 sr, and depolarization ratios are lower than 10% [Franke et al., 2001, 2003; Cat-

trall et al., 2005; Müller et al., 2007a; Burton et al., 2012; Dawson et al., 2015]. The

similar light-scattering behavior of water clouds may lead to ambiguities when using

optical parameters in cloud–aerosol discrimination schemes in the marine boundary

layer, which is typically of 500–1000 m height over the oceans.

At continental sites clean marine aerosols are hard to observe. Possible source regions
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Figure 2.2: Generalized overview of characteristic aerosol types observable over the

northern hemisphere.

of marine aerosol that might be detected at EARLINET stations are the North At-

lantic/North Sea region, the Baltic Sea, the Mediterranean Sea, and the Black Sea.

Most of the EARLINET stations of marine influence whose data were used for in-

vestigations presented in this thesis also represent densely populated areas, so that

undisturbed measurements of clean oceanic aerosols are quite unlikely. The dense

population of Europe’s shorelines as well as the intense ship traffic cause a mixture

of marine aerosols with anthropogenic pollution what has to be taken into considera-

tion when exploiting data from stations close to the North Sea or the Mediterranean

Sea [Wandinger et al., 2004]. In addition, the orographic situation with very specific

coastal circulation pattern complicates the observational conditions. Only under cer-

tain meteorological conditions EARLINET stations close to the coast may detect pure

marine aerosol [De Tomasi et al., 2006]. Within this study only a few cases with clean

marine air were identified. In most circumstances, marine air was mixed with other

aerosols such as pollution or dust.

2.2.2 Desert dust

Mineral dust particles originate from the erosion of sediments of fine soil in arid regions,

especially in geographical lows and foothills where dry (paleo) lakes and rivers (wadis)

exist [Prospero et al., 2002; Schepanski et al., 2007; Liu et al., 2008; Allen et al., 2013].

Dust particles are mobilized and a large amount is lofted by dynamical processes and

often transported over distances of several thousand kilometers [Hamonou et al., 1999;

Ansmann et al., 2003; Mahowald et al., 2014]. The largest aerosol source of the globe

is the Saharan desert [Dubovik et al., 2008; Heintzenberg , 2009] whose emissions in-

fluence not only Europe quite frequently [Mattis et al., 2002; Ansmann et al., 2003;

Müller et al., 2003b; Papayannis et al., 2008], but also other regions on the globe like,

e.g., the Amazonian rain forest [Koren et al., 2006; Ansmann et al., 2009; Baars et al.,
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2011; Yu et al., 2015], Barbados [Weinzierl et al., 2014], and the Gulf of Mexico [Liu

et al., 2008].

Within the framework of the SAharan Mineral dUst experiMent (SAMUM) project

[Ansmann et al., 2011a] the relationship between chemical composition, shape mor-

phology, size distribution, and optical effects of mineral dust aerosol together with

its temporal and spatial distribution were investigated during two comprehensive field

campaigns in the summer of 2006 and in the winter of 2008. The two campaigns were

designed with identical layout and with a strong focus on vertical profiling to enable

column closure experiments. Optical, microphysical, radiative, chemical, and morpho-

logical properties of mineral dust particles were determined from field observations

(ground-based, airborne, and remote sensing). Modeling studies were performed to

investigate the dust transport and radiative effects. The first experiment (SAMUM–1,

[Heintzenberg , 2009]) took place in southern Morocco near the Saharan desert close to

major source regions of mineral dust in central Algeria and western Tunisia [Knippertz

et al., 2009]. The second experiment (SAMUM–2, [Ansmann et al., 2011a]) was con-

ducted at Cape Verde, which is located in the regime of intercontinental long-range

transport of mineral dust and biomass-burning smoke from Africa over the Atlantic

ocean towards North and South America. The major campaign of SAMUM–2 took

place during the winter of 2008 (15 January to 14 February) and, hence, it is (in several

publications) referred to as SAMUM–2a or SAMUM–2 winter to separate it from an

additional measurement campaign that was conducted from 24 May to 17 June 2008,

and which is, therefore, referred to as SAMUM–2b or SAMUM–2 summer. Results of

the SAMUM campaigns can be found in two special issues in Tellus, Series B (61, 2009

and 63, 2011). A summary, also including results of other studies on optical properties

of desert dust aerosol, is given below.

Properties of dust particles are very different compared to those of other aerosol types

and, hence, their discrimination is usually easy. Most important for particular optical

properties of dust particles is their non-spherical shape and their large size. The for-

mer leads to comparably high lidar ratios [Mattis et al., 2002; Esselborn et al., 2009]

and causes a significant depolarization of the backscattered light [Freudenthaler et al.,

2009]. Their large size results in an almost neutral spectral extinction and backscat-

tering behavior, i.e., the Ångström exponent is 0.0–0.4, the color ratios are of the order

of one. A statistical analysis of coordinated EARLINET observations of dust plumes

over Europe done for the period 2000–2002, presented by Papayannis et al. [2008],

indicates a high variability of the lidar ratio and the backscatter-related Ångström

exponent, especially at Southern European stations. Esselborn et al. [2009] also re-

ported on varying dust lidar ratios (38–50 sr) and could attribute their observations

to differences in dust source regions by applying backtrajectory analysis. Tesche et al.

[2009b] showed very stable values of the order of 55±10 sr at 355, 532, and 1064 nm for
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lidar ratios measured in the source region in Morocco during the same measurement

campaign, SAMUM–1. These values are clearly larger than the values reported by

Cattrall et al. [2005] and the ones used in the CALIPSO retrieval (cf. Section 3.2.2).

CALIPSO observations in the Saharan dust plume show similar values for 1064 nm

[Liu et al., 2008], whereas discrepancies occur at 532 nm. Furthermore, Schuster et al.

[2012] computed an AERONET-based lidar ratio climatology for sites located in the

dust belt. The authors found regionally varying lidar ratios with highest values of

55.4 sr at 532 nm in the non-Sahel regions of Northern Africa and lower lidar ratios in

the African Sahel (49.7 sr) and the Middle East (42.6 sr). Results of Mamouri et al.

[2013] support these findings. Schuster et al. [2012] explained this regional variability

in the lidar ratio by the regional variability of the real refractive index of dust, which

in turn is caused by the variability of the relative proportion of the mineral illite. The

results of Schuster et al. [2012] support findings from other comparisons, e.g., Pap-

palardo et al. [2010], Wandinger et al. [2010], which led to the conclusion, that the

assumed lidar ratio of 40 sr for the CALIPSO dust retrievals is too low.

The actual source region and transport pattern determine the dust optical properties

observable over Europe. Due to the area of origin (white, yellow, red sand) dust con-

tains different mineral constituents, which add up in corresponding absorption prop-

erties of the respective dust particles. For instance, an increase in the iron content

affect the absorption properties leading to an increased lidar ratio like it was found

during SAMUM–2 at the Cape Verde Islands [Groß et al., 2013]. The transport at low

levels over oceans like the Mediterranean Sea leads to a mixing with marine aerosols.

Additionally, the mixing with polluted continental aerosol or smoke has to be taken

into account during investigations of transported dust layers. Furthermore, the coat-

ing of dust particles with sulfuric components, which occurs likely during long-range

transports and cloud processing of particles, plays a role and was investigated, e.g.,

during SAMUM–2 and recently during the Saharan Aerosol Long-range Transport and

Aerosol-Cloud-Interaction Experiment (SALTRACE) (cf., e.g., Weinzierl et al. [2011];

Ansmann et al. [2014]). In case of complex aerosol layering the dust profiling method-

ology – polarization-lidar photometer networking (POLIPHON) method – can be used

for a height-resolved separation of fine-mode and coarse-mode dust properties (dust

and non-dust aerosol backscatter and extinction, volume, and mass concentration) as

it is shown by Mamouri and Ansmann [2014].

It is noteworthy, that dust observations from space have to be corrected for the influ-

ence of multiple scattering. Wandinger et al. [2010] found that the atmospheric at-

tenuation obtained from space is reduced by 10%–40% in optically dense dust plumes

(with particles of effective radii between 1.2 and 6.8 µm [Weinzierl et al., 2009]) due

to considerable multiple-scattering effects. Results are based on frequently monitored

differences between extinction coefficients for Saharan dust derived from CALIPSO
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observations and measured by EARLINET and during SAMUM. In the CALIPSO

retrieval of backscatter coefficients, the atmospheric attenuation is corrected with the

help of a priori lidar ratios from the look-up table. It was found that the value of

40 sr used for dust represents an effective value that accounts well for the reduced at-

tenuation caused by multiple scattering. Therefore, CALIPSO backscatter retrievals

work well and comparisons with ground-based observations show good agreement. In

contrast, if extinction values are calculated by multiplying the backscatter values with

the effective lidar ratio, a systematic underestimation of extinction and, thus, aerosol

optical depth is caused. Wandinger et al. [2010] asserted that this could be avoided,

if a true mean lidar ratio of 55 sr would be used for the extinction calculation.

2.2.3 Biomass-burning (smoke) aerosol

Biomass-burning aerosol or smoke can be of anthropogenic or natural origin. It is pro-

duced by, e.g., anthropogenic wood and crop burning or natural forest fires strongly

depending on land use, vegetation cycle, seasonal weather conditions, and human be-

havior. The kind of burning influences the size of the smoke particles and the released

amount of soot and, thus, the optical properties of biomass-burning aerosol. Flam-

ing fires emit smaller and highly absorbing particles, whereas larger and less-absorbing

particles are produced in smoldering fires. Furthermore, during the transport of smoke

processes such as hygroscopic growth, condensation of inorganic and organic vapors,

coagulation, and photochemical as well as cloud-processing mechanisms lead to parti-

cle growth and changes in optical properties [Müller et al., 2005; Amiridis et al., 2009;

Alados-Arboledas et al., 2011; Nicolae et al., 2013; Vakkari et al., 2014].

There are different sources for biomass-burning (smoke) aerosol observable over Eu-

rope. A selection of 10-day Moderate Resolution Imaging Spectroradiometer (MODIS,

cf. Section 4.3.4) maps of active fires for the northern hemisphere in the period July

2008 to June 2009 presented in Figure 2.3 shows that the fire season in northern mid-

latitudes usually lasts from March to October. During the major fire activity from July

until September smoke from local crop-burning fires, especially in the croplands of the

Ukraine (north of the Black Sea) and around the Mediterranean, can be observed. In

addition, in springtime a fire belt stretches from the Ukraine along Southern Siberia

toward the Pacific Ocean. Predominantly westerly winds cause a transport via the

Pacific, North America, and the Atlantic to Europe where aerosol can be obtained

in most cases only after one or two weeks of transport. Between May and October

also long-range-transported biomass-burning aerosol from boreal forest fires in North

America and Canada to European stations can frequently be observed [Wandinger

et al., 2002; Mattis et al., 2003; Müller et al., 2005]. Investigation of optical data of

long-range-transported biomass-burning aerosol show a decrease of the Ångström ex-
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Figure 2.3: Selection of 10-day MODIS maps of active fires (red and yellow dots) for

the northern hemisphere in the period July 2008 to June 2009.

ponent from 1.8 to 0.4 due to an increase in the effective particle radius from 0.12 to

0.4 µm during a travel time of 25 days or a travel distance of 25 000 km [Müller et al.,

2007b]. In addition, Wandinger et al. [2002] and Müller et al. [2005] already found

extinction-related Ångström exponents close to 0 and backscatter-related Ångström

exponents of ≈1 for aged smoke particles (after long-range transport of several days).

Fresh smoke emitted by wild fires can be observed in Southern Europe during sum-

mer time. Analysis of lidar and Sun photometer data from 2001 until 2005 performed

by Amiridis et al. [2009] over Greece indicated a decrease in the backscatter-related

Ångström exponent from 2.5 to 1.0 and an increase in the lidar ratio from values

around 45 to values of 80–100 sr when the age of the smoke increases from 5 to

17 days. Alados-Arboledas et al. [2011] observed fresh smoke particles over Granada

(37.16 N, 3.6 W), Spain and found a rather pronounced accumulation mode and fea-

tures markedly different from those reported for aged smoke particles. Lidar ratios



18 CHAPTER 2. AEROSOL TYPING – CURRENT STATE OF RESEARCH

were around 60–65 sr at 355 and 532 nm and Ångström exponents about 1.0–1.5. The

single-scattering albedo was low with 0.76–0.90, depending on the measurement wave-

length. Airborne HSRL measurements evaluated by Burton et al. [2012] support these

findings of differences in the lidar ratio between fresh and aged smoke. Significantly

smaller lidar ratios of 30–60 sr at 532 nm were found for fresh smoke than for advected

smoke from Siberian forest fires with values of 60–80 sr. The determined backscatter-

related color ratio indicates larger values (smaller particles) for fresh smoke than for

aged smoke on average. The particle linear depolarization ratio at 532 nm for fresh

smoke was typically low (<2–5%) and also typically lower than for aged smoke (3–8%).

2.2.4 Polluted continental aerosol

Polluted continental aerosol is the major aerosol type obtained in the planetary bound-

ary layer of highly industrialized regions of the globe and, thus, determines the ob-

servations in the lower troposphere in Europe. It contains aerosol from anthropogenic

pollution and can also be called urban aerosol. As major aerosol sources are fossil fuel

combustion and traffic, sulfate particles dominate this aerosol type. Soot, nitrates,

ammonium, and organic carbon are present as well. The particles are directly emitted

into the atmosphere or produced in the atmosphere by gas-to-particle conversion of

emitted precursor gases. Due to that production process polluted continental aerosol

mainly consists of small particles with a modal diameter well below 100 nm (Aitken

mode). The particles of the accumulation mode are significantly smaller than those

of the accumulation mode of aged biomass-burning aerosols of various origins [Petzold

et al., 2002; Hamburger et al., 2012]. Polluted continental aerosol particles do not sig-

nificantly depolarize the backscattered light but cause a strong wavelength dependence

of the optical properties, i.e., Ångström exponents >1 and color ratios <0.5. Typical

lidar ratios are 50–70 sr depending on the absorption properties determined by the

carbon content of the aerosols [Mattis et al., 2004; Cattrall et al., 2005; Müller et al.,

2007a]. Bösenberg et al. [2003] reported an average lidar ratio of 55 sr at 351 nm for

the lowermost 2–3 km over Hamburg, Germany. The transport over long distances,

e.g., from North America to Europe, leads to a smaller lidar ratio [Müller et al., 2007a].

Also hygroscopic growth has an influence on polluted continental aerosol [Granados-

Muñoz et al., 2015], since pollution consists mainly of water-soluble substances like

sulfate and nitrate.

It should be noted that different stages of industrial development and environmental

regulations obviously lead to significant differences in the properties of polluted conti-

nental aerosol. Small particles dominate the polluted continental aerosol in Europe and

the United States of America (U.S.A.), but not in Southeast Asia where an increased

amount of large particles is found relative to the fine particle mode. In Southeast Asia
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Figure 2.4: Definition of European source regions for polluted continental aerosol defined

for the analysis presented in this thesis. The boundaries are overlaid on the EMEP

emission map of CO in 2005.

these particles are produced by low-temperature combustion processes in domestic

heating, wood and crop burning, but are also due to relaxed environmental regula-

tions. Accordingly, lower Ångström exponents and lidar ratios are observed compared

to European or North American aerosols [Ansmann et al., 2005; Cattrall et al., 2005;

Müller et al., 2006, 2007a; Tesche et al., 2007]. Therefore, a further aerosol type named

Southeast Asian aerosol [Cattrall et al., 2005] was introduced. Since this aerosol type

is not present over the considered European continent, it will not be applied in this

thesis.

Source regions for polluted continental aerosol observable over Europe are related to

regions where the emission of particulate matter and aerosol precursor gases takes

place. Maps showing, e.g., the emission of CO, SOx, PM2.5 (particle mass for parti-

cle diameter <2.5 µm), and PMcoarse (coarse particle mass) are provided by EMEP

(Co-operative Programme for Monitoring and Evaluation of the Long-range Trans-

mission of Air Pollutants in Europe, cf. http://www.ceip.at). Based on the EMEP

emission inventory and on the distribution of the EARLINET stations, the Euro-

pean anthropogenic source regions could be distinguished according to Figure 2.4.

In this way, local pollution in Central (mainly including Germany, Western Poland,

Czech Republic, Slovakia, Hungary, Austria, northern parts of Switzerland, Eastern

France, and BeNeLux), Western (mainly including Ireland, the United Kingdom, and

France), Northern (mainly including Scandinavia), Eastern (mainly including Russia,

Ukraine, Belarus, the Baltic States, and Eastern Poland), Southeastern (mainly in-

cluding the Balkans, Greece, and Turkey), Southern (mainly including Italy and the
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surrounding islands, southern parts of Switzerland), and Southwestern (mainly includ-

ing Spain and Portugal) Europe can be directly related to the respective EARLINET

measurement stations (cf. Section 3.1). In addition to the areas defined in Figure 2.4,

extra-European source regions are considered, because polluted continental aerosols

can also be transported in lofted layers from outside toward Europe. In particular,

EARLINET has observed anthropogenic pollution from North America [Müller et al.,

2004] for which similar values for lidar ratios of 50–60 sr at 355 nm and 60–70 sr at

532 nm and extinction-related Ångström exponents of about 1.2–1.7, indicating com-

parably small particles, were observed [Müller et al., 2014].

Further observations in Northern and Central Europe show particles in the free tro-

posphere from time to time in spring [Heintzenberg et al., 2003; Müller et al., 2004],

referred to as Arctic haze [Shaw , 1984, 1995]. This pollution is an extremely aged

anthropogenic pollution aerosol originating from precursor material advected from in-

dustrialized areas of the Northern Hemisphere to the polar regions where it is captured

by the polar front in winter [Rahn and Heidam, 1981; Barrie and Hoff , 1985; Marelle

et al., 2015]. Solar-induced conversion processes lead to a maximum of Arctic haze in

springtime. Müller et al. [2007a] report on lidar ratios being around 60 sr at 355 and

532 nm and, thus, well within the variability found for European anthropogenic pollu-

tion. However, Ångström exponents are comparably large. Long-lasting sedimentation

and coagulation processes lead to a very narrow size distribution with mean particle

sizes smaller than what is usually found for free-tropospheric anthropogenic pollution

[Müller et al., 2002, 2004, 2005].

In addition, photochemical smog, a further specific type of anthropogenic pollution,

can mainly be observed in highly polluted European areas under certain circumstances

in summer. Episodes with photochemical smog are often observed in Southeastern

Europe during the summer months when particles are formed due to so-called pho-

tochemical conversion of precursor gases and an enhanced ozone production leads to

hazardous atmospheric pollution levels.

2.2.5 Clean continental aerosol

Clean continental aerosol can also be called continental background or rural aerosol.

It represents a mixture of (aged) urban components with particles from agricultural

activity and natural sources. Therefore, it may consist of a variety of substances

such as sulfates, nitrates, ammonium, soot, organic carbon, mineral soil particles,

pollen, and other biogenic material. Depending on the relative contributions of these

constituents it may show optical properties reaching from those of urban pollution to

those of mineral dust. For this analysis an aerosol layer is defined as clean continental

aerosol when the aerosol load (optical depth, mean backscatter coefficient) was low
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compared to the average aerosol load at the measurement site. Clean continental

aerosols can normally be observed after precipitation events when particulate pollution

has been removed from the atmosphere or when clean air masses arrive from remote,

less-polluted areas, e.g., from Northern or Northeastern Europe. Typically, no specific

sources can be related to such aerosol layers. Anyway, the advection scheme indicated

by transport simulations with the FLEXible PARTicle dispersion model (FLEXPART)

(cf. Section 4.2.1) was taken following the aerosol source regions defined for polluted

continental aerosol. For the lidar-ratio estimate required in the CALIPSO retrieval it is

assumed that large particles dominate this aerosol distribution resulting in small lidar

ratios of the order of 30–35 sr. These assumptions are consistent with observations

under background conditions in Portugal [Ansmann et al., 2001].

2.2.6 Tropospheric volcanic aerosol

Only a few observations of volcanic ash contribute to the data set used for this thesis

and so far no further investigations were made. For completeness, some character-

istic properties shall be mentioned in the following. Ansmann et al. [2010] reported

on measurements of a young ash plume about 1.5–2 days after the eruption of the

Icelandic volcano Eyjafjallajökull in April 2010. The authors presented that fresh ash

consists of large, non-spherical mineral particles with particle linear depolarization

ratios of about 35% and lidar ratios of 50–65 sr, optical properties nearly identical

to those of desert dust. In addition to ash particles, volcanic eruptions inject large

amounts of sulfur dioxide into the atmosphere. Within several days sulfate particles

develop, which consist of small droplets and, therefore, do not show a depolarization

effect. Ansmann et al. [2011b] showed that both components, a fine mode consisting

of sulfate particles and a coarse mode consisting of ash, can be observed in the aged

volcanic plume and might be separated via depolarization-ratio measurements [Tesche

et al., 2009a].

Former studies [e.g., Pappalardo et al., 2004a; Zerefos et al., 2006; Wang et al., 2008]

reported on lidar ratios of 50–60 sr and backscatter-related Ångström exponents of 2.7

characteristic for small sulfate particles originating from eruption plumes of Mount

Etna, which have been detected occasionally by Southern European EARLINET sta-

tions in the past. Mattis et al. [2010] evaluated volcanic aerosol layers that were

monitored in the upper troposphere and lower stratosphere over Leipzig in 2008 and

2009. These layers were traced back to eruptions of different volcanoes on the Aleu-

tian Islands, Kamchatka, Alaska, and on the Kuril Islands. The authors found a

wavelength dependence of the backscatter and extinction coefficients that results in

Ångström exponents of 1.0–2.0.
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2.2.7 Stratospheric aerosol

Stratospheric aerosol mainly originates from volcanic eruptions, which inject large

amounts of sulfur dioxide and in case of very strong eruptions also ash particles di-

rectly into the stratosphere. Whereas large particles are usually removed within a few

weeks, the precursor gases are converted to well-defined sulfuric-acid droplets through

photochemical gas-to-particle conversion. These small particles can only be removed

via sedimentation and tropopause foldings. The removal processes take several years.

The optical properties of stratospheric aerosols are relatively well understood [e.g.,

Wandinger et al., 1995; Jäger and Deshler , 2002]. The acidity determines the re-

fractive index and can be calculated in dependence on atmospheric temperature and

water-vapor mixing ratio. Lidar ratios and Ångström exponents depend on the actual

size distribution of the droplets. Wandinger et al. [1995] and Ansmann et al. [1997]

report on values of the lidar ratio reaching from 20 sr for large mean droplet diame-

ters to 70 sr for small mean droplet diameters. Stratospheric volcanic aerosol layers

investigated by Mattis et al. [2010] featured lidar ratios of 30–60 sr and 30–45 sr at

355 nm and 532 nm, respectively.

2.2.8 Aerosol mixtures

During the development of an aerosol classification scheme for the present study, it

turned out that a broad variety of aerosol mixtures were observed over the European

continent. Different types of aerosols are mixed during the relatively long pathways of

air masses that travel across different aerosol source regions before they are detected

over the European continent. For instance, when dust is transported at low altitudes

from the Sahara toward Europe, it is mixed with other aerosols from local or regional

sources. This situation is often observed at EARLINET stations in the Mediterranean

region. Here, dust can be mixed with marine aerosol over the sea, but also with

anthropogenic pollution and smoke in the densely populated coastal areas. On the

other hand, when aerosol sources are very close to each other a mixing occurs often

directly after emission. This is the case when, e.g., smoke or marine aerosol is emitted

near densely populated regions characterized by a high amount of polluted continental

aerosol. Always a mixture will be observed.

This mixing of aerosols with different optical properties leads to modified characteristic

optical properties and requires specific care [e.g., Lesins et al., 2002; Petzold et al.,

2011; David et al., 2013]. Sea-salt particles are large and non-absorbing, whereas smoke

and pollution aerosol show a considerable absorption and consist of relatively small

particles. Thus, mixing of either marine aerosol or absorbing aerosol or both with dust

may result in quite different optical properties. Observations of mixtures containing
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smoke or pollution aerosol show a decrease in the particle size and increasing Ångström

exponents, whereas especially marine particles can lower the lidar ratio significantly

[Müller et al., 2007a; Burton et al., 2012, 2013; Groß et al., 2013].

Most of the southern European EARLINET stations are located very close to the

Mediterranean Sea, which means that marine particles always have a strong influence

on the aerosol optical properties. Müller et al. [2007a] reported on mean lidar ratios for

polluted marine aerosol that were typically below 50 sr (varying between approximately

30 sr and 40 sr at 532 nm) within the planetary boundary layer (PBL) at the Italian and

Greek stations. Furthermore, Burton et al. [2012] reported on reduced, compared to

pure dust, values for the particle linear depolarization at 532 nm of about 20% to 35%

for measurements containing a dusty mix and stated that these values of depolarization

are consistent with results from various studies of dust mixed with other species [Léon

et al., 2003; Sugimoto and Lee, 2006; Heese and Wiegner , 2008; Groß et al., 2011b;

Tesche et al., 2011b; Weinzierl et al., 2011]. Recently, attempts have been made to

split mixtures of different aerosol types into pure types [Tesche et al., 2009a; Burton

et al., 2014; Müller et al., 2014; Noh, 2014], which can then be processed individually by

inversion algorithms to derive microphysical properties [Müller et al., 1999; Böckmann,

2001; Veselovskii et al., 2002, 2013; Kolgotin and Müller , 2008; Müller et al., 2011],

but this is beyond the scope of this study.

Polluted dust is the only explicit mixture of different aerosol types considered in the

CALIPSO aerosol typing scheme (cf. Section 3.2.2). “This aerosol model is designed to

account for episodes of dust mixed with biomass-burning smoke, which are frequent in

regions close to strong sources of both [e.g., in West Africa and Asia]. It also accounts

for instances of dust mixed with urban pollution as is frequently encountered in parts

of Asia and Europe” [Omar et al., 2009]. This mixture was included in the aerosol

typing used here. The CALIPSO polluted dust model does not consider mixtures of

dust with marine aerosol. The mixing of marine aerosol with continental pollution

or smoke plumes is also not taken into account. As already mentioned, the aerosol

typing for the EARLINET data was done by using the same aerosol types as included

in the CALIPSO classification scheme. In addition, aerosol mixtures were defined by

combining the introduced pure aerosol types.

2.2.9 Aerosols over Europe

Within this work the aerosol distribution over Europe is investigated. Former studies

showed the presence of various kinds of aerosols over Europe [Ansmann et al., 2002,

2003; Wandinger et al., 2002, 2004; Heintzenberg et al., 2003; Mattis et al., 2003, 2010;

Müller et al., 2003b, 2005; Matthias et al., 2004; Pappalardo et al., 2004a; Amiridis

et al., 2009; Guerrero-Rascado et al., 2009; Mamouri et al., 2009; Giannakaki et al.,
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2010; Alados-Arboledas et al., 2011; Dahlkötter et al., 2014]. On the one hand, the

aerosol distribution over Europe is caused by the presence of aerosol sources of differ-

ent aerosol types. There are the surrounding seas like the Mediterranean for marine

aerosols. Fires in Southern and South Eastern Europe serve as origin for frequently

observed biomass-burning (smoke) aerosols. Highly populated and industrialized re-

gions all over Europe, but mostly in Western and Central Europe, are large sources for

polluted continental aerosol, which mainly dominates the aerosol load in the bound-

ary layer. On the other hand, aerosols are lifted into the free troposphere or even into

the stratosphere and are transported from their source regions, e.g., the Sahara or

North America, over long distances to Europe and around the globe. Observations of

long-range transport over Europe provide information on the variability that can be

particularly high in such cases both in terms of geometrical and optical properties as

demonstrated also by previous EARLINET studies [e.g., Mona et al., 2006; Villani

et al., 2006; Papayannis et al., 2008; Wang et al., 2008].

2.3 Results of aerosol typing studies

So far, only few efforts have been made to derive aerosol-type-dependent lidar param-

eters in a systematic way. First attempts for the characterization of different aerosol

types using a three-wavelength elastic-backscatter lidar were made by Sasano and

Browell [1989]. The authors identified and classified five types of aerosols: continen-

tal, maritime, Saharan dust, stratospheric aerosols, and aerosols of the tropical forest.

In 1994 the Lidar In-space Technology Experiment (LITE) [McCormick et al., 1993;

Winker et al., 1996] provided the first opportunities to observe vertical aerosol distribu-

tions globally. Kent et al. [1998] described the long-range transport of biomass-burning

aerosols and the characterization of the optical properties using LITE observations.

However, information gained so far were from elastic-backscatter lidars, for which it

is not possible to independently measure the aerosol extinction and backscatter co-

efficients. Instead, assumptions on the lidar ratio are required within the retrieval,

and the need for more accurate lidar ratios to constrain this type of retrieval further

motivates aerosol classification and characterization studies.

Dubovik et al. [2002] used AERONET Sun photometer measurements (cf. Sec-

tion 4.3.3) and identified urban-industrial aerosol from fossil-fuel burning, biomass-

burning aerosol from forest and grassland fires, wind-blown desert dust, and marine

aerosol. Later, Cattrall et al. [2005] expanded this set of aerosol types by adding

a Southeast Asian type, counting for a greater number of large particles relative to

fine particles compared to urban-industrial pollution aerosol. Cattrall et al. [2005] pub-

lished lidar parameters of five key aerosol types (marine, urban, biomass-burning, dust,
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Table 2.1: Lidar parameters (lidar ratio Sλ, backscatter coefficient βλ, extinction coeffi-

cient αλ, Ångström exponent åλ) retrieved from selected AERONET sites, after Cattrall

et al. [2005]; indices indicate the wavelength in nm.

Aerosol type S550, sr S550/S1020 β550/β1020 α550/α1020 åα,1020−550
Marine 28±5 1.0±0.2 1.4±0.1 1.5±0.4 0.7±0.4

Urban/industrial 71±10 1.9±0.3 1.6±0.2 3.3±0.5 1.7±0.2

Biomass burning 60±8 2.1±0.3 1.8±0.3 3.8±0.4 1.8±0.2

Dust (spheroids) 42±4 1.2±0.1 0.9±0.1 1.2±0.1 0.1±0.1

Southeast Asian 58±10 1.5±0.3 1.6±0.2 2.4±0.3 1.3±0.2

and Southeast Asian aerosol). These values are indirectly obtained from sky-radiance

and solar-transmittance measurements and the application of scattering models for

spherical or spheroidal particles. The findings are summarized in Table 2.1. A defi-

ciency of this study is that it is not based on a distinct case-by-case aerosol typing.

Instead, mean values are derived for specific geographic locations and times of the

year, for which it is assumed that a certain aerosol type dominates the atmospheric

column.

A first automatic classification of aerosol types is reported by Shimizu et al. [2004],

who used lidar depolarization-ratio measurements to differentiate spherical from non-

spherical particles. Furthermore, Omar et al. [2005] presented a cluster analysis on

26 aerosol intensive variables derived from a comprehensive AERONET data set to

produce and characterize a set of six aerosol types (desert dust, biomass burning,

urban-industrial pollution, rural background, polluted marine, and dirty pollution). In

Chapter 1 as well as in the previous section it was emphasized that for the CALIPSO

aerosol typing a priori aerosol-type-dependent lidar ratios are needed. The applied

lidar-ratio estimates are partly based on these AERONET Sun photometer observa-

tions.

The sun-photometer measurements used in many of the studies described above in-

clude information on the entire integrated vertical column and, therefore, could be

biased in presence of inhomogeneous aerosol layering. In contrast, from ground-based

and airborne lidar observations profiles of the aerosol extinction and backscatter coef-

ficients could be derived independently to characterize vertically resolved aerosol opti-

cal properties without using models or assumptions about aerosol type. For instance,

high-quality case studies from ground-based Raman lidars [Ansmann et al., 1990] were

described by, e.g., Müller et al. [2007a, and references therein], Amiridis et al. [2009],

Noh et al. [2009], Tesche et al. [2009a,b], and Alados-Arboledas et al. [2011]. Müller

et al. [2007a] presented aerosol-type-dependent optical parameters solely based on
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Figure 2.5: Aerosol classification from measurements of lidar ratio and particle linear

depolarization ratio at 355 nm. Ground-based observations were performed with the

Raman polarization lidars POLIS (University of Munich, dots) and PollyXT (Leibniz

Institute for Tropospheric Research, open squares) at Cape Verde (dust, marine, dust and

smoke, dusty mixtures; [Groß et al., 2011b]), Leipzig, Germany (pollution, aged boreal

biomass-burning aerosol, dusty mixtures), Munich, Germany (volcanic ash; [Groß et al.,

2012]), in the Amazon Basin (smoke; [Baars et al., 2012]), and over the North Atlantic

(dust, dust and smoke; [Kanitz et al., 2013]). Figure taken from Illingworth et al. [2014].

multiwavelength lidar measurements and case-by-case aerosol typing. The data were

determined from long-term aerosol and cloud observations in the frame of the German

Aerosol Lidar Network (1996–1999) and EARLINET (since 2000) with a stationary

multiwavelength Raman lidar at Leipzig over more than a decade. Furthermore, data

with transportable Raman lidars were taken in several field campaigns in Europe,

Africa, and Asia. Results are illustrated in Figure 2.1 in Section 2.1.2 and are in-

cluded in Tables 2.2–2.6.

Results of other studies on the aerosol classification from measurements of lidar ra-

tio and particle linear depolarization ratio at 355 nm are summarized in Figure 2.5

[Illingworth et al., 2014]. Ground-based observations were performed with the Raman

polarization lidars POLIS (University of Munich, dots) and PollyXT (Leibniz Insti-

tute for Tropospheric Research, open squares) at Cape Verde (dust, marine, dust and
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smoke, dusty mixtures; [Groß et al., 2011b]), Leipzig, Germany (pollution, aged bo-

real biomass-burning aerosol, dusty mixtures), Munich, Germany (volcanic ash; [Groß

et al., 2012]), in the Amazon Basin (smoke; [Baars et al., 2012]), and over the North

Atlantic (dust, dust and smoke; [Kanitz et al., 2013]). These measurements are used

for the aerosol classification within EarthCARE [Illingworth et al., 2014].

Baars et al. [2015] showed that the attenuated backscatter coefficient at three wave-

lengths as well as the calibrated volume depolarization ratio can be used to identify

aerosol types. The authors referred on a classification in terms of particle size and

shape regarding, e.g., small spherical particles and large non-spherical particles as well

as mixtures. For future applications it is planned to implement this approach in the

CLOUDNET [Illingworth et al., 2007] retrieval at sites for which an appropriate lidar

is available to make use of the full instrument synergy, which is required for advanced

aerosol-cloud-interaction studies.

In addition to measurements of ground-based lidars, information was gained from air-

borne HSRL data [Esselborn et al., 2009; Burton et al., 2012, 2013; Groß et al., 2013].

For instance, the findings of Groß et al. [2013] and their summary of recent studies

showed typical 532-nm lidar ratios of 18±5 sr for marine aerosol [Groß et al., 2011b],

56±5 sr for desert dust [Tesche et al., 2009b], and 60±12 sr for arctic haze [Müller et al.,

2007a], which are different from those of Cattrall et al. [2005] (cf. Table 2.1). Groß

et al. [2013] remarked that lidar-ratio assumptions for a specific measurement scene

should be supported by additional information. Especially, within sophisticated aerosol

classification algorithms and lidar ratio selection schemes (e.g., CALIPSO aerosol typ-

ing scheme [Omar et al., 2009]) the lidar ratio has to be chosen with care because

questionable extinction data could be generated otherwise and, hence, the retrieval of

the climate-relevant aerosol optical depth would be erroneous [Schuster et al., 2012].

Groß et al. [2013] used polarization-sensitive HSRL measurements to derive two

aerosol-specific properties independent from aerosol load, but dependent of the shape,

size, and complex refractive index of the present aerosol particles, the particle lidar ra-

tio and the particle linear depolarization ratio. The authors noted that measurements

of these two intensive properties are not sufficient for a classification of aerosol types

like, e.g., biomass-burning smoke and anthropogenic pollution, which are obviously

harder to separate than others. Therefore, Groß et al. [2013] determined the color

ratio (ratio of aerosol backscatter coefficient at 532 and 1064 nm) in addition, which

is (as the Ångström exponent) also only dependent on the particle type and not on

concentration. The authors used algorithms for which a set of aerosol-type-dependent

thresholds were defined for each measurement dimension analog to a former study of

Weinzierl et al. [2011]. Groß et al. [2013] also pointed out that high-quality measure-

ments are mandatory as large measurement uncertainties prevent a clear aerosol type

separation.
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Further studies on the aerosol classification were done by Burton et al. [2012] based on

measurements of the NASA Langley Airborne HSRL. The authors used four aerosol

intensive parameters in the aerosol classification that do not depend on the aerosol

amount: the lidar ratio at 532 nm; the backscatter-related color ratio, which they de-

fine as the ratio of the backscattering coefficient at 532 and 1064 nm (what is different

from the definition used for CALIOP; cf. next chapter); the particle linear depolar-

ization at 532 nm (“actually the natural logarithm of this quantity, since it is more

normally distributed” [Burton et al., 2012]); and the spectral depolarization ratio,

which is the ratio of the particle linear depolarization measured at two wavelengths

(532 and 1064 nm).

Aerosol classification from depolarization information at two wavelengths was also ap-

plied by Sugimoto and Lee [2006], Groß et al. [2011b], and Kanitz et al. [2014b]. Even

depolarization measurements at three wavelengths were used by Ansmann et al. [2014]

and Müller et al. [2014].

For the aerosol classification Burton et al. [2012] defined seven aerosol types: pure

dust, dusty mix, marine, polluted marine, urban, smoke, and fresh smoke with the

following specifications. The aerosol types dust and dusty mix were said to consist of

non-spherical particles and primarily distinguished from other types by their particle

linear depolarization ratio, which is an indicator of non-sphericity. For the identifica-

tion of pure dust values of 30%–35% [e.g., Shimizu et al., 2004; Freudenthaler et al.,

2009] were defined. Dust from other sources (such as wind-blown road dust) is likewise

assumed to be a mixture. Therefore, Burton et al. [2012] introduced the dusty-mix

type containing dust mixed with pollution aerosol, but also cases of dust mixed with

marine aerosol. The dusty-mix type is characterized by an intermediate amount of

particle linear depolarization between about 10% and 30%. Maritime aerosol causes

low particle linear depolarization values, indicating spherical particles, and a small

backscatter-related color ratio, indicating relatively large particles. Optical properties

of polluted marine aerosol are intermediate between marine air and urban pollution.

Burton et al. [2012] distinguished urban and smoke aerosols from other types by their

high lidar ratios (43–87 sr), low particle linear depolarization, and large backscatter-

related color ratio, indicating small, spherical, absorbing particles. In addition, the

authors tried to distinguish urban and smoke aerosol from each other by the spectral

depolarization ratio, but admitted that these two aerosol types are, nevertheless, dif-

ficult to separate.

Müller et al. [2007a] already showed that for the separation of pollution from smoke

the wavelength dependency of the lidar ratio (355–532 nm) could be useful. The au-

thors presented for smoke higher lidar ratios (70–80 sr) at 532 nm compared to urban

aerosols (50–70 sr) what is consistent with previous Raman lidar measurements of

smoke [Wandinger et al., 2002].
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Furthermore, Burton et al. [2012] observed slightly higher smoke particle linear depo-

larization at 532 nm (8%–10%) in lofted and advected smoke layers that had traveled

over several days to the measurement site. These findings are consistent with other li-

dar measurements of long-range smoke transport [Fiebig et al., 2002; Murayama et al.,

2004]. In contrast, their observations of fresh smoke in the boundary layer close to

the source showed that it is comprised of small spherical particles as indicated by

the depolarization and backscatter-related color ratio and lower lidar ratios (24–52 sr)

than usually observed in the pollution or smoke categories. These findings agree with

results from Amiridis et al. [2009] and Alados-Arboledas et al. [2011] who presented

that the lidar ratio can be affected by the age of smoke. Burton et al. [2012] also

observed new formation of particles having optical properties close to those of fresh

smoke, but without being connected to a fresh smoke plume, obviously. The authors

found out that the formation of new particles is associated with sulfate or organics,

but does not rule out pollution-related aerosol. Burton et al. [2012] pointed out that

there is no equivalent type in the CALIOP aerosol classification scheme that includes

only a single biomass-burning type. A summary of the literature values of aerosol-

type-dependent optical parameters for major aerosol types, especially findings from

EARLINET studies as well as from Burton et al. [2012, 2013], Groß et al. [2013, 2015],

and references therein, can be found in Tables 2.2–2.6.

In a further study Burton et al. [2014] investigated aerosol mixtures in measurements

from an airborne HSRL. The authors inferred mixing ratios and extinction mixing

ratios (extinction partitions) for various cases of external mixing by using expanded

mixing equations of Léon et al. [2003]. Burton et al. [2014] emphasized that the mixing

equations (the equations for each observable) can be written in the form of a linear

combination of pure types. Instead of eight aerosol types described by multi-normal

distributions, a continuum of multi-normal distributions sample the range of possible

extinction mixing ratios from 0% to 100%. Russell et al. [2014] also applied multi-

variate normal distributions to provide a more complete picture of aerosol properties.

With this technique it is possible to precisely describe mixing rules not only for single

measurements, but also for measurement distributions. Burton et al. [2014] provided

the relationships between the mixing coefficients for different intensive quantities at

different wavelengths.

For the data evaluation performed within this thesis the intention was not to separate

identified mixtures. Only the presence of an aerosol mixture was taken into account

for the determination of aerosol optical properties. In case an aerosol mixture was

identified to be present within an observed aerosol layer, the mixture was described by

applying a combination of the defined pure types used in the CALIPSO classification

scheme.
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Table 2.2: Summary of the key findings of optical properties (lidar ratios Sλ, Ångström exponents åλ, particle linear depolar-

ization ratio δpar,532) found for marine aerosol; indices indicate the wavelength in nm and the related scattering coefficient.

Planetary boundary layer (PBL) indicates local and regional aerosol, free troposphere (FT) indicates aged particles after

long-range transport.

Source region Layer S355, sr S532, sr åα,355−532 åβ,532−1064 δpar,532,% Reference

Measurement site

(campaign)

North Atlantic

Thessaloniki, Greece FT 28±10 Amiridis et al. [2005]

Cape Verde Islands 18±5 0.71±0.10 3±1 Groß et al. [2013]

(SAMUM–2a) 18±4 18±2 1–3 Groß et al. [2011b,a]

Portugal (ACE–2)1 PBL 23±3 0.3±0.1 Müller et al. [2007a]

North America 15–25 <10 Burton et al. [2012]

17–27 0.38–0.68 4–9 Burton et al. [2013]

Mediterranean

Lecce, Italy PBL 10–20 De Tomasi et al. [2006]

Southern Italy 20–25 De Tomasi et al. [2003]

Greece 28±11 Amiridis et al. [2005]

1 ACE–2 – Aerosol Characterization Experiment 2, over the sub-tropical North-East Atlantic (Canary Islands and Portugal), 16 June to

24 July 1997
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Table 2.3: Summary of the key findings of optical properties (lidar ratios Sλ, Ångström exponents åλ, particle linear depo-

larization ratio δpar,532) found for desert dust; indices indicate the wavelength in nm and the related scattering coefficient.

Planetary boundary layer (PBL) indicates local and regional aerosol, free troposphere (FT) indicates aged particles after

long-range transport.

Source region Layer S355, sr S532, sr åα,355−532 åβ,532−1064 δpar,532,% Reference

Measurement site

(campaign/comment)

Sahara

Europe (EARLINET) FT 59±11 0.5±0.5 0.5±0.5 10–25 Müller et al. [2007a]

Munich, Germany 59±4 59±10 30–35 Wiegner et al. [2011]

Granada, Spain 50–65 Guerrero-Rascado et al. [2009]

Lecce, Italy FT 40–50 De Tomasi et al. [2006]

Thessaloniki, Greece FT 57±29 Amiridis et al. [2005]

Morocco (SAMUM–1) PBL 55±6 55±5 0.2±0.2 0.2±0.2 30–35 Müller et al. [2007a]

48±5 0.38±0.15 32±2 Groß et al. [2013]

55±5 56±5 ∼0 0.2–0.3 Tesche et al. [2009b]

31±3 Freudenthaler et al. [2009]

Cape Verde Islands 58±7 62±5 31±1 Groß et al. [2011b]

(SAMUM–2a)

Cape Verde Islands 53±10 54±10 0.22±0.27 0.45±0.16 31±1 Tesche et al. [2011a]

(SAMUM–2b)

Arabia

Limassol, Greece 34–39 28–35 Mamouri et al. [2013]



32
C

H
A

P
T

E
R

2.
A

E
R

O
S

O
L

T
Y

P
IN

G
–

C
U

R
R

E
N

T
S

T
A

T
E

O
F

R
E

S
E

A
R

C
H

Table 2.4: Summary of the key findings of optical properties (lidar ratios Sλ, Ångström exponents åλ, particle linear depolar-

ization ratio δpar,532) found for polluted continental aerosol and arctic haze; indices indicate the wavelength in nm and

the related scattering coefficient. Planetary boundary layer (PBL) indicates local and regional aerosol, free troposphere (FT)

indicates aged particles after long-range transport.

Source region Layer S355, sr S532, sr åα,355−532 åβ,532−1064 δpar,532,% Reference

Measurement site

(campaign/comment)

Europe

Central Europe

(LACE 98)2 56±6 1.28±0.27 6±1 Groß et al. [2013]

(EARLINET) PBL 58±12 53±11 1.4±0.5 1.3±0.5 <5 Müller et al. [2007a]

60–65 ∼50 Wandinger et al. [2002]

Southwestern Europe FT 45±9 1.4±0.2 1.4±0.3 <5 Müller et al. [2007a]

(ACE–2) 30–65 Ansmann et al. [2001]

Western Europe

Lecce, Italy FT 40–60 De Tomasi et al. [2006]

Western and

Central Europe

Portugal 48±9 1.29±0.13 Ansmann et al. [2002]

Central Europe

Thessaloniki, Greece FT 32±13 Amiridis et al. [2005]

Leipzig, Germany FT 64±19 59±13 1.6±0.9 Mattis [2003]

Southeastern Europe

Lecce, Italy FT 40–50 De Tomasi et al. [2006]

Eastern Europe

Leipzig, Germany FT 68±13 54±11 1.9±0.7 Mattis [2003]
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Table 2.4 Continued: Summary of the key findings of optical properties (lidar ratios Sλ, Ångström exponents åλ, particle lin-

ear depolarization ratio δpar,532) found for polluted continental aerosol and arctic haze; indices indicate the wavelength in

nm and the related scattering coefficient. Planetary boundary layer (PBL) indicates local and regional aerosol, free troposphere

(FT) indicates aged particles after long-range transport.

Source region Layer S355, sr S532, sr åα,355−532 åβ,532−1064 δpar,532,% Reference

Measurement site

(campaign/comment)

The Balkans

Thessaloniki, Greece

(fast transport) FT 38±19 Amiridis et al. [2005]

(smooth transport) FT 44±25 Amiridis et al. [2005]

North America

Europe (EARLINET) FT 53±10 39±10 1.7±0.5 1.0±0.5 <5 Müller et al. [2007a]

Leipzig, Germany 1.8–2.1 1.8–2.1 Müller et al. [2005]

North America 50–70 <10 Burton et al. [2012]

53–70 0.77–1.07 3–7 Burton et al. [2013]

Arctic haze

North polar region

and Northern Europe

Europe (EARLINET) FT 60±12 60±12 1.9±0.3 1.2±0.3 <5 Müller et al. [2007a]

FT ∼92 ∼81 1.1±0.9 Mattis [2003]

2 LACE 98 – Lindenberg Aerosol Characterization Experiment, Germany, 1998
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Table 2.5: Summary of the key findings of optical properties (lidar ratios Sλ, Ångström exponents åλ, particle linear depolar-

ization ratio δpar,532) found for biomass-burning aerosol; indices indicate the wavelength in nm and the related scattering

coefficient. Free troposphere (FT) indicates aged particles after long-range transport.

Source region Layer S355, sr S532, sr åα,355−532 åβ,532−1064 δpar,532,% Reference

Measurement site

(campaign/comment)

Southeastern Europe

Thessaloniki, Greece 40–100 Amiridis et al. [2009]

∼60 ∼50 Balis et al. [2003]

Bucharest, Romania

(fresh) 73±12 46±6 1.9±0.4 Nicolae et al. [2013]

(aged) 39±7 54±7 ∼0.97 Nicolae et al. [2013]

Granada, Spain 60–65 60–65 1–1.5 1–1.5 Alados-Arboledas et al. [2011]

Canada

Central Europe 69±17 2.23±1.30 7±2 Groß et al. [2013]

(LACE 98) 40–80 Wandinger et al. [2002]

Canada and Siberia

Europe (EARLINET) FT 46±13 53±11 1.0±0.5 1.0±0.4 <5 Müller et al. [2007a]

North America

North America 55–73 0.93–1.32 4–9 Burton et al. [2013]

(fresh) 33–46 1.07–1.32 3–6 Burton et al. [2013]

Africa

Manaus, Brazil (aged) 40–50 60–70 ∼0 0.8–1 Ansmann et al. [2009]

Cape Verde Islands 87±17 79±17 1.15±0.28 1.06±0.65 5±2 Tesche et al. [2011b]

(SAMUM–2a) 76±12 69±8 16±1 Groß et al. [2011b, 2013]
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Table 2.6: Summary of the key findings of optical properties (lidar ratios Sλ, Ångström exponents åλ, particle linear depolar-

ization ratio δpar,532) found for mixtures containing desert dust and other aerosols; indices indicate the wavelength in

nm and the related scattering coefficient. Planetary boundary layer (PBL) indicates local and regional aerosol, free troposphere

(FT) indicates aged particles after long-range transport.

Source region Layer S355, sr S532, sr åα,355−532 åβ,532−1064 δpar,532,% Reference

Measurement site

(campaign/comment)

Sahara

Europe 40–80 −0.5–0.5 −0.5–0.5 15–25 Ansmann et al. [2003]

Leipzig, Germany FT 63±11 50±19 1.6±0.5 Mattis [2003]

(dust and pollution aerosol)

Athens, Greece 75–100 45–75 ∼1.1 Papayannis et al. [2012]

Thessaloniki, Greece FT 40±16 Amiridis et al. [2005]

(dust and marine aerosol)

Portugal 45±8 53±7 0.0±0.2 ∼0.4 28±4 Preißler et al. [2011]

Africa

Cape Verde Islands

(SAMUM–2a)

(dust, biomass-burning 54±3 19–28 Groß et al. [2011b]

and marine aerosols) 50±4 0.57±0.09 27±2 Groß et al. [2013]

(biomass burning and dust) 63±7 0.71±0.13 14±2 Groß et al. [2013]

69±8 16±1 Groß et al. [2011b]

67±14 67±12 0.67±0.38 0.67±0.27 16±3 Tesche et al. [2011a]
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2.4 Verification of CALIPSO observations

The CALIPSO mission with its high resolution in time and in horizontal and vertical

dimensions provides the first opportunity to investigate global four-dimensional aerosol

fields in detail. Numerous studies were performed to evaluate the representativeness

of CALIPSO observations as well as CALIPSO products in detail. In the following,

most important findings, especially important for the present study, are summarized.

2.4.1 Representativeness of CALIPSO measurements

It is highly questionable how well CALIPSO measurements represent the atmospheric

conditions of a surrounding area over a longer time, because CALIPSO provides only

one day/night-time observation at fixed local time for a specific target location and

has a long revisiting time of 16 days as well as a small footprint on the ground of

about 70 m in diameter [Hunt et al., 2009]. Data of CALIOP observations have been

validated with ground-based [e.g., Pappalardo et al., 2010; Wandinger et al., 2011] and

airborne [Burton et al., 2013] lidar measurements in order to learn about spatial and

temporal representativeness of polar-orbiting satellite measurements also in terms of

revisit time. For instance, Wandinger et al. [2011] investigated the representativeness

of CALIOP measurements within the framework of the ESA–CALIPSO (EARLINET’s

Spaceborne-related Activity during the CALIPSO mission) project. The correlation

analysis was performed in dependence on the spatial (both horizontal and vertical)

and temporal distance of the satellite cross-section observation from a single ground-

based measurement. The spatial variability was investigated within 100 km horizontal

distance. The horizontal variability on larger scales was studied within 500 km to

investigate the variability on different horizontal scales, from regional to continental.

For the correlative study Wandinger et al. [2011] investigated geometrical (i.e., the

difference of aerosol layer base and top heights) and optical properties in detail with

specific focus on backscatter-coefficient profiles, because this parameter is the primary

CALIPSO product, it is available from all EARLINET stations, and it can be deter-

mined with high temporal and spatial resolution. In general, the CALIPSO Version 3

Lidar profiles with 5-km horizontal resolution (cf. Section 3.2.3) are very noisy and,

therefore, the realization of the representativeness study was very difficult. Neverthe-

less, one of the core results is that the correlation coefficient decreases with distance

and, in particular, a sharp decrease in the correlation coefficient is found at 300 km

horizontal distance. Observations are not correlated for temporal distances larger than

60 minutes.

Similar constraints were found during validation and exploitation of the spaceborne

information gathered during the 10 days of LITE measurements. Those first com-
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parisons of spaceborne and ground-based measurements showed that aerosols cannot

be considered to be homogeneous for distances greater than 50–100 km, or a time

difference of more than 2 hours [Anderson et al., 2003].

2.4.2 Validation of CALIPSO aerosol products

Validation of CALIPSO data products was performed by using spaceborne observa-

tions from other sensors [Kacenelenbogen et al., 2011; Kittaka et al., 2011; Kim et al.,

2013; Ma et al., 2013], airborne measurements of HSRL during CALIPSO underflights

[Rogers et al., 2011; Ottaviani et al., 2012; Burton et al., 2013; Rogers et al., 2014],

and ground-based data of, e.g., AERONET Sun photometer [Mielonen et al., 2009;

Kacenelenbogen et al., 2011; Schuster et al., 2012; Lopes et al., 2013; Omar et al.,

2013] as well as lidar [Mamouri et al., 2009; Mona et al., 2009; Pappalardo et al., 2010;

Wandinger et al., 2010; Tesche et al., 2013; Kanitz et al., 2014a; Grigas et al., 2015].

Since the lidar onboard CALIPSO is an elastic-backscatter lidar an aerosol classifica-

tion scheme was developed for the data processing [Omar et al., 2009]. A goal of this

thesis was not only the classification of aerosol types observable over Europe by means

of their optical properties based on multiwavelength EARLINET measurements, but

also the verification of the CALIPSO aerosol classification scheme.

2.4.2.1 Validation of the CALIPSO vertical feature mask and the aerosol typing

scheme

Mielonen et al. [2009] used AERONET Sun photometer data to provide an evalua-

tion of the aerosol typing with the CALIOP Version 2.01 data. The authors used

AERONET measurements of single-scattering albedo and Ångström exponent and de-

rived five aerosol types. Daily mean aerosol types were determined and compared

to the most common aerosol types from CALIOP. Mielonen et al. [2009] found out

that CALIOP can identify coarse absorbing aerosols better than fine-mode-dominated

aerosols. Agreement was found in 70% of the cases with best agreement for the dust

type (91%), moderate agreement for the polluted dust type (53%), and poorer agree-

ment for fine-mode aerosols like biomass burning (37%) and polluted together with

clean continental aerosol (22%).

In studies of Mamouri et al. [2009], Pappalardo et al. [2010], and Grigas et al. [2015]

the CALIOP classification results were compared with their own results of specifically

classified aerosol types in air masses they investigated by using EARLINET lidar data.

Mostly, the authors found good agreement apart from observations in the PBL where

large differences occur, indicating how rapidly air masses can change.

Oo and Holz [2011] stated that the criteria in the CALIOP lidar-ratio selection al-
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gorithm have too little relation to properties that are directly linked to lidar ratio

such as aerosol particle size. Instead, the criteria must rely on loading-dependent lidar

measurements and information that is only indirectly related to aerosol type, rather

than on aerosol intensive properties. The authors emphasized that the only intensive,

i.e., loading-independent, aerosol property that is used in the CALIOP aerosol type

selection is an approximate particle depolarization ratio. Even this estimate is affected

by attenuation that depends on the aerosol loading, since the aerosol type selection

algorithm occurs before the extinction retrieval [Oo and Holz , 2011].

Burton et al. [2013] presented an aerosol classification from airborne HSRL measure-

ments. Results were compared to results of the CALIPSO vertical feature mask (cf.

Section 3.2.2). The authors pointed out that the multi-resolution layer detection algo-

rithm of CALIOP is well designed for spaceborne observations having a lower signal-

to-noise ratio. In addition, Burton et al. [2013] mentioned that the identification

of internal boundaries between different neighboring aerosol types frequently do not

reflect the actual transitions between the aerosol types accurately. Concerning the

performed aerosol typing within the CALIOP retrieval the authors arrived at the con-

clusion that the CALIOP polluted dust type is overused due to an attenuation-related

depolarization bias and that it frequently includes mixtures of dust and marine aerosol,

although it should not account for that mixture. Burton et al. [2013] summarized that

the aerosol classification from their HSRL measurements are more accurate based on

the available increased information content, in the form of aerosol intensive parameters

that give direct insight into aerosol type.

The limitations of the aerosol typing especially in coastal regions was pointed out by,

e.g., Ford and Heald [2012]. The authors assessed from model simulations that the

location and layer elevation criteria in the CALIOP selection algorithm may be too

limiting. Particularly, since smoke can only be identified in elevated layers and that

elevated layers over the ocean cannot be classified as polluted continental aerosol. In

addition, Schuster et al. [2012], Omar et al. [2013], and Bridhikitti [2013] reported on

findings that showed that outflows of polluted continental aerosol were not considered

and, hence, lead to a defective classification of aerosol layers along coastlines belong-

ing to the clean marine aerosol type. Oo and Holz [2011] and Schuster et al. [2012]

demonstrated that this fact leads to underestimations of the aerosol optical depth in

coastal regions.

Another criticism is the differentiation of aerosol type dependent on the underlying sur-

face (observation over land or ocean). Discontinuities in the aerosol typing at coastal

regions caused by the fact that certain aerosol types are limited to either land or ocean,

especially clean marine aerosol is only permitted over water surfaces, were found by

Campbell et al. [2013] and Kanitz et al. [2014a]. Kanitz et al. [2014a] reported on

the fact that the lidar ratio immediately changes due to a change in the underlying
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surface. They showed a case study where the lidar ratio for example changes drasti-

cally from 20 sr for marine to 70 sr for smoke or polluted continental aerosol when

CALIPSO crosses a coastal line (from sea to land), what correspondingly can lead

to abrupt changes in the particle extinction coefficients by a factor of up to 3.5 and,

thus, to an overestimation of the particle extinction coefficients over land. Kanitz

et al. [2014a] also stated that this could as a consequence explain the positive bias

between CALIPSO Lidar Level 33 aerosol optical depth data and Sun-photometer-

derived aerosol optical depth at coastal sites, which was shown in Winker et al. [2013].

In addition, Rogers et al. [2014] reported that the errors in the CALIOP Aerosol Layer

extinction product can largely be attributed to either mistyping of aerosol layers or

errors in the modeled lidar ratios for particular types.

2.4.2.2 Optimization of the CALIPSO algorithms

Efforts have been made for providing more accurate aerosol extinction profiles from

CALIPSO data. A technique to avoid the need to infer a lidar ratio was applied by, e.g.,

Burton et al. [2010] and Josset et al. [2010]. They used column aerosol optical depth

as a constraint, but this still requires the assumption of a uniform aerosol mixture

throughout the column. Oo and Holz [2011] presented how the CALIOP aerosol

optical depth could be improved by using combined MODIS-CALIOP observations

and CALIOP integrated attenuated total color ratio.

Further attempts were made by, e.g., Giannakaki et al. [2011] and Amiridis et al. [2013].

Giannakaki et al. [2011] showed how the particle linear depolarization ratio can be a

key parameter for separating aerosol mixtures, if the particle linear depolarization ratio

for pure aerosol types is assumed. Amiridis et al. [2013] presented how the CALIPSO

Saharan dust retrievals could be optimized, when corrections are applied regarding the

Saharan dust lidar ratio assumption, the separation of the dust portion in detected

dust mixtures, and the averaging scheme introduced in the CALIPSO Lidar Level 3

product.

3 CALIPSO Lidar Level 3 climatological products are monthly means. [Winker et al., 2013]
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2.5 Approaches of the aerosol typing and verification

of the CALIPSO classification scheme presented in

this thesis

Outputs of the CALIPSO aerosol classification scheme for CALIOP Version 3.01 data

(cf. Section 3.2.2) – the latest version of the data available for the investigated period

at the time of writing – are compared to results of multiwavelength ground-based

measurements of selected EARLINET stations. Therefore, EARLINET measurements

were searched for aerosol layers, which were then classified analog the introduced pure

aerosol types as well as mixtures of the pure types. The aerosol typing presented

here is based on an individual case-by-case study. For each measurement all available

lidar parameters were used and the determination of the aerosol source was done

carefully by using a set of various information including model simulation, prediction

of aerosol load, satellite as well as meteorological data. In Chapter 5 case studies are

presented for impressive measurements of pure aerosol types and for often observed

aerosol mixtures. Statistical results of the aerosol typing, i.e., optical properties for

pure aerosol types and most frequently observed aerosol mixtures over Europe, are

summarized in the first part of Chapter 6. In the second part of this chapter results

of the verification of the CALIPSO typing scheme are illustrated.
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Chapter 3

EARLINET and CALIPSO

In Chapter 2 approaches for aerosol typing and the different types of aerosols that

can be observed over Europe were introduced. In this chapter, the techniques ap-

plied for the aerosol typing and the theoretical background are presented. Section 3.1

starts with an overview of the ground-based European Aerosol Research Lidar Net-

work. More than 20 stations have been operated in this network since the year 2000.

Most of the EARLINET stations perform correlative observations during overpasses of

the CALIPSO satellite, since the successful launch in 2006. An overview of CALIPSO

with its backscatter lidar CALIOP is given in Section 3.2. Measurement techniques

and important optical parameters are introduced. Furthermore, it is illustrated how

measurements of long-term experienced EARLINET stations offer perfect opportuni-

ties for aerosol typing and how they can be used for the validation and harmonization

of spaceborne lidar observations.

3.1 EARLINET – European Aerosol Research Lidar

Network

3.1.1 Setup of the network

EARLINET is a continental-scale lidar network with a quality-assurance program for

instruments and algorithms [Bösenberg et al., 2001; Böckmann et al., 2004; Matthias

et al., 2004; Pappalardo et al., 2004b, 2014]. Figure 3.1 shows the geographical distri-

bution of the 27 currently active EARLINET stations. The setup of the network allows

for frequent aerosol profiling in key areas of anthropogenic pollution, in marine and

desert dust environments as well as in regions of biomass-burning events. EARLINET

stations provide regular observations three times per week. In addition, measurements

are carried out for special events like Saharan dust outbreaks, volcanic eruptions, or
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Figure 3.1: Geographical distribution of the 27 currently active EARLINET stations.

Red dots indicate multiwavelength Raman lidar stations (EARLINET core stations). Yel-

low dots correspond to stations with at least one Raman channel. Blue dots denote lidars

with only elastic-backscatter channels. Adapted from Pappalardo et al. [2014].

forest fires. Long-term measurements have been performed at multiple wavelengths

(ultraviolet – UV, visible – VIS, infrared – IR). Based on these measurements aerosol-

type-dependent optical parameters can be derived as it is explained below.

3.1.2 Measurement principle and available products

In general, a lidar consists of a transmitter and a receiver unit. The core of the

transmitter unit is a pulsed laser. A laser pulse is sent into the atmosphere. On its

way the emitted laser light is scattered and partly absorbed by molecules (mol) such

as nitrogen and oxygen, but also by present solid or liquid constituents in the air

such as aerosol particles, cloud droplets, ice crystals and precipitating hydrometeors,

which are all summarized as particles (par). Part of the light is scattered back under

180◦ and collected and analyzed by the lidar receiver. The sum of the absorption and
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scattering is called extinction and, hence, this term describes the attenuation of the

emitted signal during its way through the atmosphere. The extinction coefficient at

the wavelength λ0 and the range R can be expressed as:

α(λ0, R) = αmol(λ0, R) + αpar(λ0, R). (3.1)

The amount of light that is scattered at 180◦ is described by the backscatter coefficient,

which is also subdivided for molecules and particles:

β(λ0, R) = βmol(λ0, R) + βpar(λ0, R). (3.2)

Particle extinction and backscatter coefficients, αpar and βpar, are extensive aerosol

parameters, i.e., they depend on the absolute concentration of aerosol particles in the

atmosphere and are not necessarily characteristic values for certain aerosol types.

The detection of the lidar signal is realized in the receiver unit, which is composed of a

telescope mirror of the area AT , an optical detection unit and a data acquisition system.

The range-resolved received power, i.e., the detected lidar signal P (λ0, R), depends on

the scattering and absorption processes explained above, but is also dependent on

other parameters that are summarized in the lidar equation:

P (λ0, R) =
P0(λ0)τpcATµ(λ0)

2

O(λ0, R)

R2
β(λ0, R) exp

[
−2

∫ R

0

α(λ0, ε)dε

]
. (3.3)

The first term denotes the range-independent variables with the emitted laser power

P0(λ0) of a laser pulse at an emitted wavelength λ0 that is backscattered within a

range cell centered at the range R. The range cell is given by τpc

2
with the laser pulse

length τp and the speed of light c. AT is the already mentioned area of the receiver

telescope. µ(λ0) is the wavelength-dependent transmission of the receiver optics, also

called system efficiency. The second term includes correction factors like the geomet-

ric form factor O(λ0, R), which characterizes the overlap between the laser beam and

the receiver field of view (RFOV) [Wandinger and Ansmann, 2002], and the inverse

square distance R−2. This term is followed by the backscatter coefficient β(λ0, R) and

the transmission term expressed by an exponential function including the extinction

coefficient α(λ0, R).

In Bucholtz [1995] it is shown that molecular extinction and backscatter coefficients

(αmol, βmol) can be calculated for given profiles of temperature and pressure. In con-

trast, particle extinction and backscatter coefficients (αpar, βpar) can be derived by

two different approaches, which are used depending on the applied lidar technique.

Mostly a photon is scattered from an atom or molecule so that the energy (wavelength

and frequency) of the photon is conserved. That process is called elastic or Rayleigh

scattering. In contrast, there are processes of inelastic scattering, which is also called
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Raman scattering, at which a photon is scattered by an excitation so that the en-

ergy of the scattered photon is different from the energy of the incident photon. If

the lidar is equipped with receiver channels for the detection of Raman scattering, the

backscattering as well as the extinction can be determined from the elastic-backscatter

profile and the respective Raman signal [Ansmann et al., 1990, 1992a; Ansmann and

Müller , 2005; Wandinger , 2005]. This approach is called Raman method and is ap-

plied whenever possible, because no critical assumptions are necessary. In principle,

the low signal-to-noise ratios allow Raman measurements throughout the troposphere

only at nighttime. At daytime, measurements in the lower troposphere are possible.

The majority of daytime data is evaluated by using elastic-backscatter signals and ap-

plying the so-called Klett method [Klett , 1981, 1985; Fernald , 1984; Sasano et al.,

1985]. For an elastic-backscatter lidar [Hinkley , 1976; Megie, 1985; Kovalev and

Eichinger , 2004; Ansmann and Müller , 2005] the problem arises that only one sig-

nal is detected while two unknown quantities (αpar, βpar) remain in the lidar equation

(cf. Equation (3.3)). Since the scattering coefficients cannot be retrieved indepen-

dently of each other, a ratio of extinction to backscattering, also known as lidar ratio

S, is introduced to substitute one of the two unknowns. It is defined as the relation

between the extinction coefficient α and the backscatter coefficient β measured at λ0
for a specific range R. Again, contributions of molecules and particles have to be com-

prised. The molecular lidar ratio Smol is constant (≈ 8π
3

sr) with height. The particle

lidar ratio

Spar(λ0, R) =
αpar(λ0, R)

βpar(λ0, R)
(3.4)

varies with range R, because it is sensitive to the size, shape, and absorption prop-

erties of the scattering particles [e.g., Wiegner et al., 2009; Gasteiger et al., 2011;

Schuster et al., 2012]. Especially the absorption properties (i.e., the imaginary part of

the refractive index) of the scattering particles strongly influence the lidar ratio. In-

creasing particle absorption efficiency leads to increasing lidar ratio values. Typically,

non-spherical particles have higher lidar ratios than spherical particles of the same

size. Similar lidar ratios can be observed for totally different particle types due to

the possible compensation of the different effects. For instance, lidar ratios of urban

haze (small and highly absorbing) and mineral dust (large, non-spherical, and less

absorbing) are similar with values of 50–55 sr [Ackermann, 1998; Müller et al., 2007a;

Tesche et al., 2009b]. In general, the lidar ratio of tropospheric aerosols is typically

lower for coarse-mode particles (i.e., sea salt, dust) with values of 20–50 sr than for

small and/or highly absorbing accumulation-mode particles with values of 50–80 sr at

532 nm [Ackermann, 1998; Cattrall et al., 2005; Müller et al., 2007a, and references

therein].

For the analysis of signals of an elastic-backscatter lidar a reasonable value of
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Spar(λ0, R) needs to be assumed to convert the retrieved backscatter-coefficient pro-

files into extinction profiles. Achievements and limitations of the Klett method have

been discussed in the literature for decades [e.g., Fernald et al., 1972; Klett , 1981;

Fernald , 1984; Klett , 1985; Sasano et al., 1985; Bissonnette, 1986; Gonzales , 1988;

Ansmann et al., 1992b; Kovalev , 1995; Kunz , 1996; Ackermann, 1998; Kovalev and

Eichinger , 2004] and will not be repeated here. Since CALIOP onboard CALIPSO is

an elastic-backscatter lidar estimates on the lidar ratio are needed. In the CALIPSO

classification scheme aerosol-type- and wavelength-dependent lidar ratios are applied

(cf. Section 3.2.3).

A further important quantity for aerosol typing is the depolarization ratio, the ratio of

the backscattered radiation that is perpendicular and parallel polarized with respect

to the plane of the polarization of the emitted laser pulse. The depolarization ratio

can be determined when linearly polarized laser light is transmitted and two receiver

channels with linear polarization analyzers oriented parallel and perpendicular to the

plane of polarization of the transmitted light are employed. In this case, the volume

linear depolarization ratio δ(λ0, R) is defined as the ratio of the calibrated lidar returns

received in these two channels:

δ(λ0, R) = C
P⊥(λ0, R)

P‖(λ0, R)
. (3.5)

C is the calibration factor. The depolarization ratio can be determined for the whole

scattering volume, but also for particles separately (particle linear depolarization ra-

tio δpar(λ0, R)). The particle linear depolarization ratio depends on particle size and

shape. Backscattering by spheres does not alter the state of polarization of light.

That means light is not depolarized and, thus, δpar(λ0, R) ≈ 0 for spherical particles.

δpar(λ0, R) increases with increasing amount of large, non-spherical scatterers. In gen-

eral, high-quality (highly accurate) measurements of the particle linear depolarization

ratio are rare. Often, the easier to obtain volume depolarization ratio is used, but in

most cases only for a qualitative distinction of non-spherical (mainly ice crystals or

mineral dust) from spherical particles [Schotland et al., 1971; Sassen, 1991, 2005].

The particle linear depolarization ratio is well accepted as a discriminator of dust

[Shimizu et al., 2004; Omar et al., 2009]. In nearly pure dust high values of 30%

to 35% depolarization at 532 nm were measured [Sugimoto and Lee, 2006; Liu et al.,

2008; Freudenthaler et al., 2009]. Usually, for a mixture of dust with spherical particles

smaller values, but larger than about 8%–10%, are observed [Murayama et al., 2003;

Sugimoto and Lee, 2006; Tesche et al., 2009a]. High depolarization values can also

be an indicator for ice particles, as in cirrus clouds [e.g., Sassen, 1977; Sakai et al.,

2003]. Smaller but detectable depolarization values are measured for crystallized sea

salt [Murayama et al., 1999; Sakai et al., 2010] and aged biomass-burning and volcanic
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aerosols [Sassen, 2008]. The degree of depolarization also varies with relative humid-

ity, since hygroscopic swelling increases the sphericity of particles and decreases their

depolarization [Murayama et al., 1996; Sassen, 1999].

Depending on the operated lidar EARLINET stations provide at least one profile of

a particle backscatter coefficient — for the sake of simplicity in the following called

backscatter profile — but ideally also backscatter profiles for more than one wave-

length. In case of a Raman lidar, profiles of the particle extinction coefficient — in

the following called extinction profiles — are provided additionally. In general, some

stations provide also information about the linear depolarization ratio. For this study

only few information on depolarization was available, which then was mostly related

to the volume and for the wavelength of λ0 = 532 nm. Table 3.1 shows the used optical

information from each station. Parameters in parentheses are usually provided by the

stations, but were not available for the considered measurement period. The high-

performance stations (Athens, Cabauw, Granada, Leipzig, Maisach, Minsk, Potenza,

and Thessaloniki) equipped with multiwavelength Raman lidars are highlighted in

bold. These stations provided usually extinction and backscatter coefficients at 355

and 532 nm. Most of them also delivered backscatter coefficients at 1064 nm and

either the particle or the volume linear depolarization ratio. Raman lidar instruments

were operated as well in Barcelona, Hamburg, L’Aquila, and Naples, but not at all

wavelengths. At these sites highly reliable extinction and backscatter coefficients were

predominantly provided at 355 or 532 nm. The remaining station (Belsk) was equipped

with elastic-backscatter channels during the observational period from May 2008 until

October 2009.

Extinction and backscatter profiles provided by EARLINET stations were used to

determine lidar ratios as well as Ångström exponents and color ratios. The extinction-

related Ångström exponent, åα, at the measurement wavelengths λ1 and λ2 is defined

by [Ångström, 1964]

αpar(λ1)

αpar(λ2)
=

(
λ2
λ1

)̊aα

. (3.6)

Accordingly, the extinction-related, åα, and backscatter-related, åβ, Ångström expo-

nents are calculated for the indicated wavelengths (at 355 and 532 nm (UV–VIS), 532

and 1064 nm (VIS–IR), as well as 355 and 1064 nm (UV–IR)) as:

åα,UV−VIS(R) =
ln[αpar(355 nm, R)/αpar(532 nm, R)]

ln(532 nm/355 nm)
, (3.7)

åβ,UV−VIS(R) =
ln[βpar(355 nm, R)/βpar(532 nm, R)]

ln(532 nm/355 nm)
, (3.8)

åβ,VIS−IR(R) =
ln[βpar(532 nm, R)/βpar(1064 nm, R)]

ln(1064 nm/532 nm)
, (3.9)
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Table 3.1: List of EARLINET stations whose data were used for this work. Station

ID according to EARLINET convention, coordinates, and measured parameters are given

(α–extinction coefficient, β–backscatter coefficient, δ–linear depolarization ratio; indices

indicate the wavelength; parameters in parentheses were not provided for the considered

measurement period). High-performance core stations equipped with multiwavelength

Raman lidars are highlighted in bold.

Station ID Coord. α355 α532 β355 β532 β1064 δ532

Athens at 38.0 N x x x x x –

23.8 E

Barcelona ba 41.4 N – x – x x –

2.1 E

Belsk be 51.8 N – – x x x –

20.8 E

Cabauw ca 52.0 N x x x x x (x)

4.9 E

Granada gr 37.2 N x x x x x (x)

3.6 W

Hamburg hh 53.6 N (x) (x) x x (x) (x)

10.0 E

L’Aquila la 42.4 N x – x – – –

13.3 E

Leipzig le 51.4 N x x x x x x

12.4 E

Maisach ms 48.2 N x x x x x x

11.2 E

Minsk mi 53.9 N x – x x x x

27.6 E

Naples na 40.8 N (x) x (x) x – –

14.2 E

Potenza po 40.6 N x x x x x (x)

15.7 E

Thessaloniki th 40.6 N x x x x – –

23.0 E
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åβ,UV−IR(R) =
ln[βpar(355 nm, R)/βpar(1064 nm, R)]

ln(1064 nm/355 nm)
. (3.10)

Ångström exponents describe the relative spectral relationship of the scattering co-

efficient. This behavior depends on the size of the scattering particles. Hence,

the Ångström exponent contains information about the dominating particle size.

Ångström exponents for the short-wavelength range are sensitive to particles of the

fine-mode fraction of the size distribution (particle diameters < 1 µm), typically for

urban pollution aerosols [Müller et al., 2007a]. Scattering by small particles shows a

strong wavelength dependence and causes Ångström exponents that are larger than

unity [Eck et al., 1999]. On the other hand, values of å ≈ 0 denote wavelength in-

dependence of the investigated quantity, which is due to scattering by coarse-mode

particles (with diameters typically > 1 µm), e.g., desert dust and marine particles.

The extinction- and backscatter-related color ratio, C, in principle, contains the same

information as the Ångström exponent, because it describes also the ratio of two scat-

tering coefficients for different wavelengths. Color ratios typically are inversely related

to aerosol particle size [Sasano and Browell , 1989; Sugimoto et al., 2002]. Following

the CALIPSO convention [Winker et al., 2009] the value for the longer wavelength is

divided by the value for the shorter wavelength. This fact has to be kept in mind when

comparing the results with literature data, because the opposite wavelength definition

is often used. For the particle extinction coefficients measured at 532 and 355 nm

(VIS–UV) the respective color ratio is defined as

Cα,VIS−UV(R) =
αpar(532 nm, R)

αpar(355 nm, R)
. (3.11)

The ratio of the particle backscatter coefficients measured at 532 and 355 nm (VIS–

UV), 1064 and 532 nm (IR–VIS), as well as 1064 and 355 nm (IR–UV) are determined

correspondingly:

Cβ,VIS−UV(R) =
βpar(532 nm, R)

βpar(355 nm, R)
, (3.12)

Cβ,IR−VIS(R) =
βpar(1064 nm, R)

βpar(532 nm, R)
, (3.13)

Cβ,IR−UV(R) =
βpar(1064 nm, R)

βpar(355 nm, R)
. (3.14)

Per definition color ratios are wavelength conversion factors, which are needed to relate

results from the different space missions as already introduced in Chapter 1.

If extinction and backscatter coefficients at 355 and 532 nm were available and, hence,
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the lidar ratios at both wavelengths could be determined, the ratio of the lidar ratios,

the so-called S–ratio, defined as

sVIS−UV(R) =
Spar(532 nm, R)

Spar(355 nm, R)
(3.15)

was computed. Errors of the above-listed parameters are given in terms of the standard

deviation of the layer mean value. Atmospheric variability as well as statistical noise

present in the primary extinction and backscatter profiles contribute to this error.

3.1.3 Data set

The geographical distribution of EARLINET stations over Europe enables covering a

large variety of different aerosol contents in the free troposphere and the local plane-

tary boundary layer [Matthias et al., 2004; Pappalardo et al., 2004a; Wandinger et al.,

2004; Papayannis et al., 2008; Amiridis et al., 2009]. After the successful launch of

CALIPSO a special measurement strategy for EARLINET stations was developed, in-

cluding additional measurements by EARLINET stations during a defined time frame

around a satellite overpass to sample enough correlated data for direct comparison of

ground-based and spaceborne lidar data.

For this thesis, data from EARLINET stations that provide high-quality data since

years were chosen. Especially, observational data between May 2008 and October 2009,

a period of increased measurement activity during CALIPSO overpasses performed in

the framework of the ESA–CALIPSO project, were evaluated in detail [Wandinger

et al., 2011]. This data set of correlative measurements from ground and space pro-

vides the opportunity to derive on the one hand typical aerosol optical properties as

a function of geographical region and on the other hand to compare the identified

aerosol layers with the ones seen by the spaceborne lidar CALIOP, always keeping in

mind that it is a comparison between a single ground-based and a single satellite-borne

measurement with a non-negligible horizontal distance between the two sampled air

volumes and a different integration time.

Figure 3.2 shows the EARLINET stations whose data were used for this work. These

stations are located such that European core regions and, hence, source regions of

different aerosol types are covered. Observational data were evaluated from Central

European stations in Germany (Leipzig, Hamburg, Maisach near Munich) and the

Netherlands (Cabauw), as well as from Mediterranean stations from Spain (Granada,

Barcelona) representing the Western Mediterranean, Italy (Potenza, Naples) in the

Central Mediterranean, to Greece (Athens, Thessaloniki) in the Eastern Mediter-

ranean. Measurements were also investigated from stations in Eastern Europe (Belsk,

Minsk). In this way, a broad variety of aerosol types and scenarios could be investi-

gated, which include marine aerosols (Barcelona, Cabauw, Hamburg), rural (Maisach,
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Figure 3.2: Map of EARLINET stations whose data were used for this thesis. The colors

of the stars indicate the instrumentation of the stations during the investigated measure-

ment period 2008–2009. Red stars show the high-performance core stations equipped

with multiwavelength Raman lidar (At-Athens, Ca-Cabauw, Gr-Granada, Le-Leipzig,

Ms-Maisach, Mi-Minsk, Po-Potenza, Th-Thessaloniki). Green stars represent stations

with at least one Raman channel (Ba-Barcelona, Hh-Hamburg, La-L’Aquila, Na-Naples).

The blue star denotes the lidar with only elastic-backscatter channels (Be-Belsk).

Potenza) and urban aerosols (Athens, Leipzig, Naples) as well as biomass-burning

smoke (fresh: Mediterranean stations, aged: Central European stations) and aerosols

from intercontinental transports in the free troposphere like Saharan dust (fresh:

Mediterranean stations, aged: all stations), volcanic aerosols, and other aerosols from

America and Asia (all stations). In addition to the tropospheric aerosol layers even

stratospheric aerosols have been observed.

Figure 3.3 illustrates CALIPSO satellite night- and day-time cross sections on 21 Au-

gust 2008 (dotted lines). The EARLINET stations closest to the satellite cross sections

are indicated. As can be seen from Figure 3.3 one CALIPSO overpass is close to more

than one EARLINET station which is good for the comparison and validation of the

satellite data against ground-based network measurements. To account for the non-

negligible horizontal distance between the footprint of CALIOP and the position of the

EARLINET station a special measurement strategy took care of the variability and
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Figure 3.3: CALIPSO satellite night- and day-time cross sections on 21 August 2008

(dotted lines). The EARLINET stations closest to the satellite cross sections are indi-

cated.

the movement of the probed air volume. For the direct comparison of aerosol layers

only measurements within 100 km distance are considered. A special measurement

time schedule was calculated and distributed to the EARLINET stations based on the

16-day CALIPSO observation cycle and the 1-s resolution of the CALIPSO ground

track provided and updated weekly by NASA. For this special measurement strategy

the distance between the footprint of CALIOP and the location of the EARLINET

station is considered to define the observation time that should be as close in time as

possible. Measurements were only performed during good atmospheric conditions (in

absence of rain, fog, low clouds) and, if possible, over 150 minutes centered around

a CALIPSO overpass. In this way, also the movement of the sensed air volume can

be considered in the data evaluation. For each measurement profiles of extinction

and backscatter coefficients at different wavelengths and, if possible, linear depolar-

ization ratio at 532 nm were evaluated at each station individually and uploaded to
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the EARLINET database [The EARLINET publishing group 2000-2010 , 2014], where

the profiles can be visualized and also downloaded for further investigations. These

profiles were used to calculate intensive particle parameters like lidar ratios as well as

extinction- and backscatter-related Ångström exponents and color ratios (cf. Section

3.1.2).

So far, EARLINET does not apply automated algorithms for the identification of

aerosol or cloud layers. Usually, layer boundaries are determined with the help of

derivative methods or wavelet analysis [e.g., Flamant et al., 1997; Menut et al., 1999;

Brooks , 2003; Matthias et al., 2004; Mattis et al., 2004; Baars et al., 2008]. For this

study, measurements were searched individually for the presence of aerosol layers,

which are also called features analog to the CALIPSO terminology. The type/origin,

age, and state of humidification of each distinct feature in a measurement was in-

vestigated in detail by interpreting the ground-based data themselves and with the

help of atmospheric state parameters, trajectory and transport models that are intro-

duced in Chapter 4. Aerosol layers have been investigated in detail with respect to

layer-mean values of spectral backscatter and extinction coefficients, lidar ratios, de-

polarization ratio, extinction- and backscatter-related Ångström exponents, and color

ratios. Chapter 5 provides a detailed discussion of the data evaluation concept.

3.2 CALIPSO – Cloud–Aerosol Lidar and Infrared

Pathfinder Satellite Observations

The CALIPSO satellite was launched on 28 April 2006 to study the impact of clouds

and aerosols on the Earth’s radiation budget and climate. It is a joint satellite mission

of NASA and CNES, the French government space agency (Centre national d’études

spatiales, English: National Centre for Space Studies). CALIPSO flies in formation

with five other satellites (e.g., Aqua and CloudSat) in the international “A-Train”

constellation for coincident Earth observations. It is a polar-orbiting satellite located

at an altitude of about 705 km with a flight velocity of 7 kms−1 and a revisiting

time of 16 days. The CALIPSO satellite comprises three instruments, the space lidar

CALIOP, the Imaging Infrared Radiometer (IIR), and the Wide Field Camera (WFC).

For this thesis data from CALIOP were used.

3.2.1 CALIOP instrument

CALIOP is the first satellite lidar optimized for cloud and aerosol observations and,

hence, provides the first unique opportunity to study the four-dimensional distribu-

tion of aerosols and clouds on a global scale [Winker et al., 2007]. CALIOP is a
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two-wavelength, polarization-sensitive lidar providing information on the attenuated

backscatter signal at 532 and 1064 nm and depolarization at 532 nm. The lidar is very

sensitive with a high horizontal as well as a very high vertical resolution. The laser

has a pulse repetition rate of 20.16 Hz and a small footprint on the ground of about

70 m in diameter, which enables the profiling of the atmosphere every 0.05 s or 330 m

horizontally. The vertical resolution is 30 m [Hunt et al., 2009]. Thanks to laser purity

and small bandwidth the discrimination against noise is said to be excellent. Measure-

ments between clouds and the penetration of optically thin clouds and, therefore, the

profiling of the atmosphere underneath are possible. The data processing is realized in

an automated way using different algorithms [Winker et al., 2009]. The aerosol-cloud

discrimination, aerosol classification and extinction retrieval are described by Liu et al.

[2009], Omar et al. [2009] and Vaughan et al. [2009], respectively. A summary of the

data evaluation is given in the following.

3.2.2 Data evaluation

Optical data of CALIOP are evaluated starting with the identification of aerosol and

cloud layers and the determination of their base and top heights. In the CALIPSO

terminology an aerosol or cloud layer is named feature. Vaughan et al. [2009] specified

that features are “composed of a generic substance called particulates and are defined

as any extended, vertically contiguous region of enhanced backscatter that rises sig-

nificantly above the signal magnitude expected from a purely molecular atmosphere”.

CALIOP profiles are scanned for features and their boundaries based on a threshold al-

gorithm [Vaughan et al., 2004, 2005, 2009]. This method can only be applied for strong

features whereas faint features are identified by using a multi-resolution spatial aver-

aging scheme called SIBYL (Selective Iterated Boundary Location). This averaging of

lidar profiles has to be done because automated algorithms especially for spaceborne

observations are limited by the low signal-to-noise ratio, which can be improved by

averaging lidar signals. For CALIOP data this is done in steps of 5, 20, and 80 km.

For the discrimination of the feature boundaries the attenuated scattering ratio is used

[Vaughan et al., 2009],

R′(r) =
β′532(r)

β′GMAO(r)
=

[
1 +

βpar
532(r)

βmol
532 (r)

]
[T par

532 (r)]2 , (3.16)

which is the ratio of the attenuated backscatter and the molecular part gained from

the Global Modeling and Assimilation Office (GMAO). For clear air R′(r) = 1. For a

profile containing a feature R′(r)>1. With SIBYL not only aerosol and cloud features

are identified, but also regions with clear air, features in the stratosphere, the surface

return as well as subsurface regions, and regions with bad or missing data. Parameters
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that are provided by this scheme are feature boundaries, layer-integrated attenuated

backscatter, volume depolarization ratio, and the color ratio (1064 nm/532 nm).

In a next step, the scene classification algorithms (SCA) are applied to discriminate

clouds from aerosols, the cloud phase (water, randomly-oriented ice, horizontally-

oriented ice), and aerosol subtypes. The discrimination of clouds and aerosols is per-

formed based on characteristic optical properties: clouds show a stronger attenuation

than aerosols, steeper boundaries (both in the horizontal and vertical direction), a

higher signal variation in space and time, and neutral scattering that results in a color

ratio of about one due to their large size.

The cloud–aerosol discrimination (CAD) algorithm implemented for CALIOP sepa-

rates clouds and aerosols based on multi-dimensional probability density functions

(PDFs), more precisely histograms of scattering properties (e.g., intensity and spec-

tral dependence) are used as a function of geophysical location [Vaughan et al., 2004,

2005; Liu et al., 2009]. In the current release (Version 3), the CAD algorithm uses

five-dimensional (5D) PDFs, rather than the three-dimensional (3D) PDFs used in

previous versions. In addition to the parameters used in the earlier 3D version of the

algorithm (the layer-integrated attenuated backscatter at 532 nm, the layer-integrated

attenuated backscatter-related color ratio (1064 nm/532 nm), and the mid-feature al-

titude [Liu et al., 2004, 2009]), the 5D PDFs also include feature latitude and the

layer-integrated volume depolarization ratio. For the classification of layers by the

CALIOP CAD algorithm the CAD score, a numerical confidence level, is indicated,

which is reported in the CALIPSO Lidar Level 2 products (1-km and 5-km Layer

products, and in Version 3 also for the 5-km Cloud and Aerosol Profile products; cf.

Section 3.2.3).

Enhancements made to incorporate the 5D PDFs used in Version 3 release are de-

scribed in Liu et al. [2010]. However, the authors also reported on recognized misclas-

sification that may still occur. For example, when moderately dense dust layers are

occasionally transported to high latitudes, where ice clouds can be present even in the

low altitudes, they may be misclassified. This is also the case for volcanic aerosol in-

jected into the high altitudes that may have a large cross-polarized backscatter signal

and, thus, may be misclassified as cloud.

After feature finding and aerosol-cloud discrimination only “cloud-free” profiles are

used for the aerosol typing. The determination of specific aerosol types is done by

applying further scene classification algorithms. The CALIPSO aerosol classification

scheme [Omar et al., 2009] is shown in Figure 3.4. The scheme categorizes observed

layers among the six introduced aerosol types by using a decision tree that takes into

account external information on geographical location, surface type, and season and

lidar-derived information on the feature height and feature-integrated values of depo-

larization, attenuated backscattering, and attenuated backscatter-related color ratio.
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Figure 3.4: Flowchart of the CALIPSO lidar ratio selection scheme for tropospheric

aerosols (δvol–volume linear depolarization ratio, β′–integrated attenuated backscatter,

S–initial estimates of the lidar ratio at 532 (1064) nm used for CALIPSO extinction and

backscatter retrievals for the selected aerosol subtype), adapted from Omar et al. [2009].

The lidar ratio for dust at 1064 nm was changed for the CALIPSO Version 3.01 data

release from 30 to 55 sr.

Based on this decision tree aerosol-type-dependent lidar ratios at 532 and 1064 nm are

selected that are used in the Hybrid Extinction Retrieval Algorithm (HERA) [Young

and Vaughan, 2009].

As explained in Chapter 2 the CALIPSO aerosol typing is based on modeled aerosol

properties and on experimental findings. The input parameters mainly rely on

AERONET Sun photometer retrievals and the respective studies by Cattrall et al.

[2005] and Omar et al. [2005]. For dust a spheroid particle model is applied to calcu-

late the optical data (lidar ratios), whereas Mie scattering is used for the other types

[Omar et al., 2009]. The a priori lidar ratio for dust at 1064 nm was updated for Ver-

sion 3.01 using dust measurements from the NASA African Monsoon Multidisciplinary
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Analyses (NAMMA) field campaign and T-Matrix calculations of particle phase func-

tions [Omar et al., 2010]. The feature-integrated depolarization value in this case is

an estimate, an intermediate product, which is affected by attenuation. It belongs to

CALIPSO Lidar Level 1 products (cf. Section 3.2.3). In contrast, CALIOP’s mea-

surement of volume depolarization, which is provided within CALIPSO Lidar Level 2

products, is highly reliable [Liu et al., 2013].

3.2.3 CALIPSO Lidar products

CALIPSO data are accessible via the NASA Langley Research Cen-

ter Atmospheric Science Data Center (LaRC ASDC) available at

https://eosweb.larc.nasa.gov/project/calipso/calipso table. Information is stored

in Hierarchical Data Format (HDF), the standard data format for all NASA Earth

Observing System (EOS) data products. The CALIPSO lidar data (also referred to

as CALIOP lidar data) are stored for day- and night-time conditions (day and night

orbit) and for different levels:

� Level 1B data contain calibrated and geo-located profiles (half orbit, night and

day);

� Level 2 data sets provide geophysical products subdivided in aerosol or cloud

information reported for layers (Layer data) as well as for profiles (Profile data).

They also contain information on the vertical feature mask (aerosol particle

properties, cloud type, cloud particle phase) and of polar stratospheric clouds;

� Level 3 data are globally gridded and monthly averaged Aerosol Profile data and

ancillary data.

For this work CALIPSO Lidar Level 1 and Level 2 Aerosol Layer and Profile data of

Version 3.01, which are provided at the same horizontal resolution of 5 km, were used.

3.2.3.1 CALIPSO Lidar Level 2 Aerosol Layer data

The main products of this kind of files are the optical and geometrical properties of

identified aerosol layers. For each observation a Level 2 Aerosol Layer file at 5 km

horizontal resolution is produced, but up to 80 km horizontal averaging is used for the

layer detection. The layer identification is performed by means of a complex algorithm

that is mainly based on a threshold routine with the specification that the threshold

is height-dependent. Advanced procedures are used to avoid false alarm due to noise.

The layer detection is performed from space down to the Earth’s surface. For each

layer, the following quantities are reported.
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The integrated attenuated backscatter at 532 nm and 1064 nm is defined as [Omar

et al., 2009]:

β′feature =

∫ base

top

βpar(λ0, R) [T par(λ0, R)]2 dR , (3.17)

where βpar(λ0, R) is the particle backscatter coefficient at wavelength λ0 (532 nm or

1064 nm) at range R. T par(λ0, R) is the transmission term present in the elastic lidar

equation due to the particles contained in the atmospheric feature.

The feature backscatter intensity

B′feature =
β′(λ0, R)

[Tmol(λ0, R)]2[TO3(λ0, R)]2
(3.18)

is given by the corrected total attenuated backscatter β′(λ0, R), which is the calibrated

CALIOP range-corrected signal obtained after the subtraction of the background, di-

vided by atmospheric transmission due to molecular scattering Tmol and ozone absorp-

tion TO3 . β′(λ0, R) is reported in Level 1 data [Hostetler et al., 2006] and defined as

[Vaughan et al., 2009]:

β′(λ0, R) = [βpar(λ0, R)+βmol(λ0, R)][T par(λ0, R)]2[Tmol(λ0, R)]2[TO3(λ0, R)]2 . (3.19)

Starting from the feature backscatter intensity, the attenuated total color ratio is

calculated as:

χ′(R) =
B′1064(R)

B′532(R)
. (3.20)

It follows that the integrated attenuated total color ratio is:

χ′feature =

∑base
k=topB

′
1064(rk)∑base

k=topB
′
532(rk)

. (3.21)

Furthermore, the volume depolarization ratio is defined as the ratio of attenuated

backscatter received in the two channels for the detection of perpendicular and par-

allel polarized backscatter signals with respect to the plane of polarization of the

transmitted laser light [Liu et al., 2013]:

δvol =
β′532,⊥
β′532,‖

. (3.22)

The integrated volume depolarization ratio is defined as:

δvolfeature =

∑base
k=top β

′
532,⊥(rk)∑base

k=top β
′
532,‖(rk)

. (3.23)
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For each of these quantities mean, standard deviation, minimum, maximum, centroid,

and skewness values are reported. Level 2 Layer data contain also additional informa-

tion about the nature of identified layers, namely feature classification flags and the

CAD score. The feature classification flags provide information about the feature type

(e.g., cloud vs. aerosol vs. stratospheric feature), the feature subtype (kind of aerosol),

and the amount of horizontal averaging required for layer detection. Moreover, the

CAD score provides information on the results obtained for each layer by the CAD

algorithm [Liu et al., 2009].

3.2.3.2 CALIPSO Lidar Level 2 Aerosol Profile data

The CALIPSO data processing system generates profile products separated for clouds

and aerosols. All features detected in the stratosphere are provided in the Aerosol

Profile product. The Aerosol Profile products with a horizontal resolution of 5 km

are reported over an altitude range from 30 km to −0.5 km. Due to constraints im-

posed by CALIPSO’s onboard data averaging scheme, the vertical resolution of the

Aerosol Profile data varies as a function of altitude. The products in Version 3.01 are

reported on a horizontal grid with 5 km grid size; the spatial resolution is 60 m verti-

cally between the surface and 20.2 km and 180 m above that altitude [Powell et al.,

2011]. CALIPSO calibrated Level 2 Aerosol Profile data contain vertical profiles of

the particle backscatter coefficients (at 532 and 1064 nm), the perpendicular particle

backscatter coefficient at 532 nm, the particle linear depolarization ratio at 532 nm,

and particle extinction coefficients (at 532 and 1064 nm).

Retrieving optical depth and profiles of extinction and backscatter coefficients from

the CALIOP measurements requires an estimate of the lidar ratio. These initial es-

timates are selected based on the type and subtype of the layer being analyzed and

Table 3.2: Initial estimates of the lidar ratio, S, at 532 and 1064 nm used for extinction

and backscatter retrievals of the current CALIPSO data (Version 3) release for defined

aerosol subtypes and stratospheric features, after Omar et al. [2009].

Type Subtype Initial S532 Initial S1064

aerosol clean marine 20 sr 45 sr

aerosol desert dust 40 sr 55 sr

aerosol polluted continental 70 sr 30 sr

aerosol clean continental 35 sr 30 sr

aerosol polluted dust 65 sr 30 sr

aerosol biomass burning (smoke) 70 sr 40 sr

stratospheric all 15 sr 15 sr
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are mainly derived from AERONET climatological studies and model calculations as

already introduced above [Cattrall et al., 2005; Young et al., 2008; Omar et al., 2009].

The values used in the current release are summarized in Table 3.2. The initial lidar

ratio is adjusted, if the extinction retrieval leads to a non-physical solution [Young

et al., 2008]. However, because of the natural variability of each aerosol species, even

for cases for which the aerosol type is correctly identified, the initial lidar ratio repre-

sents an imperfect estimate of the effective lidar ratio of any specific aerosol layer.

Several quality-control procedures are applied to the CALIOP data and documented

in the appendix of Winker et al. [2013]. They are used to remove bad or highly un-

certain aerosol extinction data. Additional tests are applied to remove several known

artifacts. The detailed description of the so-called quality flags including the atmo-

spheric volume description, the CAD score [Liu et al., 2009], the feature classification

flags [Omar et al., 2009], and information on the extinction quality check [Young and

Vaughan, 2009] can be found in the mentioned data-quality summaries archived at the

LaRC ASDC.

3.2.3.3 Errors in CALIPSO Lidar Version 3 data

The Version 3 5-km profiles are known to be very noisy what influences not only the

mean profiles. When averaging these profiles only one so-called outlier (one profile

that strongly differs from the others without being influenced by specific atmospheric

factors) can pretend an optical depth that the algorithm tries to correct for, although it

is not there. It has to be kept in mind that once a positive bias is produced at a certain

height, the effect builds up toward the ground, because of the integration procedure in

the attenuation correction. A further source of error are the lidar-ratio assumptions

made in the automated CALIOP algorithm. For instance, when the a priori lidar ratio

is too small, the signal attenuation is underestimated and not completely corrected

for and, thus, the resulting backscatter coefficient is also too small. In addition, the

error originating from horizontal inhomogeneities due to large concentration gradients

can never be ruled out and is a large source of variability. These errors complicate

a comparison of CALIOP data against, e.g., EARLINET data and deviations are

expected to show up not only because of the spatial differences between the observation

points.

In spite of all new and unique results from CALIPSO different questions arise. How

well do the automated algorithms for the data evaluation perform and how reliable are

such kind of spaceborne measurements? As already mentioned above, ground-based

observations can be used for the validation and direct measurement of, e.g., lidar ratios,

to verify the required assumptions. Within this thesis the CALIPSO aerosol subtype

was compared to the one derived from correlative EARLINET observations.
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Chapter 4

Auxiliary data and tools for

stand-alone aerosol typing

For an aerosol-type identification in all conscience a careful analysis of the air-mass

transport and of meteorological parameters near the aerosol source regions, along the

transport pathways, and during the final observation is required. Therefore, a number

of auxiliary data and modeling tools have been used and are briefly explained in this

chapter.

4.1 Meteorological parameters

Information about temperature, pressure, and humidity can, e.g., be derived

from surface observations or radiosondes. Radiosonde data from national mete-

orological services in Europe are collected in a radiosonde network, which pro-

vides atmospheric state parameters on a fixed spatial and temporal grid (cf.

http://weather.uwyo.edu/upperair/sounding.html). In addition, so-called “modeled”

radiosonde data for specific times and grid points can be used, which are avail-

able from the re-analysis of meteorological fields with forecast models. The rel-

ative humidity for the determined aerosol layers in the EARLINET profiles was

evaluated by using final assimilated data fields including surface observations as

well as radiosonde and satellite-based data stored in the global data assimilation

system (GDAS) [Kanamitsu, 1989]. These so-called GDAS1 data are available at

ftp://arlftp.arlhq.noaa.gov/pub/archives/gdas1/. Based on GDAS the National Cen-

ters for Environmental Prediction (NCEP) of the U.S. National Weather Service main-

tain a data archive containing assimilated observational data, which are used to initial-

ize model runs for weather forecasts, e.g., the Global Forecast System (GFS) Model.

Outputs of the GFS and GME (Global Model of Germany’s National Meteorologi-
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cal Service, the Deutscher Wetterdienst (DWD)) were applied to obtain an overview

of meteorological conditions during the measurements. Prevailing circulation pattern

and associated airflows serve as a clue for a first estimation of possible aerosol sources.

4.2 Modeling tools for aerosol source identification

4.2.1 FLEXPART

The Lagrangian model FLEXPART [Stohl et al., 1998; Stohl and Thomson, 1999; Stohl

et al., 2005], operated by the Norwegian Institute for Air Research, is used to deter-

mine the origin, transport, and mixing of the identified aerosol layers. “Lagrangian

particle models compute trajectories of a large number of so-called particles (not nec-

essarily representing real particles, but infinitesimally small air parcels) to describe

the transport and diffusion of tracers in the atmosphere” [Stohl et al., 2005].

FLEXPART can be used to simulate long-range and mesoscale transport, diffusion,

dry and wet deposition, and radioactive decay of tracers released from point, line,

area or volume sources. The model parameterizes turbulence in the boundary layer

and in the free troposphere by solving Langevin equations [Stohl and Thomson, 1999].

To account for convection, a parameterization scheme is used [Emanuel and Živković-

Rothman, 1999], which is based on the buoyancy sorting principle [Stohl and Thomson,

1999; Stohl et al., 2005].

The working group Ground-Based Remote Sensing of the Leibniz Institute for Tro-

pospheric Research (TROPOS) has implemented FLEXPART on an own server what

allows extensive model runs. Wind fields from global model-level data are used as

input – more precisely the archived NCEP FNL (final analysis) Operational Global

Analysis data on a 1◦ × 1◦ grid prepared operationally every six hours (00, 06, 12,

18 UTC). “This product is from the GDAS, which continuously collects observational

data from the Global Telecommunications System (GTS), and other sources, for many

analysis. The FNLs are made with the same model which NCEP uses in the GFS, but

the FNLs are prepared about an hour or so after the GFS is initialized. The FNLs

are delayed so that more observational data can be used. The GFS is run earlier in

support of time critical forecast needs, and uses the FNL from the previous 6 hour

cycle as part of its initialization” (cf. http://dss.ucar.edu/datasets/ds083.2/ ).

The FNL data are provided by the CISL (Computational & Information Systems Lab-

oratory) Research Data Archive, which is managed by NCAR’s (National Center for

Atmospheric Research) data support section available at http://rda.ucar.edu/.

Particles are transported both by the resolved winds and by parameterized sub-grid

motions. For the present work 50000 “particles” and a simulation of 10 days back-

wards in time were used. These values have proven valuable to provide reliable results
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for such kind of studies (cf. Preißler [2008] for basic experiments concerning variation

of number of chosen air parcels and simulation time). As output the residence time of

air parcels accumulated over the chosen simulation time period plotted as time series

and/or footprints were used (cf. Chapter 5).

4.2.2 HYSPLIT

Backward trajectories calculated with the on- and offline versions of the Hybrid Single-

Particle Lagrangian Integrated Trajectory (HYSPLIT) model [Draxler and Rolph,

2014; Stein et al., 2015] can also be used to investigate the origin of air masses.

For this study, HYSPLIT was mainly applied to calculate trajectories for the iden-

tification of corresponding CALIOP profiles for the comparison with ground-based

measurements. A discussion of the model is given by Draxler and Hess [1997], Draxler

and Hess [1998], and Draxler [2003]. HYSPLIT is a product of the NOAA ARL

(National Oceanic and Atmospheric Administration Air Resources Laboratory) and is

available at http://ready.arl.noaa.gov/HYSPLIT.php. As input meteorological fields

of the already introduced archived model assimilation data set GDAS1 were used.

4.3 Aerosol source information

Aerosol source information is needed for the interpretation of the findings from the

trajectory and transport modeling in combination with the determined meteorological

parameters. Whereas the anthropogenic emissions from industry or traffic remain

more or less constant in time and with respect to the source locations, other aerosol

sources, especially those of dust and smoke, are highly variable in space and time. For

instance, dust uptake is determined by the atmospheric dynamic over the deserts. It

can, thus, be modeled and forecast.

4.3.1 NAAPS Global Aerosol Model

The actual aerosol situation over Europe and especially over the identified aerosol

source region was evaluated for each analyzed measurement by using aerosol model

data provided by the Navy Aerosol Analysis and Prediction System (NAAPS) sourced

by the Naval Research Laboratory (NRL)/Monterey. A 120-h forecast on a global scale

is provided for tropospheric sulfate, smoke, and dust. Furthermore, NAAPS provides

near-real-time access to global aerosol observational products such as satellite images

and AERONET data (cf. http://www.nrlmry.navy.mil/aerosol/ ).
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4.3.2 DREAM dust forecast

The Dust REgional Atmospheric Model (DREAM) [Nickovic et al., 2001; Pérez et al.,

2006a,b; Basart et al., 2012] operated in the Earth Sciences Division of the Barcelona

Supercomputing Center-Centro Nacional de Supercomputación (BSC-CNS) delivers

operational dust forecasts up to 72 h for North Africa, the Middle East, and Europe.

The atmospheric life cycle of the eroded desert dust is predicted. DREAM was

developed as a pluggable component of the NCEP/ETA model, the forecast model

of the National Centers for Environmental Prediction. The current operational

version is the BSC-DREAM8b model. It is available at http://www.bsc.es/earth-

sciences/mineral-dust-forecast-system/bsc-dream8b-forecast/.

DREAM is used within EARLINET for the coordination of intensive measurement

periods during dust outbreaks over Europe. For the aerosol typing done in this thesis

images of the horizontal distribution of the dust load and dust concentration profiles

available for selected EARLINET stations were used.

4.3.3 AERONET Sun photometer data

Sun photometer measurements provide spectral information on the columnar aerosol

optical depth and on scattering-angle-resolved sky radiances. Via an inversion model

it is possible to derive microphysical aerosol properties. Europe is covered by a dense

network of Cimel Sun photometers of AERONET [Holben et al., 1998]. Measure-

ments of the aerosol optical depth are performed at 340, 380, 440, 500, 675, 870,

and 1020 nm. The angular distribution of sky radiances is provided at four wave-

lengths (440, 675, 870, and 1020 nm). The optical and microphysical data (single-

scattering albedo and complex refractive index) from AERONET Sun photometers

are retrieved operationally at the AERONET Data Center of the NASA Goddard

Space Flight Center (Greenbelt, VA, USA) and are made available every 15 min-

utes during daytime. The results can be downloaded from the AERONET web-

site (http://aeronet.gsfc.nasa.gov). Several of the EARLINET stations are directly

equipped with an AERONET Sun photometer. Since Sun photometers only provide

column-integrated information, optical properties of boundary-layer particles that orig-

inate from local sources and regional aerosol transport cannot be separated from optical

properties of lofted, free-tropospheric aerosol layers that predominantly originate from

long-range transport on regional to intercontinental scales [Müller et al., 2007a]. In

this study, Sun photometer data were used to get information on the present aerosol

load in the atmosphere in order to distinguish polluted from clean measurement cases.
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4.3.4 MODIS fire maps

Fire counts from the Moderate Resolution Imaging Spectroradiometer (MODIS, cf.

http://modis.gsfc.nasa.gov/ and Giglio et al. [2003]) give a hint to areas of high fire

activity and, thus, the production of smoke aerosols. MODIS flies onboard NASA’s

Aqua and Terra satellites and covers most of the globe every day. MODIS fire lo-

cation data are distributed in a variety of forms (e.g., interactive web mapper, GIS,

Google Earth, text files) through the Fire Information for Resource Management Sys-

tem (FIRMS) at the University of Maryland. The official monthly MODIS active fire

location text files are distributed by the University of Maryland via the file transfer

protocol (FTP) server fuoco.geog.umd.edu (login name is fire and password is burnt)

in the directory modis/C5/mcd14ml. Fire counts are used to create fire maps, which

are of major value to characterize smoke source regions. Fire maps are available from

NASA’s Earth Observing System Data And Information System (EOSDIS) and can

be accessed via https://earthdata.nasa.gov/data/near-real-time-data/firms/active-fire-

data. Each colored dot indicates a location where MODIS detected at least one fire

during the compositing period. Color ranges from red where the fire count is low to

yellow where the number of fires is large. The compositing periods are referenced by

their start and end dates (Julian day). The duration of each compositing period for

the fire maps shown in Section 2.2.3 was set to 10 days.
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Chapter 5

Vertically resolved aerosol

characterization over Europe

In this chapter the data evaluation concept for the aerosol classification based on EAR-

LINET measurements is presented. In Section 5.1 the approach of the discrimination

and classification of aerosol layers in EARLINET lidar data and the comparison to

CALIPSO data is illustrated using a case study of a night-time overpass near Cabauw

on 12–13 May 2008. Further exemplary observations of pure aerosol types and aerosol

mixtures are shown in Section 5.2.

5.1 Data evaluation concept

EARLINET stations provide backscatter and most of them also extinction profiles for

at least one wavelength, some of the stations additionally provide the depolarization

ratio depending on the lidar system (cf. Chapter 3). These profiles were derived from

the measured lidar signals by each station individually in case of good measurement

conditions for aerosol observations with less clouds and good signal-to-noise ratio. The

profiles are stored in the EARLINET database in the Network Common Data Format

(NetCDF). Within the framework of this thesis an IDL (short for Interactive Data

Language) program was designed for the visualization of EARLINET NetCDF profiles.

Profiles being available in the EARLINET database and especially belonging to the

considered period of intensive observations between May 2008 and October 2009 with

more than 1000 performed measurements were checked for their quality individually.

The IDL program has also been used to calculate and visualize optical properties like

profiles of the lidar ratios, backscatter- and extinction-related Ångström exponents

and color ratios (cf. equations in Chapter 3).

The search for the presence of aerosol layers as well as further investigations were
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done manually for those measurements for which sufficient information (backscatter

profile for at least two different wavelengths, or backscatter and extinction profiles for

the same wavelength) needed for a reliable aerosol typing were available. Hence, not

all quality-checked profiles could be used for the aerosol typing. The discrimination

of aerosol layers and the identification of respective source regions were done for 240

measurements, 180 of them belong to high-performance stations. 709 individual aerosol

layers could be selected. In the following subsections, the steps of the performed data

evaluation for the aerosol typing are explained in more detail.

5.1.1 Feature finding

The term feature finding denotes discrimination of aerosol layers in measurement data,

in this case EARLINET data. Practically, it was done by searching for coherent struc-

tures in time–height plots, so-called quicklooks, which illustrate the temporal evolu-

tion of the lidar range-corrected signal at a specific wavelength. In Figure 5.1 (left),

a typical lidar measurement is visualized. The 1064-nm range-corrected signal from a

measurement performed at Cabauw on 13 May 2008 is shown. Brown and yellow ar-

eas symbolize the presence of aerosol or cloud layers with high backscattering, whereas

blue regions show low backscattering of, e.g., background or lost signal because of an

optically too thick cloud below. The respective profiles of backscatter and extinction

coefficients, lidar ratios, and Ångström exponents are presented in Figure 5.1 (right).

High aerosol load up to about 3.2 km can be seen for almost the whole time interval

of the measurement. Data above are corrupted by noise.

As introduced previously, only measurements with backscatter profiles for at least two

different wavelengths, or backscatter and extinction profiles for the same wavelength

have been investigated in detail for existing aerosol layers. Therefore, the quicklooks
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Figure 5.1: Time–height contour plot of the range-corrected signal at 1064 nm (left)

and optical data of cloud-screened profiles (right) measured at Cabauw between 00:01

and 01:23 UTC on 13 May 2008. The observed aerosol layer between 1.7 and 3.2 km is

marked.
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and the single backscatter profiles were investigated for parts of enhanced atmospheric

backscattering, which is clearly distinguishable from parts of the molecular return

caused by clear air. Layer boundaries are characterized by a more or less rapid change

of the backscattered signal with height. These changes result in extrema of the deriva-

tive of the backscattered signal, which can also be calculated with the developed IDL

program. A clear and obvious maximum of the derivative of the backscatter coefficient

marks the bottom height of the identified aerosol layer and a minimum is character-

istic for its top height. This procedure for the discrimination of layer boundaries is

called gradient or derivative method. However, not only these extrema are crucial,

also profiles of further optical parameters show a specific gradient being different from

regions of low aerosol. Values of the extinction are enhanced and profiles of the lidar

ratio or Ångström exponents show an almost constant behavior over height within a

distinct layer of specific type. When the depolarization ratio is provided, changes of

this parameter are also used for layer boundary identification.

Afterwards, mean values of all optical parameters were calculated for each identified

EARLINET aerosol layer. In case of the Cabauw measurement (Figure 5.1, right)

lidar ratios of 64 sr at 355 nm and 59 sr at 532 nm and Ångström exponents of 1.3–1.7

were found in the aerosol layer between 1.7 and 3.2 km height indicating the presence

of small particles.

5.1.2 Feature classification

For the classification of aerosols with respect to their source regions, age, and state of

humidification auxiliary information like results of model calculations (FLEXPART,

HYSPLIT, DREAM) or satellite data (MODIS) are used to obtain knowledge about

the origin and movement of air masses, the predicted dust or other aerosol load in

the atmosphere, and the presence of fires (cf. Chapter 4). For the measurement

performed at Cabauw the result of the FLEXPART transport modeling of 50000 air

parcels is illustrated in the left panel of Figure 5.2. This so-called footprint shows

the air mass that traveled in heights below 2 km (above ground level) for the last ten

days and arrived at Cabauw between 1.7 and 3.2 km at 01:23 UTC on 13 May 2008,

in accordance with the defined aerosol layer height. The model output (color code)

is given in terms of the decimal logarithm of the integrated residence time in seconds

in a grid box. The integration time used here is ten days backward starting from the

stop time of the observation. Results of the FLEXPART simulation show that the air

mass circled above Northern and Central Europe for a longer time and, thus, could

take up pollution over industrialized areas, which was present during this period as

can be seen from the NAAPS Total optical depth (at 550 nm) indicating sulfate over

wide areas of Central Europe (right panel of Figure 5.2).
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Figure 5.2: Left: FLEXPART footprint for the air mass traveling below 2 km height

and arriving at Cabauw between 1.7 and 3.2 km height (above ground level) at 01:23 UTC

on 13 May 2008. The colors represent the logarithm of the integrated residence time in

a grid box in seconds for 10-day integration time. Right: NAAPS Total optical depth

(550 nm) for 00:00 UTC on 13 May 2008 indicating the presence of sulfate (red colors)

over Central Europe during the measurement period.

After interpreting the information offered by all different tools, the most probable

aerosol source region and the belonging aerosol type was assigned. The decision to

classify the aerosol layer containing a pure aerosol type or an aerosol mixture was

made as best estimate in all conscience. The defined aerosol layer in the presented

observation of Cabauw was classified as pure polluted continental aerosol originating

from Central Europe. From the time-series plots of the FLEXPART simulation (shown

in Figure 5.3), the age of the aerosol layer was quantified from the intensity of the

color code. In this case, the age of the aerosol layer was determined to be two days on

average.

Information about the relative humidity within the defined aerosol layer was gained

from GDAS1 data (cf. Section 4.1). A mean value of the relative humidity was

calculated from values of the relative humidity at base, top, and in the middle of

the aerosol layer. In this case, the aerosol layer was rather humid with a layer-mean

relative humidity of about 75%.



5.1. DATA EVALUATION CONCEPT 71

30° N

60° N

La
tit

ud
e

0°      30° E
Longitude

0°      30° E 0°      30° E 0°      30° E

   a)           b)       c)           d)

-1.6 -0.8  0.0  0.8  1.6  2.4  3.2  4.0
log (integr. residence time, s)

Figure 5.3: FLEXPART footprints as time series for the air mass traveling below 2 km

height (above ground level) and arriving at Cabauw between 1.7 and 3.2 km height at

01:23 UTC on 13 May 2008. Shown are the footprints each for 24-h integration time for

the last 4 days before observation with the following integration start and stop times: (a)

12 May 2008, 01:23 UTC until 11 May 2008, 01:23 UTC, (b) 11 May 2008, 01:23 UTC

until 10 May 2008, 01:23 UTC, (c) 10 May 2008, 01:23 UTC until 9 May 2008, 01:23

UTC, and (d) 9 May 2008, 01:23 UTC until 8 May 2008, 01:23 UTC. The colors represent

the logarithm of the integrated residence time in a grid box in seconds for the defined

integration time.

5.1.3 Feature comparison

The aerosol layers detected and the aerosol type determined in the EARLINET

data were used to validate the aerosol subtype being the output of the automatic

CALIPSO classification scheme. The CALIOP data subsets used for the comparison

were selected under the assumption of stable atmospheric conditions. Investigations

concerning the representativeness of satellite against ground-based observations done

in the framework of the ESA–CALIPSO project [Wandinger et al., 2011] result in

the following recommendations: boundary-layer aerosol has a very local nature and,

hence, comparison between EARLINET and CALIPSO data should only be reported

for satellite overpasses within 10 km and 10 minutes to the EARLINET observation.

For investigations of free-tropospheric aerosol usually temporal distances within

150 minutes and spatial distances within 100 km between satellite ground track

and ground-based lidar observation should be considered. Thus, for the comparison

of satellite-borne with ground-based network data so-called EARLINET Case A

measurements were evaluated having a satellite footprint at maximum 100 km away

from the EARLINET lidar site. From 240 investigated measurements 164 remain for

the comparison of aerosol subtype.

During the observation at Cabauw on 13 May 2008 the nearest footprint of the
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Figure 5.4: Map of CALIPSO overpass (thin black line) with period of CALIOP ob-

servation (thick black line) used for comparison, HYSPLIT 24-h backward trajectories

(colored lines) starting at Cabauw (red star) at 01:00 UTC on 13 May 2008.

simultaneous CALIPSO overpass was about 44 km away. Figure 5.4 shows the

CALIPSO track (black line) for 13 May 2008, 02:02–02:07 UTC. For the identified

aerosol layer in the Cabauw measurement (cf. Figure 5.1) and for further heights

HYSPLIT backward trajectory ensembles (colored lines in Figure 5.4; respective

arrival heights are given on the left) were calculated to determine that part of the

CALIOP data containing approximately the same air mass and, therefore, should be

used for comparison with ground-based data. The selected CALIOP data subset for

this observation is shown by a thick black line in Figure 5.4. CALIOP profiles of this

data subset are from 44 to 59 km away from the measurement site at Cabauw.

Figure 5.5 (left) shows the CALIPSO cross section of the total attenuated backscatter

measured at 532 nm on 13 May 2008 corresponding to the measurement presented

above. The surface is marked by a straight red line. The observed aerosols are

indicated by yellow coloring. Results of the applied automatic feature classification

and aerosol identification [Omar et al., 2009; Liu et al., 2010] are presented in

Figure 5.5 (middle and right). While for the EARLINET measurement polluted

continental aerosol was assigned to be present in the determined aerosol layer between

1.7 and 3.2 km, the correlative CALIOP profiles were categorized as smoke (65%) and

polluted dust (35%) as indicated by black and brown colors.

In general, identified EARLINET aerosol layers were compared to CALIPSO

Level 2 Aerosol Layer products provided at 5-km horizontal resolution (cf. Chap-

ter 3.2.3). The comparison was done with respect to the aerosol subtype determined



5.1. DATA EVALUATION CONCEPT 73

surface

Lat    59.73      53.81           47.83
Lon    9.82         6.47              3.84

Vertical feature mask Aerosol subtype

surface

10-1

10-2

10-3

10-4

10

  5

  0

H
ei

gh
t, 

km

smoke poll. 
dust

Total Atten. Backscatter, km-1sr-1 (532 nm)

Cabauw (52.0°N,  
   4.9°E)

clear air

aerosol

surface
surface

Figure 5.5: Cross sections of the total attenuated backscatter coefficient measured at

532 nm for the CALIPSO overpass at 02:02–02:07 UTC on 13 May 2008 (left) and the

results of the classification mask (center: related vertical feature mask, right: respective

aerosol subtype) corresponding to the EARLINET observation at Cabauw.

by CALIPSO within the height ranges of previously identified EARLINET aerosol

layers. The comparison has to be done with care, especially when neighboring aerosol

layers are present. In this context, Burton et al. [2013] mentioned that in such case

the CALIOP algorithm defines the layer boundaries solely by changes in aerosol

backscatter intensity and not changes in aerosol type. The authors also stated that

the fact, that certain aerosol types are limited to either land or water surfaces, causes

distinct boundaries between aerosol types in the CALIOP aerosol type mask with

discontinuities in the lidar ratio and retrieved products.

The data quality assurance of the CALIOP products used within this study is based

on feature classification flags and the CAD score, which are provided within the

CALIPSO Lidar Level 2 Aerosol Layer data (cf. Section 3.2). These information

are produced for each observation at 5 km horizontal resolution. The following

conservative thresholds were used analog to Kanitz et al. [2014a]. Firstly, a confident

aerosol sub-typing is expressed by the feature sub-typing flag = 1. Secondly, a CAD

score ≤−90 indicates that the observed layer likely contains aerosols with very high

probability.

For each comparison a set of ten 5-km CALIOP profiles was chosen (thick black line in

Figure 5.4) and searched for the presence of aerosols within the height ranges defined

from the corresponding EARLINET measurement as shown above (Figure 5.1). Per

EARLINET aerosol layer the following occasions are possible: a) Aerosol was also

present for the entire layer height in all ten selected CALIOP profiles. b) Aerosol was

present within this height range, but not in all ten CALIOP profiles. c) Aerosol was

present in all ten CALIOP profiles, but not for the entire height range. d) Aerosol was

present only in some of the ten selected CALIOP profiles and not for the entire height
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range. e) No aerosol was present in the ten CALIOP profiles within the EARLINET

aerosol layer height at all. f) One aerosol subtype was classified within the aerosol

layer height. g) More than one aerosol subtype was classified within the aerosol layer

height. For the statistical analysis of the comparison results a weighing factor was

applied to account for the different occasions. A detailed description and an example

is given in Section 6.2.

5.2 Case studies

The following case studies of pure aerosol types and important aerosol mixtures illus-

trate the dependence of intensive optical properties on the size, shape, and refractive

index of the present aerosol, as it was already introduced in Chapter 2. Two case

studies on pure aerosol types show the different spectral behavior of Saharan dust

and biomass-burning aerosol. The change in optical properties for combinations of

different pure aerosol types is illustrated for mixtures of smoke and pollution aerosol

as well as dust and marine aerosol.

5.2.1 Saharan dust: Potenza, 16–17 April 2009

The time–height contour plot of the range-corrected signal at 1064 nm (Figure 5.6, left)

and the profiles of optical data (Figure 5.6, right) of a measurement taken at Potenza

in the night of 16–17 April 2009, between 21:05–01:01 UTC, are shown. During the

measurement several aerosol layers were present. The corresponding BSC-DREAM8b
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Figure 5.6: Time–height contour plot of the range-corrected 1064-nm signal and profile

data from the measurement at Potenza on 16–17 April 2009, 21:05–01:01 UTC.
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Figure 5.7: Dust concentration profile for Potenza and predicted column dust load

as well as 3000 m wind over North Africa, Middle East, and Europe for 17 April 2009,

00:00 UTC, from BSC/DREAM8b v2.0, available at http://www.bsc.es/earth-

sciences/mineral-dust-forecast-system/bsc-dream8b-forecast/north-africa-europe-and-

middle-ea-0.

column dust load and the vertical profile of the dust concentration (cf. Section 4.3.2)

are illustrated in Figure 5.7. Elevated dust concentrations are indicated for the north-

ern Sahara and the middle parts of the Mediterranean. For Potenza a column dust

load of up to 1.5 g m−2 is given. In the range of the observed aerosol layers extending

from about 2 to 4 km height a dust concentration of about 375 µg m−3 is predicted.

Results of the FLEXPART transport simulation (not shown) confirm that the respec-

tive layers were advected directly from the Western Sahara. Thus, most likely, the

determined aerosol layers are dominated by Saharan dust particles.

For the aerosol layer between 3 and 4.1 km a mean lidar ratio at 355 nm of 58±3 sr

as well as backscatter-related Ångström exponents of the order of 0.31–0.38, which

correspond to color ratios of 0.68–0.88, were found. These values are in very good

agreement with previous findings for pure Saharan dust (cf. Chapter 2). From the

FLEXPART time-series plots (not shown) the age of this aerosol layer was estimated

to be three days. The layer-mean relative humidity was determined to about 60%.



76
CHAPTER 5. VERTICALLY RESOLVED AEROSOL CHARACTERIZATION

OVER EUROPE

5.2.2 Biomass-burning aerosol: Thessaloniki, 14–15 August 2008

Fresh biomass-burning smoke layers were observed at the stations in the Eastern

Mediterranean region in the summer season of 2008. Figure 5.8 shows the 10-day

MODIS map of active fires for the period of 8–17 August 2008. Several fire sources

are visible in the vicinity of the EARLINET stations in Greece, but also in general on

the Balkans, north of the Black Sea, and in Southern Italy.

In the following, one event measured at Thessaloniki is presented. The time–height

contour plot at 532 nm for a Case A observation in the night of 14–15 August 2008 is

shown in Figure 5.9 on the left. The black box indicates the period of 23:58–00:27 UTC

for which the profiles of optical data, which are illustrated in Figure 5.9 on the right,

were evaluated. Aerosol layers up to about 3.2 km were observed. High lidar ra-

tios of 64–68 sr at both 355 and 532 nm and high extinction- and backscatter-related

Ångström exponents of about 1.6, and accordingly color ratios of 0.55, were found.

Results of the FLEXPART simulations in Figure 5.10 suggest the advection of air

masses from the Black Sea region. The FLEXPART time-series plots (not shown)

Athens
Thessaloniki

Figure 5.8: MODIS map of active fires (red spots) for the period 8–17 August 2008.

The EARLINET stations of Athens and Thessaloniki are indicated.
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Figure 5.9: Time–height contour plot of the 532-nm range-corrected signal from the

measurement taken at Thessaloniki on 14–15 August 2008. The black box highlights the

period between 23:58–00:27 UTC for which the profiles of optical data were evaluated.

indicate that this aerosol layer could contain aerosol from two days before observation,

but due to the enormous number of fires during this period it cannot be ruled out that

also fresh smoke is included. The layer-mean relative humidity was determined to be

less than 50%.

The corresponding CALIPSO cross sections of the 532-nm attenuated backscatter co-

efficient and the results of the classification mask presented in Figure 5.11 show the

detection of a large amount of aerosol in the surrounding of Thessaloniki (the location

of Thessaloniki is indicated). In coincidence with the overpass at Thessaloniki (ap-

proximately 5 km away from the satellite footprint) an aerosol layer reaching up to

about 4 km was observed. As can be seen in Figure 5.11 the aerosol was classified as

smoke together with polluted dust.

In contrast, FLEXPART simulations clearly show that the influence of dust from desert

regions can be ruled out what was investigated also for other measurement cases (not

shown) from this period of active fires in July/August 2008. The aerosol subtype pol-

luted dust is selected over non-desert surfaces when the depolarization ratio is between

0.075 and 0.2 (cf. Figure 3.4) what is normally the case when large, non-spherical par-

ticles are present. Hence, there must have been large soil and ash particles present in

this aerosol layer, which were brought into the atmosphere by the fires causing such

high depolarization ratios and the respective classification of the aerosol as polluted

dust.
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Figure 5.10: FLEXPART footprint for the air mass traveling below 2 km and arriving

at Thessaloniki between 2.57 and 3.2 km at 00:27 UTC on 15 August 2008. The colors

represent the logarithm of the integrated residence time in a grid box in seconds for 10-day

integration time.
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Figure 5.11: Cross sections of the total attenuated backscatter coefficient measured at

532 nm for the CALIPSO overpass at 00:35–00:49 UTC on 15 August 2008 (left) and the

results of the classification mask (center: related vertical feature mask, right: respective

aerosol subtype) corresponding to the EARLINET observation at Thessaloniki.
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5.2.3 Mixture of dust and marine aerosol: Potenza, 8 July 2008

An example for a measurement containing a mixture of dust and marine aerosol

is shown in Figure 5.12. The measurement was performed at Potenza on 8 July

2008, 00:19–02:26 UTC. The profiles show two distinct aerosol layers above the PBL

(1.75 km.). The first one is centered at 2.35 km, the second extends from 3.2 to 4.6 km.

In the lower layer between 2.1 and 2.6 km mean lidar ratios of 43±2 sr and 41±4 sr are

found at 355 and 532 nm, respectively. The extinction-related Ångström exponent in

the 355–532-nm range is 0.65±0.08, and the backscatter-related Ångström exponents

are 0.51±0.19, 0.50±0.02, and 0.51±0.08 in the 355–532-nm, the 532–1064-nm, and

the 355–1064-nm range, respectively.

Figure 5.13 shows results of FLEXPART transport simulations for both layers. The

layers are traced back to Northwestern Africa. From the time-resolved simulation (not

shown), it can be seen that the air mass was above the Western Sahara more than

three days before the observation. During the last three days, it traveled along the

coastlines of Morocco and Algeria before it crossed the Mediterranean. In addition, a

part of the air mass arrived directly from the North Atlantic. Thus, in both layers an

influence of marine aerosol is very likely. The optical data support this finding. Lidar

ratios are smaller and Ångström exponents are larger than typically measured in pure

dust. As mentioned above, such kind of mixing of dust with marine aerosol is often

observed over the Mediterranean region. The CALIPSO definition of polluted dust
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Figure 5.12: Profile data from the measurement taken at Potenza on 8 July 2008,

00:19–02:26 UTC.
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Figure 5.13: FLEXPART footprints for the air mass traveling below 2 km height and

arriving at Potenza between 2.1 and 2.6 km height (left panel) and 3.0 and 4.6 km height

(right panel) at 02:26 UTC on 8 July 2008. The colors represent the logarithm of the

integrated residence time in a grid box in seconds for 10-day integration time.

does not fit to such mixtures, because the marine aerosol has a low lidar ratio of the

order of 25 sr and, thus, decreases the lidar ratio of mixed dust compared to the one

of pure dust. In contrast, the lidar ratio of polluted dust in the CALIPSO look-up

table is 65 sr at 532 nm compared to 40 sr for pure dust.

The age of the aerosol present in both layers is about four days and the layer-mean

relative humidity was rather low (34% and 18%). These values of relative humidity

are only given for completeness. It should be mentioned that they have to be taken

with care, because they may have a large error due to very limited information and

assumptions for their calculations.

5.2.4 Mixture of smoke and pollution aerosol: Athens, 29–30 July

2008

Finally, a mixture of pollution and smoke aerosol observed over Athens during

the night of 29–30 July 2008 is illustrated. Figure 5.14 contains the corresponding

backscatter and extinction profiles as well as profiles of the determined lidar ratios and

Ångström exponents. In the aerosol layer up to 2.5 km high lidar ratios around 80 sr

and large Ångström exponents up to 1.24 were found indicating that the aerosol layer
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Figure 5.14: Profile data from the measurement taken at Athens on 29–30 July 2008,

22:32–00:29 UTC.
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Figure 5.15: FLEXPART footprint for the air mass traveling below 2 km height and

arriving at Athens between 2 and 2.5 km height at 00:29 UTC on 30 July 2008. The

colors represent the logarithm of the integrated residence time in a grid box in seconds

for 10-day integration time.
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is supposed to contain small and absorbing particles. The respective FLEXPART

simulation in Figure 5.15 represents the typical flow pattern of the air from the north

over regions with active fires (cf. Figure 5.8) towards Greece. This measurement

shows the typical situation in Greece in the summer season, when smoke from local

and regional fires is observed and heavy pollution and photochemical smog are present

simultaneously around the metropolitan areas like, e.g., Athens and Thessaloniki.

Sometimes, the smoke plumes are well separated as shown in Section 5.2.2, but often

the smoke is mixed into the PBL, which typically reaches heights of up to 2–3 km

in summer. In such cases, when no isolated aerosol layer was identified, the aerosol

was classified as a mixture of smoke and pollution. The FLEXPART time-series plots

(not shown) indicate that the aerosol layer took up aerosol about two days before the

observation, but it cannot be ruled out that also more recent smoke and pollution

aerosol is present as well. The layer-mean relative humidity was about 52%.
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Chapter 6

Statistical analysis

In this chapter statistical findings resulting from observations at 16 EARLINET sta-

tions (Section 6.1) and from the comparison of the aerosol typing based on EARLINET

data against the CALIPSO classification scheme (Section 6.2) are discussed. Most of

the underlying EARLINET measurements were performed during an intensive ob-

servational period for the ESA–CALIPSO project [Wandinger et al., 2011]. In the

project framework a MySQL1 database manageable via PostgreSQL had been set up

to relate the evaluated data from the ground-based and spaceborne observations. The

comprehensive PostgreSQL database design and management system pgAdmin III is

implemented as graphical user interface to the database. All determined layer-mean

feature properties and the conversion factors were stored in this relational database

and were statistically evaluated. Within the relational database, any kind of search

function can be executed and any pre-defined parameters can be related to each other

by SQL statements. The relational database is also accessible with external programs

by SQL statements and can, thus, be implemented in automated algorithms. The

structure of the database is explained in detail by Wandinger et al. [2011]. The sta-

tistical results shown in the following are obtained from this relational database.

In Section 6.1 results of the statistical evaluation of EARLINET measurements are

summarized. Section 6.1.1 provides an overview on the frequency of occurrence of

pure aerosol types and aerosol mixtures as obtained from the analysis of several hun-

dreds aerosol layers from EARLINET data investigated in detail so far. Mean optical

properties of pure aerosol types are presented in Section 6.1.2. The findings for mixed

aerosols are discussed in Section 6.1.3. In Section 6.1.4 the conversion factors to relate

spaceborne lidar observations with different instruments to each other are summarized

for pure aerosol types and typical aerosol mixtures. In Section 6.2 findings of the

comparison of the aerosol typing based on data of selected EARLINET lidars against

1 SQL – Structured Query Language
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results of the CALIPSO aerosol classification scheme are shown. For this purpose, the

data set used for Section 6.1 was screened for EARLINET measurements that were

performed in correlation with a CALIPSO overpass. EARLINET aerosol layers from

the selected EARLINET measurements were then searched in the respective CALIOP

profiles. General results of the investigations are presented in Section 6.2.1, whereas

in Section 6.2.2 results of the validation of the CALIPSO aerosol classification scheme

are summarized.

6.1 Aerosol optical parameters from EARLINET mea-

surements

The statistical results presented in this section are based on an in-depth investigation

of 240 EARLINET measurements provided by 16 EARLINET stations, with focus

on the high-performance stations (cf. Section 3.1.3). Each measurement has been

inspected regarding quality and the occurrence of distinct aerosol layers. Altogether

709 aerosol layers were defined. For each selected layer, a FLEXPART transport sim-

ulation was performed to determine its origin, transport path, and age. The DREAM

and NAAPS models together with MODIS fire maps, and other tools (cf. Chapter 4)

were used to cross-check the sources and to assign a pure aerosol type or an aerosol

mixture to the layers, in the way discussed for several examples in Chapter 5. For

54 aerosol layers no distinct aerosol source and type could be assigned. Statistical

considerations presented below were done for the remaining 655 aerosol layers, which

could be related to aerosol sources.

The aerosol typing was performed in analogy to the CALIPSO classification scheme.

That means, optical properties were determined for clean marine, desert dust, polluted

continental, clean continental, biomass-burning (smoke), and polluted dust aerosol.

The CALIPSO aerosol type polluted dust is defined as dust mixed with smoke and/or

pollution aerosol. For the evaluation of EARLINET data this type was separated into

mixtures of either dust with pollution, dust with smoke or dust with smoke and pollu-

tion. Statistical results for other observed mixtures are shown additionally, although

they are not included in the CALIPSO classification scheme. For instance, mixtures

that contain marine aerosol were considered separately and were separated regarding

the presence of dust in addition. For aerosol mixtures a combination of the names

for pure aerosol types were used. Table 6.1 summarizes the aerosol types used in the

following.
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Table 6.1: Overview on aerosol types used in this thesis for the statistical evaluation of

EARLINET data.

Aerosol types Acronym

Pure Types:

Marine Marine (M)

Desert dust Dust (D)

Biomass burning (smoke) Smoke (S)

Polluted continental Pollution (P)

Clean continental Continental (C)

Tropospheric volcanic Volcanic (V)

Stratospheric Stratospheric (Str)

Aerosol mixtures:

Mixtures with dust Dust + Smoke (D+S)

Dust + Pollution (D+P)

Dust + Smoke + Pollution (D+S+P)

Dust + Marine (D+M)

Dust + Marine + Pollution (D+M+P)

Dust + Marine + Smoke (D+M+S)

Dust + Marine + Pollution + Smoke (D+M+P+S)

Dust + Marine + Continental (D+M+C)

Dust + Continental (D+C)

Other mixtures Marine + Continental (M+C)

Marine + Continental + Smoke (M+C+S)

Marine + Pollution (M+P)

Marine + Pollution + Smoke (M+P+S)

Marine + Smoke (M+S)

Pollution + Smoke (P+S)

Volcanic + Marine (V+M)

Volcanic + Marine + Pollution (V+M+P)
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6.1.1 Occurrence of major aerosol types

In Figure 6.1 the frequency of occurrence of the pure aerosol types and aerosol mix-

tures for measurements taken between 2008 and 2010 is shown. In 38% of the cases

a pure aerosol type was assigned, whereas in 62% a mixing of different aerosol types

could not be ruled out.

The majority of the pure aerosol types was classified as polluted (38%) or clean (18%)

continental aerosol (cf. Figure 6.1b). 17%, 10%, and 8% of the layers of the pure-

type fraction were identified as desert dust, smoke, and volcanic aerosols, respectively.

Clean marine conditions were found for 3% (i.e., 1.1% of all layers) only. 6% of the

layers were detected in the stratosphere. In addition, all kinds of mixtures of pure tro-

pospheric aerosol types occurred over Europe in the investigated period as the analysis

shows (cf. Figure 6.1c). Predominantly, the mixed aerosols contain pollution and/or

dust. The mixture of dust, marine, and pollution aerosol is most frequently obtained

(28%), followed by the mixtures of marine and pollution (19%) as well as dust and

marine aerosols (14%). This can be explained by the large number of measurements

contributed by stations in the Mediterranean region.

total: 655 
investigated layers

[number of layers]

 Smoke [24]
 Pollution [95]
 Clean continental [45]
 Clean marine [7]
 Volcanic [21]
 Stratospheric [14]
 Dust [41]

 

Pure aerosol type

Aerosol mixture

a)

b)

c)

17%

6%
8%3%18%

38% 10%

7%

4%
3%

19%
9%2%

2%

28%

14% 9%
3%

 Dust + Smoke [14]
 Dust + Pollution [36]
 Dust + Marine [56]
 Dust + Marine + Pollution [114]
 Dust + Marine + Pollution + Smoke [9]
 Dust + Marine + Clean continental [9]
 Marine + Clean continental [35]
 Marine + Pollution [79]
 Marine + Pollution + Smoke [11]
 Pollution + Smoke [18]
 Other [27]

38%
pure [247]62% 

mixed [408]

Figure 6.1: Frequency of occurrence of pure and mixed aerosol types as obtained from

the aerosol-layer analysis: a) fraction of layers containing either pure or mixed aerosols, b)

distribution of smoke, pollution, clean continental, clean marine, volcanic, stratospheric,

and dust aerosol within the fraction of pure aerosol types, c) distribution of different

mixtures within the fraction of mixed aerosols. The number of defined aerosol layers are

added within brackets, respectively.
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5.7%

 Total: 617 investigated layers for climatology [number of layers per type]

Figure 6.2: Frequency of occurrence of the pure and mixed aerosol types without volcanic

events.

As this work is focused on providing a climatology of the vertical distribution of tro-

pospheric aerosols over Europe, aerosol from special events like volcanic eruptions and

resulting stratospheric features are not further considered. Thus, the number of aerosol

layers that were used for the following investigations reduced from 655 to 617. The

frequency of occurrence of the different pure aerosol types and aerosol mixtures cleared

from aerosol originating from special events is shown in Figure 6.2. In 34% of the cases

a pure aerosol type was assigned, whereas in 66% a mixing of different aerosol types

could not be ruled out. In general, results are similar to the values shown before. For

the pure aerosol types the majority is defined as polluted (15.4% of all) and clean

continental aerosol (7.3% of all), followed by desert dust with 6.6% of all layers, and

smoke with 3.9%. Clean marine conditions were found for 1.2% of all aerosol layers

only. When a mixture of aerosols cannot be ruled out, it mainly contains pollution

and/or dust. The mixture of dust, marine, and pollution aerosol is most frequently

obtained (18.5% of all), followed by the mixtures of marine and pollution (12.8% of

all) and dust and marine aerosols (9.1%).

In general, clean marine aerosol is found seldom, but a marine influence cannot be

ruled out for more than half (54%) of the analyzed aerosol layers (cf. Figure 6.3).
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Figure 6.3: Frequency of occurrence of the aerosol types smoke, pollution, continental,

marine, and dust in pure and mixed states.

The mixing with marine aerosol is caused by typical transport pattern from the North

Atlantic or from the Sahara over the Mediterranean Sea toward Europe. Figure 6.3

also shows that pollution and dust occur in 59% and 48% of the layers, respectively,

in either pure or mixed state. It should be noted that, with the tools applied here, it

is estimated whether the presence of a certain aerosol type is likely or not. It is not

possible to determine the absolute contribution of different aerosol types to a mixture.

Results of investigations on the vertical extent of aerosol layers of dust, continental,

pollution, and smoke aerosol and frequently observed aerosol mixtures are summarized

in Figure 6.4. For each aerosol type mean bottom and top heights were calculated

based on the respective bottom and top heights of the identified EARLINET aerosol

layers. The black bars in Figure 6.4 indicate the height range where aerosol layers of

the respective aerosol type were found. As expected dust layers and mixtures with

dust were at about 3 km height and above, whereas pollution and mixtures containing

marine and pollution aerosol were found in lower heights.

Finally, findings of a more detailed analysis for selected stations are illustrated in Fig-

ure 6.5. Again, the frequency of occurrence of pure and mixed aerosols is shown. The

geographical location is nicely represented. For example, the results for Cabauw, The

Netherlands on the left show the marine influence that is present for often observed

westerly flows. Leipzig and Maisach are examples for Central European stations where
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Figure 6.4: Distribution of mean layer base and top heights and the resulting vertical

extent (black bars) for aerosol layers containing dust, continental, pollution, and smoke

aerosol and frequently observed aerosol mixtures.

mostly pollution can be observed. Observations of the Spanish station Granada sup-

port the known influence of desert dust from the Sahara, which is also often mixed

with marine aerosol from the Mediterranean before it reaches the station. This is also

the case for the Italian stations of L’Aquila and Potenza, but for those stations aerosol

mixtures often contain pollution in addition. Athens and Thessaloniki are stations in

Greece showing the large influence of smoke aerosol, which can often be observed in

the summer months (cf. Chapter 2).

In the following, mean optical properties calculated for the pure aerosol types (Sec-

tion 6.1.2) and a selection of aerosol mixtures (Section 6.1.3) are presented. For each

of the pure types and aerosol mixtures considered in Figure 6.2, there were at least

seven and on average 40 individual layers available in the database, which contribute

to the statistics. Mixtures with lower frequency of occurrence were sampled in the cat-

egory “other” in Figure 6.2. The number of individual layers available in the database

contributing to the statistical values for each type are given in brackets.
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Figure 6.5: Frequency of occurrence of the pure and mixed aerosol types for the EAR-

LINET stations Cabauw, Leipzig, Maisach, Granada, L’Aquila, Potenza, Athens, and

Thessaloniki.

6.1.2 Optical properties of pure aerosol types

A list of extensive and intensive optical properties for the pure tropospheric aerosol

types marine, dust, pollution, continental, and smoke are summarized in Table 6.2.

Mean values and standard deviation are shown. The conversion factors are indicated

in bold, i.e., those parameters that are relevant to relate spaceborne observations with

different instruments (cf. Chapter 1) to each other. In addition, the absolute number

of aerosol layers used for the statistical evaluation is given.

The limited number of observations at fully equipped stations (channels for backscat-

ter and extinction for more than one wavelength) as well as the fact that clean marine

conditions are rarely found over Europe explains missing numbers in Table 6.2. The

whole set of parameters shown in Table 6.2 and Table 6.3 could not be determined

for each classified layer and, thus, the real number of values for the statistical evalu-

ation of each parameter is usually lower than the number of classified aerosol layers.

For instance, seven layers could be identified for marine aerosol, but only for two of

them Ångström exponents, and respective color ratios, could be calculated. Therefore,

results of marine aerosol are not included in the following. Figures 6.6–6.8 illustrate
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Table 6.2: Mean values and standard deviation of extensive and intensive optical proper-

ties for the pure aerosol types marine, dust, pollution, continental, and smoke. Conversion

factors as defined in Chapter 3 are indicated in bold. In addition, the absolute number

of classified aerosol layers is given.

Parameter, unit Marine Dust Pollution Continental Smoke

Classified layers 7 41 95 45 24

αUV, 10−6 m−1 68.7±32.7 125.2±69.5 77.0±55.1 116.7±81.0

αVIS, 10−6 m−1 61.8±33.3 72.2±36.3 50.8±42.2 70.6±38.7

βUV, 10−6 m−1sr−1 0.85±0.80 1.61±0.92 2.17±1.70 1.56±1.20 2.37±3.39

βVIS, 10−6 m−1sr−1 1.06±1.33 1.42±0.92 1.30±1.11 0.91±0.71 1.33±1.70

βIR, 10−6 m−1sr−1 0.54±0.36 0.81±0.55 0.50±0.45 0.49±0.35 0.33±0.20

SUV, sr 60.0±11.7 67.6±13.5 51.5±10.7 74.0±15.5

SVIS, sr 56.8±8.1 63.6±14.1 39.4±8.8 76.8±13.7

sVIS−UV 0.95±0.17 0.99±0.26 0.80±0.28 0.98±0.16
åα,UV−VIS 0.41±0.48 1.58±0.40 1.90±0.93 1.41±0.31

åβ,UV−VIS 0.50±0.42 0.20±0.47 1.52±0.36 1.30±0.45 1.52±0.32

åβ,VIS−IR 0.28±0.04 0.40±0.38 1.28±0.31 1.00±0.35 1.18±0.20

åβ,UV−IR 0.48±0.28 1.40±0.28 1.14±0.36 1.30±0.11

Cα,VIS−UV 0.87±0.15 0.53±0.09 0.49±0.18 0.57±0.07
Cβ,VIS−UV 0.80±0.14 0.94±0.19 0.55±0.07 0.60±0.10 0.55±0.07
Cβ,IR−VIS 0.87±0.04 0.78±0.18 0.42±0.09 0.52±0.13 0.45±0.06

Cβ,IR−UV 0.61±0.16 0.23±0.06 0.31±0.13 0.24±0.03

the findings for lidar ratios and Ångström exponents for the pure aerosol types dust,

continental, pollution, and smoke. Boxes ranging from the 25% to the 75% percentile

as well as the 5%, 50%, and 95% percentiles are shown in addition to mean, minimum,

and maximum values. The numbers of identified layers per aerosol type and parameter

that contribute to the statistical values are given as well.

In general, the results agree well with findings of other aerosol typing studies as dis-

cussed in Chapter 2. Highest lidar ratios and Ångström exponents are obtained for

smoke, indicating small and highly absorbing particles, followed by the values for

pollution. The dust lidar ratios are 60.0±11.7 and 56.8±8.1 sr at 355 and 532 nm,

respectively, and agree very well with the findings of SAMUM–1 in the Saharan dust

source region [Tesche et al., 2009b]. Ångström exponents are also in good agreement

with findings from other measurements (cf. Section 2.2). For smoke and pollution

Ångström exponents of the order of 1.5 at 355 and 532 nm (UV–VIS), around 1.2 at

532 and 1064 nm (VIS–IR), and around 1.35 at 355 and 1064 nm (UV–IR) were found.

For dust and marine aerosol values ≤0.5 were derived.



92 CHAPTER 6. STATISTICAL ANALYSIS

The variability of the parameters has both natural and technical reasons. A limited

number of observations enhances the influence of single outliers, which may be caused

by misclassification or measurement errors. In addition, e.g., Burton et al. [2012]

clearly showed that there can be a considerable spread in the observations for aerosols

that belong to the same type but have been observed in different locations.

6.1.3 Optical properties of aerosol mixtures

For a selection of aerosol mixtures with the highest frequency of occurrence (cf. Fig-

ure 6.1c) mean values and standard deviation of extensive and intensive optical prop-

erties are given in Table 6.3. Conversion factors are indicated in bold. In addition, the

absolute number of aerosol layers used for the statistical evaluation is given. Again,

box plots are used to visualize the optical properties. Lidar ratios are presented in

Figure 6.9, Ångström exponents are shown in Figure 6.10 and 6.11. The numbers

of identified layers per aerosol type and parameter that contribute to the statistical

Table 6.3: Mean values and standard deviation of extensive and intensive optical prop-

erties for different mixtures of dust, pollution, smoke, and marine aerosol. Conversion

factors as defined in Chapter 3 are indicated in bold. In addition, the absolute number

of classified aerosol layers is given.

Parameter, unit Dust and Dust and Dust, Poll. Dust and Pollution

Smoke Pollution and Marine Marine and Marine

Classified layers 14 36 114 56 79

αUV, 10−6 m−1 39.9±21.2 94.2±62.3 93.8±74.4 101.5±61.3 70.4±46.9

αVIS, 10−6 m−1 36.3±4.0 78.8±36.6 110.2±84.8 81.7±50.9 51.4±27.9

βUV, 10−6 m−1sr−1 1.38±1.02 1.33±0.89 2.06±1.67 2.07±1.49 1.77±1.15

βVIS, 10−6 m−1sr−1 0.74±0.47 0.99±0.65 1.51±1.70 1.63±1.21 1.31±1.35

βIR, 10−6 m−1sr−1 0.33±0.20 0.52±0.46 0.65±0.64 0.98±0.71 0.67±0.44

SUV, sr 53.8±13.3 61.6±6.8 50.1±13.6 47.3±8.3 44.0±8.9

SVIS, sr 63.5±11.3 70.1±12.6 53.2±14.3 45.3±7.0 41.7±13.3

sVIS−UV 1.28±0.39 1.12±0.17 0.93±0.22 1.15±0.20 0.95±0.20
åα,UV−VIS 0.57±0.21 0.94±0.53 1.04±0.91 0.40±0.30 1.19±0.48

åβ,UV−VIS 1.34±0.66 1.02±0.52 0.95±0.47 0.73±0.34 1.27±0.39

åβ,VIS−IR 1.15±0.38 0.98±0.41 0.78±0.41 0.49±0.32 0.94±0.38

åβ,UV−IR 1.23±0.47 0.97±0.38 0.91±0.33 0.56±0.32 1.12±0.28

Cα,VIS−UV 0.80±0.10 0.70±0.15 0.70±0.25 0.87±0.12 0.64±0.13
Cβ,VIS−UV 0.61±0.15 0.69±0.15 0.68±0.18 0.76±0.10 0.61±0.10
Cβ,IR−VIS 0.47±0.11 0.53±0.14 0.61±0.18 0.73±0.15 0.54±0.15

Cβ,IR−UV 0.29±0.14 0.37±0.13 0.38±0.17 0.58±0.21 0.31±0.11
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values are given as well.

Mean and median values for aerosol mixtures clearly show the influence of the different

pure aerosol types. Highest lidar ratios and Ångström exponents are normally found

for mixtures containing smoke or pollution, indicating small and highly absorbing par-

ticles. When marine aerosols contribute to the mixture, the lidar ratios as well as the

Ångström exponents are decreased. Smallest values of Ångström exponents are found

for the mixture of dust and marine aerosol, where both components contribute with

relatively large particles. The fact that the variability of these data is higher than

for the pure types is caused by the amount of single components in a mixture, which

varies from case to case. In addition, the identification of certain mixtures is rather

difficult and misclassification can easily happen.
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Figure 6.6: Lidar ratio at 355 nm (top) and 532 nm (bottom) for pure aerosol types.

Mean, minimum, and maximum values and boxes from the 25% to the 75% percentile

are indicated. The 5%, 50%, and 95% percentiles are shown in addition. Numbers of

identified layers per aerosol type that contribute to the statistical values are given as well.
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Figure 6.7: Extinction- (top) and backscatter-related (bottom) 355-to-532-nm Ångström

exponents for pure aerosol types. Mean, minimum, and maximum values and boxes from

the 25% to the 75% percentile are indicated. The 5%, 50%, and 95% percentiles are

shown in addition. Numbers of identified layers per aerosol type that contribute to the

statistical values are given as well.
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Figure 6.8: 532-to-1064-nm (top) and 355-to-1064-nm (bottom) backscatter-related

Ångström exponents for pure aerosol types. Mean, minimum, and maximum values

and boxes from the 25% to the 75% percentile are indicated. The 5%, 50%, and 95%

percentiles are shown in addition. Numbers of identified layers per aerosol type that

contribute to the statistical values are given as well.
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Figure 6.9: Same as Figure 6.6, but for aerosol mixtures (P+S = Pollution and Smoke,

D+S = Dust and Smoke, D+P = Dust and Pollution, D+M+P = Dust, Marine and

Pollution, D+M = Dust and Marine, M+P = Marine and Pollution).
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Figure 6.10: Same as Figure 6.7, but for aerosol mixtures (P+S = Pollution and Smoke,

D+S = Dust and Smoke, D+P = Dust and Pollution, D+M+P = Dust, Marine and

Pollution, D+M = Dust and Marine, M+P = Marine and Pollution).
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Figure 6.11: Same as Figure 6.8, but for aerosol mixtures (P+S = Pollution and Smoke,

D+S = Dust and Smoke, D+P = Dust and Pollution, D+M+P = Dust, Marine and

Pollution, D+M = Dust and Marine, M+P = Marine and Pollution).
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6.1.4 Conversion factors for the harmonization of space missions

Conversion factors for the harmonization of spaceborne lidar observations with dif-

ferent instruments were calculated based on the statistical evaluation of more than

700 aerosol layers. This data set already provides a valuable insight into the bene-

fits and limits of aerosol typing schemes for spaceborne lidar missions. The following

conversion factors are of specific interest to relate ALADIN and ATLID products to

CALIPSO observations (cf. also Chapter 1):

� 532-to-355-nm extinction(-related color) ratio (Cα,VIS−UV),

� 532-to-355-nm backscatter(-related color) ratio (Cβ,VIS−UV),

� 1064-to-355-nm backscatter(-related color) ratio (Cβ,IR−UV),

� ratio of the 532-nm lidar ratio to the 355-nm lidar ratio (sVIS−UV).

Aerosol-type-dependent values for these wavelength conversion factors were already

given in Table 6.2 and 6.3. At this point, further exploitations with special view on

the spaceborne lidar products are made.

Figure 6.12 shows a two-dimensional distribution of the pure aerosol types in terms of

the backscatter-related 1064-to-532-nm color ratio as measured with CALIOP versus

the 355-nm lidar ratio as it will be measured with ATLID. Figure 6.13 includes also

different mixtures of aerosol types. Big color dots stand for the pure aerosol types,

whereas smaller dots represent the mixtures discussed in the previous section. The

same relation is shown in Figure 6.14, but this time mean values are used and colored

lines were added indicating which pure types contribute to the mixtures. The fixed

lidar ratio of 25 sr for marine aerosol is taken from the literature (from SAMUM–2

and ACE–2), because of the lack of data for this aerosol type from the investiga-

tions presented above. In Figure 6.14 it can be seen that the pure types of smoke,

dust, pollution, and marine aerosol define the corner points of this two-dimensional

distribution and that most of the mixtures lie on nearly straight connection lines be-

tween their constituents. This finding may hint to a dominance of external mixing, for

which individual properties of the constituents are preserved, when air masses cross

different source regions. In the case of internal mixtures, the individual properties

of the constituents are usually not conserved and optical parameters may completely

change. For instance, when discussing the aging (and, thus, mixing) of dust during

transport, it is often assumed that soluble substances (e.g., sea salt or organic matter)

condense on the dust particles and produce a coating. In such a case the particles

would grow, change their absorption properties, and probably lose their non-spherical

shape, so that it is not very likely that the optical parameters of the mixture remain
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Figure 6.12: Relation between backscatter-related 1064-to-532-nm color ratio as mea-

sured with CALIOP and lidar ratio at 355 nm as it will be measured with ATLID for all

investigated EARLINET aerosol layers separated for pure aerosol types. The standard

deviation is indicated.

on a straight line in between those of the constituents. An example that coating could

have taken place is the mixture of dust and smoke, which is not on a straight line

between dust and smoke, but shows lidar ratios smaller than expected from external

mixing processes. Further reasons for this result could be errors in the aerosol typing

or bad underlying data. Except from the result for the mixture of dust and smoke

these observations show that properties of pure types are conserved and mixed only.

If the internal mixing can be neglected, probability density functions can be used to

describe the state of mixing of the aerosol, i.e., “trajectories” between pure aerosol

types can be defined in a multi-dimensional parameter space on which the mixtures

occur.

Groß et al. [2013] reported on similar findings. The authors showed additionally that

the values for the African biomass-burning-mixture cluster are clearly located within

the mixing lines of Saharan dust and (Canadian) biomass-burning aerosols, which

is in agreement with findings of the SAMUM–2 campaign, where Lieke et al. [2011]

and Weinzierl et al. [2011] found a contribution of different amounts of Saharan dust

within these aerosol layers. Groß et al. [2013] mentioned that besides the African
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Figure 6.13: Relation between backscatter-related 1064-to-532-nm color ratio as mea-

sured with CALIOP and lidar ratio at 355 nm as it will be measured with ATLID for all

investigated EARLINET aerosol layers separated for pure and mixed aerosol types (D+S

= Dust and Smoke, D+P = Dust and Pollution, D+M = Dust and Marine, D+M+P =

Dust, Marine and Pollution, M+P = Marine and Pollution, P+S = Pollution and Smoke).

biomass-burning-mixture cluster, also the mixed Saharan-dust cluster is within the

mixing lines. They also found that the observed pattern of aerosol optical properties

derived from lidar measurements can be linked empirically to their intensive micro-

physical and optical properties, especially in summary.

Table 6.4 summarizes findings of the lidar ratio at 532 nm and the backscatter-related

1064-to-532-nm color ratio presented by Burton et al. [2013] and Groß et al. [2013,

2015] compared to results found within this study. In general, values derived within

this study are in very good agreement with former findings. Only a slightly higher

color ratio was observed for marine aerosol.

If only one of the two intensive optical parameters shown in Figure 6.14 is available,

a clear aerosol typing is not possible. The color ratio (i.e., CALIOP-like instruments)

is helpful to distinguish aerosols with a strong coarse particle mode (dust and marine

aerosol) from aerosols with a dominating fine particle mode (smoke and pollution).

The lidar ratios (i.e., ATLID-like instruments) of different aerosol types were spread a
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Figure 6.14: Relation between backscatter-related 1064-to-532-nm color ratio as mea-

sured with CALIOP and lidar ratio at 355 nm as it will be measured with ATLID for

derived mean values for pure and mixed aerosol types (D+S = Dust and Smoke, D+P =

Dust and Pollution, D+M = Dust and Marine, D+M+P = Dust, Marine and Pollution,

M+P = Marine and Pollution). The lidar ratio of marine aerosol is set to the literature

value of 25 sr because of the lack of data from the investigations presented above.

bit more, but were not clearly separated from each other except the value for marine

aerosol. Thus, it is very important to consider the particle depolarization ratio as an

additional intensive parameter to achieve better results of the aerosol classification.

Measurements of the particle depolarization ratio are not trivial and require a careful

instrument characterization and a specific calibration [Freudenthaler et al., 2009]. The

particle depolarization ratio is not an EARLINET standard product yet and during

the intensive measurement period only a few stations performed quality-assured de-

polarization measurements with well-calibrated systems. In the present study, data of

the depolarization ratio were made available only for a few measurements. In addition,

mostly the volume linear depolarization ratio (cf. Equation (3.5)) was provided. How-

ever, it is a rather qualitative measure and not suitable for a distinct aerosol typing,

because it describes the depolarizing properties of the scattering volume containing

both air and particles. For aerosols it is better to use the particle depolarization ratio,

i.e., the depolarization ratio corrected for molecular scattering. Due to the lack in the
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Table 6.4: Summary of findings of the lidar ratio S532 and color ratio Cβ,1064−532 found

for the listed aerosol types; indices indicate the wavelength in nm and the related scat-

tering coefficient.

Aerosol type S532, sr Cβ,1064−532 Reference

Marine 17–27 0.63–0.77 Burton et al. [2013]

18±5 0.61±0.10 Groß et al. [2013]

– 0.87±0.04 this study

Dust 45–51 0.63–0.71 Burton et al. [2013]

48±5, 56±5 0.77±0.15 Groß et al. [2013, 2015]

57±8 0.78±0.18 this study

Pollution 53–70 0.48–0.59 Burton et al. [2013]

56±6 0.41±0.27 Groß et al. [2013]

64±14 0.42±0.09 this study

Smoke 55–73 0.4–0.53 Burton et al. [2013]

69±17 0.21±1.3 Groß et al. [2013]

77±14 0.45±0.06 this study

Dust + Smoke 63±7 0.61±0.13 Groß et al. [2013]

64±11 0.47±0.11 this study

Dust + Smoke + Marine 29–49 0.56–0.77 Burton et al. [2013]

50±4 0.68±0.09 Groß et al. [2013]

46±20 0.44±0.10 this study

Marine + Pollution 36–45 0.59–0.67 Burton et al. [2013]

42±13 0.54±0.15 this study

used data set a brief discussion shall be given on values from the literature in order to

complete the discussion on aerosol typing.

Large efforts to measure the particle linear depolarization ratio have been made during

the SAMUM campaigns [Freudenthaler et al., 2009; Groß et al., 2011b, 2013; Tesche,

2011]. For pure mineral dust, values of 31±3% and 26±6% at 532 and 355 nm, re-

spectively, were found in the Saharan source region during SAMUM–1 [Freudenthaler

et al., 2009]. Higher values of 36±2% at 532 nm [Ansmann et al., 2010] and 35±2%

at 355 nm [Groß et al., 2012] were observed in the fresh ash plume of Eyjafjallajökull.

For marine aerosol and smoke obtained at Cape Verde during SAMUM–2 the typical

values were 3% and 5%, respectively [Groß et al., 2011b]. Especially for the purpose
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of aerosol typing, Sakai et al. [2010] measured linear depolarization ratios of mineral,

sea-salt, and ammonium-sulfate particles in the laboratory. The authors found values

of 39±4% for large and 17±3% to 14±3% for small Asian and Saharan dust particles.

Dry sea salt, which occurs at relative humidity below 45% only, showed values of 8±1%.

In the liquid state, the number dropped to 1.0±0.1%. The same value was found for

liquid ammonium-sulfate particles. It can be seen that only large mineral particles as

contained in desert or soil dust and ash generate a considerable light depolarization,

which can be used to distinguish this kind of material from other aerosols. By know-

ing the depolarization properties of these particles, it is even possible to quantify their

contribution to a two-component mixture, as it has been demonstrated for mixtures

of dust and smoke [Tesche et al., 2009a] and volcanic ash and sulfate [Ansmann et al.,

2011b].

By assuming typical particle linear depolarization values of 30%, 5%, 3%, and 1% for

dust, smoke, marine, and pollution aerosol, respectively, it is possible to illustrate the

location of these four aerosol types in the three-dimensional space of the intensive par-

ticle properties backscatter-related color ratio (1064/532 nm), lidar ratio (at 355 nm),

and particle linear depolarization ratio (at 532 nm) like it was done in Figure 6.15.

A wavelength dependence of the depolarization ratio is not considered (although a

small wavelength dependence has been found for dust, cf. above). The projections

into the x–z and y–z planes show the two-dimensional parameter spaces of ATLID and

CALIOP, respectively. It can be seen that with both lidar types primarily three groups

of aerosols can be clearly discriminated: dust (and ash, not shown), marine aerosol, and

pollution/smoke. A clear discrimination of pollution and smoke is difficult. Here, it is

noteworthy that smoke and pollution properties are quite variable and that only mean

values for Europe are shown. The properties of smoke change in dependence of the

fire type (smoldering or flaming) and of the transport time (cf. also Section 2.2). The

properties of anthropogenic pollution are obviously different in highly industrialized

regions of Europe and North America with their strong environmental regulations and

in Southeast Asia [Franke et al., 2003; Cattrall et al., 2005]. Nevertheless, threshold

values to distinguish small and highly absorbing particles (higher lidar ratio, smaller

color ratio) from coarser and less-absorbing particles (smaller lidar ratio, higher color

ratio) can be introduced. Hence, Figure 6.15 leads to the major conclusion that it

is possible to apply a common aerosol typing scheme to CALIOP and ATLID data

and, thus, to harmonize the long-term observations with both instruments by applying

respective conversion factors, as derived in this study.
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Figure 6.15: Three-dimensional relation between backscatter-related 1064-to-532-nm

color ratio, lidar ratio at 355 nm, and particle linear depolarization ratio at 532 nm for

the pure aerosol types (marine – blue, dust – yellow, pollution – red, smoke – black). The

two-dimensional projections into the x–z and y–z planes show the separation of aerosol

types as seen by ATLID and CALIOP, respectively. Because of the lack of data from the

present study, the lidar ratio of marine aerosol and particle linear depolarization ratios

are taken from the literature.
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6.2 Aerosol layers in correlative EARLINET and

CALIOP data – A comparison study

This section shows (statistical) results of the comparison of aerosol layers derived from

data of selected ground-based EARLINET lidars against CALIOP data sampled from

space. The aerosol typing based on EARLINET data was performed by using the

aerosol types that are applied in the CALIPSO classification scheme (clean marine,

desert dust, polluted continental, clean continental, biomass burning (smoke), and

polluted dust). Aerosol mixtures that were used separately in Section 6.1 are now

summarized as shown in Table 6.5 in order to simplify the comparison of correlative

observations of EARLINET and CALIPSO.

In fact, the term polluted dust is defined in the CALIPSO terminology as a mixture

of dust with smoke and/or pollution aerosol. However, each profile that shows a

considerable depolarization (7.5% < δ < 20%), which is, however, lower than the

depolarization for pure dust, is categorized by CALIPSO as polluted dust. Since

Table 6.5: Aerosol types used for the validation of the CALIPSO typing scheme.

Aerosol type CALIPSO convention Used in this thesis

Pure Types:

Marine Clean marine Marine

Desert dust (Desert) Dust Dust

Biomass burning (smoke) Smoke Smoke

Polluted continental Polluted continental Pollution

Clean continental Clean continental Continental

Tropospheric volcanic Other Volcanic

Stratospheric Stratospheric Stratospheric

Aerosol mixtures:

Mixtures with dust Polluted dust Dusty mix

(Dust and Smoke and/or (Dust and Smoke and/or

Polluted continental) Pollution and/or Marine

and/or Continental)

Other mixtures No equivalent types Marine mix

(Marine and Smoke and/or

Pollution and/or Continental)

Pollution + Smoke
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Table 6.6: Selection of EARLINET data for the validation of the automatic CALIPSO

classification scheme (BL aerosol – boundary-layer aerosol).

Measurements Aerosol layers

Case A observation 164

CALIOP data not available 9

CALIOP profiles free of aerosol 9

Failure in quality-assurance criteria 5

141 411

Aerosol type undetermined 33

Too far away for BL aerosol comparison 36

Comparison based on 342

there is no other mixture included in the CALIPSO classification scheme, also dust

mixed with marine aerosol is classified as polluted dust. For this study, mixtures

in EARLINET data that contain dust and other aerosol are called dusty mix. Two

additional mixtures are separated although there is no equivalent aerosol subtype

within the CALIPSO classification scheme: marine mix and the mixture of pollution

and smoke (cf. Table 6.5).

Table 6.6 summarizes the data set on which this comparison study is based. As already

introduced in Chapter 5, so-called EARLINET Case A measurements were chosen, for

which the CALIPSO overpass is at maximum 100 km away from the EARLINET

lidar site. That requirement reduces the number of measurements from the data

set investigated above from 240 to 164 measurements. Within that reduced data

set, CALIOP data were not available to nine measurements, in nine other cases the

CALIOP profiles were free of aerosol, and for further five measurements the data

quality-assurance criteria (cf. Section 5.1.3) were not fulfilled. Thus, 141 EARLINET

measurements with 411 aerosol layers remain. Unfortunately, for 33 of these aerosol

layers no distinct aerosol type could be assigned and so they are excluded from the

comparison. From the remaining 378 aerosol layers, 36 aerosol layers, which contain

boundary-layer aerosol but correspond to a satellite overpass of more than 10 km away

from the EARLINET observation, have to be excluded (cf. Section 5.1.3). Hence, the

validation of CALIPSO’s automatic feature classification and aerosol typing scheme is

based on 342 classified EARLINET aerosol layers.
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6.2.1 EARLINET aerosol layers detected by CALIPSO

In Section 5.1.3 the performance of the comparison of the classified aerosol subtypes

was briefly introduced. For each comparison a set of ten along-track individual

CALIOP profiles averaged horizontally over 5 km was chosen and within each set,

aerosol features were searched. The heights of the EARLINET aerosol layers served

as lower and upper limits of each layer.

Each correlative CALIOP data subset, for which aerosol subtypes were compared to

results of the EARLINET data, was checked to get a feeling for the data quality and

errors that occur during the comparison. Possible aerosol distributions, which were

observed within the CALIOP profiles for the height ranges of interest, were already

presented (cf. Section 5.1.3 occasions (a)–(g)). Investigations showed that mostly

about two third of the height ranges of the CALIOP profiles were classified to contain

aerosol or about six of ten profiles show the presence of aerosol for the entire height

range. A weighing factor was determined by counting the frequency of occurrence of

each aerosol type within the ten CALIOP profiles related only to those height bins

of all profiles of this CALIOP scene that were typed as illustrated in Table 6.7 for

one specific CALIOP example. This example illustrates the following results for the

comparison. Firstly, the EARLINET aerosol layer was also detected by CALIPSO.

Secondly, within this aerosol layer the types polluted continental (CALIPSO aerosol

type number 3) and smoke (CALIPSO aerosol type number 6), but also some parts

of clear air (CALIPSO “aerosol” type number 0) were classified by CALIPSO.

Table 6.7: CALIOP profiles of a cross section used for the comparison to the correlative

EARLINET measurement. Per bin and profile the occurrence of each CALIPSO aerosol

type is shown, on the right side (Counts per type), the frequency of occurrence is shown

(1–clean marine, 2–dust, 3–polluted continental, 4–clean continental, 5–polluted dust,

6–smoke, 7–other). Clear air is indicated by 0.

Height Profile number Counts per type

1 2 3 4 5 6 7 8 9 10 0 1 2 3 4 5 6 7

Bin 1 6 6 6 0 0 0 0 0 0 0 7 0 0 0 0 0 3 0

Bin 2 6 6 6 0 0 3 3 3 3 0 3 0 0 4 0 0 3 0

Bin 3 3 3 3 3 3 3 3 3 3 0 1 0 0 9 0 0 0 0

Bin 4 3 3 3 3 3 3 3 3 3 0 1 0 0 9 0 0 0 0

Bin 5 3 3 3 3 3 3 3 3 3 0 1 0 0 9 0 0 0 0

All height bins with aerosol: 37 Sum: 13 0 0 31 0 0 6 0
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Figure 6.16: Histogram of EARLINET aerosol layers that were detected and similarly

classified by CALIPSO separated for investigated aerosol types with and without applied

weighing factor.

The weighing factor describes the relation of the counts per aerosol type to the sum

of all height bins within the respective CALIOP scene that were classified as aerosol

but not as clear air. The example presented in Table 6.7 shows in sum 31 counts for

all height bins and all profiles for the aerosol type polluted continental. This number

was divided by the sum of all height bins that were typed as aerosol (in this case 37).

Hence, the weighing factor for polluted continental aerosol for this example is 0.84.

Based on this calculation the weighing factor for smoke for this example is 0.16. The

effect of the weighing factor on results of the aerosol type comparison is presented in

the following.

Figure 6.16 illustrates the results of the CALIPSO classification scheme for EAR-

LINET aerosol layer heights within the correlative CALIPSO profiles separated for

the applied aerosol types. Intensively colored bars represent the cases for which the

same aerosol type was simultaneously classified by the CALIPSO typing scheme

somewhere in the aerosol layer, without taking into account other aerosol types
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Table 6.8: All EARLINET aerosol layers (EAL) separated for specific aerosol types

(AT). In addition, the corresponding results of the CALIPSO feature classification and

aerosol typing are given.

Aerosol type EARLINET CALIPSO

(AT) aerosol layers detected detected EAL of most frequ.

(EAL) EAL same/similar typing classified

cases cases, % cases, % weight. cases, % AT instead

Smoke (S) 18 61.1 72.7 40.4 Poll. dust

Pollution (P) 65 67.7 20.5 15.5 Smoke

Continental 27 81.5 4.5 2.5 Poll. dust

Marine 3 – – – –

Dust 8 75.0 100 96.3 Poll. dust

Dusty mix 111 72.1 70.0 54.9 Dust

Marine mix 65 60.0 43.6 29.2 Poll. dust

P + S 10 80.0 87.5 48.0 Poll. dust

Volcanic 20 35.0 – – Poll. dust

Stratospheric 15 46.7 100 100 –

All types 342 65.5 49.6 37.4

that were classified additionally within the same layer. Light colored bars illustrate

the results when the above introduced weighing factor was applied for each case

individually. Figure 6.16 clearly shows that the number of aerosol layers that were

classified similarly by EARLINET and CALIPSO is on average reduced by about

66% per aerosol type, if the classification of other aerosol types within the considered

aerosol layer is taken into account. The light colored bars represent the effective

results, which are used for further investigations.

Table 6.8 shows how often CALIPSO detected aerosol within the EARLINET aerosol

layer height range. Numbers are given separately for specific aerosol types. In

addition, it is presented how often the same aerosol subtype, or in case of an aerosol

mixture at least one of the pure aerosol types within the mixture, was classified by

CALIPSO. For example, if a mixture of polluted dust with marine aerosol was found

in the EARLINET data, results of CALIOP were counted as same aerosol type, if

either the polluted dust or the clean marine aerosol type was classified. Furthermore,

the aerosol type, which was most frequently classified instead, is given.

In general, aerosol was found by CALIPSO within the EARLINET aerosol layer

height range for 224 cases (i.e., 65.5% of all 342 layers). Within these cases, aerosol

was classified for the entire height range in 157 cases. For 67 cases aerosol was found
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Table 6.9: EARLINET aerosol layers (EAL) classified in data of Potenza separated

for specific aerosol types (AT). In addition, the corresponding results of the CALIPSO

feature classification and aerosol typing are given.

Aerosol type EARLINET CALIPSO

(AT) aerosol layers detected detected EAL of most frequ.

(EAL) EAL same/similar typing classified

cases cases, % cases, % weight. cases, % AT instead

Smoke (S) – – – – –

Pollution (P) 2 50 – – P. dust, S

Continental 3 100 – – Poll. dust

Marine – – – – –

Dust 1 100 100 100 –

Dusty mix 18 100 55.6 50.2 Dust

Marine mix 11 81.8 33.3 15.6 Poll. dust

P + S 3 100 66.7 51.7 Poll. dust

Volcanic – – – – –

Stratospheric 5 40 100 100 –

All types 43 86.1 48.7 40.5

at least in some parts of this height range. The following results were found for the

different aerosol types. Best agreement regarding the presence of aerosol layers within

the same height range, was found for EARLINET aerosol layers that were typed as

continental aerosol (22 layers, i.e., 81.5% of all 27 layers). However, the same aerosol

type (continental aerosol) was classified by CALIOP only once, whereas most of

the other EARLINET continental aerosol layers were classified as polluted dust. A

different result was found for pure dust. From the EARLINET measurements eight

layers were classified as containing pure dust, and six of them (i.e., 75%) were found

in the CALIOP data with nearly always the same classification (96.3%). Only small

parts of those aerosol layers were typed by CALIPSO as polluted dust.

The same overview, but for comparison results for Potenza only, is shown in Table 6.9.

For Potenza 86.1% of the EARLINET aerosol layers were also detected in the

corresponding CALIOP profiles, but only for about 40% of these layers the same

aerosol type was classified. It is noteworthy that mostly polluted dust was assigned

instead.

A different result is found for Leipzig (cf. Table 6.10). Here only half of the defined

aerosol layers were also detected in the corresponding CALIOP profiles, but for 69%

of these layers the same aerosol type was classified. Over Leipzig five stratospheric
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Table 6.10: EARLINET aerosol layers (EAL) classified in data of Leipzig separated

for specific aerosol types (AT). In addition, the corresponding results of the CALIPSO

feature classification and aerosol typing are given.

Aerosol type EARLINET CALIPSO

(AT) aerosol layers detected detected EAL of most frequ.

(EAL) EAL same/similar typing classified

cases cases, % cases, % weight. cases, % AT instead

Smoke (S) 1 – – – –

Pollution (P) 18 72.2 61.5 48.2 Smoke

Continental 5 40 50 28.0 Poll. dust

Marine – – – – –

Dust 1 100 100 100 –

Dusty mix 6 33.3 100 71.0 –

Marine mix 12 41.7 80 54.0 Pollution

P + S 2 50 100 10 Poll. dust

Volcanic 8 25 – – Smoke

Stratospheric 5 60 100 100 –

All types 58 50 69 51.9

layers were observed during the investigated measurement period. CALIPSO detected

and identified three of those five stratospheric features, the other two stratospheric

layers were too thin for detection by CALIPSO.

Figure 6.17 shows the results for matches of aerosol layers and aerosol types separately

for the EARLINET stations Cabauw, Maisach, Granada, L’Aquila, Athens, and

Thessaloniki. Results of Potenza and Leipzig, already discussed above, are also

included in this overview. Figure 6.17 illustrates the results presented in Table 6.8.

On average, for about two third of the cases, aerosol layers were identified in both data

sets. Comparison results of the classified aerosol subtypes within the corresponding

aerosol layers differ for the selected EARLINET stations. For most stations, about

30%–40% of the aerosol layers are classified similarly however, for some stations

(e.g., Maisach, Thessaloniki), there is less agreement, while for others (e.g., Leipzig,

Granada), there is better agreement.

A detailed analysis for Maisach reveals that pollution was classified for 16 of the

18 EARLINET aerosol layers (i.e., 89%). In the correlative CALIOP profiles the

aerosol layers were mainly classified as smoke with some sections of pollution and

dust. For these selected EARLINET aerosol layers the presence of dust and smoke

was not considered, because the source analysis and the cross check of other available
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Figure 6.17: Histogram of aerosol layers identified in data of the given EARLINET

stations and searched for in corresponding CALIPSO overpass profiles. In addition, it

is indicated how often the same or similar aerosol type was classified by the CALIPSO

aerosol typing scheme. The number of investigated aerosol layers is given for each station.

data (cf. Chapter 4) did not give any hint for the presence of dust and smoke.

The classification for the EARLINET aerosol layers of Maisach was done without

information about the depolarization, since it was not available in the EARLINET

database. However, within the CALIPSO classification scheme just the depolarization

information itself leads to the selection of dust for some parts of the data subsets used

for the comparison with the Maisach data.

Table 6.11 shows again how often CALIPSO detected aerosol within the EARLINET

aerosol layer height range, but now statistics are separated for different distances from

the cross section of the satellite overpass. In addition, it is presented how often the

same aerosol subtype, or in case of an aerosol mixture at least one of the pure aerosol

types within the mixture, was classified by CALIPSO. Obviously, the comparison

results do not significantly differ for cases when the corresponding observations of the

EARLINET station and CALIPSO were performed for satellite overpasses of distances
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Table 6.11: EARLINET aerosol layers (EAL) found in correlative CALIPSO overpass

profiles and results of the CALIPSO aerosol typing scheme separated with respect to the

distance between the EARLINET station and the cross section of CALIPSO.

Distance EARLINET CALIPSO

from aerosol layers detected detected EAL of

satellite (EAL) EAL same/similar typing

overpass cases cases, % cases, % weighted cases, %

0–50 km 157 65.6 54.4 40.8

50–100 km 185 65.4 45.5 34.5

less (65.6%) or more than 50 km (65.4%). Slightly different results were found for

the classified aerosol types. For 40.8% of all cases the same or similar aerosol type

was classified for observations at maximum 50 km away from the satellite overpass,

whereas for observations with a distance of more than 50 km only 34.5% were typed

similarly. This minor difference might be due to aerosol layer inhomogeneities above

the continent, or limited classification options within the CALIPSO typing scheme,

which will be discussed later on.

6.2.2 Validation of the CALIPSO aerosol typing scheme

For each EARLINET aerosol layer the correlative CALIPSO profiles were checked for

the presence of aerosols. In Figure 6.18 the frequency of occurrence of aerosol types

for EARLINET aerosol layers in the EARLINET data selected for the comparison

and in the correlative CALIPSO profiles are illustrated. For the EARLINET profiles

the majority of the aerosol layers was classified as dusty mix (33.9%), while only 2.4%

of all comparison layers contained pure dust. Marine mix and pollution aerosol were

both found in 19.9% of all cases. 8.3% of the layers were identified as continental and

6.1% of the layers from the investigated period contained volcanic aerosol. Smoke was

classified for 5.5%, and a mixture of pollution and smoke for 3.1% of all cases. Clean

marine conditions were found for 0.9% of all EARLINET aerosol layers only.

A somewhat different occurrence statistics is shown for the subset of EARLINET

aerosol layers searched for within the correlative CALIPSO profiles. The mixture of

polluted dust is most frequently classified (37.0%), followed by smoke (25.4%) and

pure dust (20.8%). 9.0% and 4.9% of the cases were grouped into the categories

pollution and continental aerosol, respectively. Again, only few aerosol layers (2.9%)

were classified as clean marine.
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Figure 6.18: Frequency of occurrence of aerosol types in correlative EARLINET and

CALIPSO data used for the comparison.

Several points are noteworthy here. Firstly, it should be kept in mind that the

CALIPSO classification scheme was designed to select the clean marine type only

above water surfaces. Since EARLINET is a continental-scale lidar network, only in

coastal regions, where some profiles of the used CALIOP scene were sampled over

water surfaces, this aerosol subtype was classified. The few observations of clean

marine aerosol and the large number of marine-mix aerosol layers in the EARLINET

data is caused by several EARLINET stations located in coastal regions at which

mostly a mixture of marine and other aerosol types is present. Secondly, the large

number of measurements contributed by stations in the Mediterranean region explains

that in both data sets dusty mix or polluted dust is the most frequent aerosol type. A

further noteworthy result is that totally about 35% of the aerosol layers were classified

in both data sets as containing smoke and pollution and in case of EARLINET also

containing volcanic aerosol and a mixture of pollution and smoke aerosol.

A detailed investigation of each EARLINET aerosol layer within the correlative

CALIPSO profiles is presented in the following. In case aerosol was simultaneously

found in the EARLINET and CALIPSO profiles for the EARLINET aerosol layer

height, the aerosol type that was classified from the EARLINET data was used

to validate the aerosol subtype that was selected by the automatic CALIPSO

classification scheme. Comparison results for EARLINET aerosol layers, except for
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Figure 6.19: Results of the CALIPSO aerosol typing scheme for EARLINET aerosol

layers versus classified EARLINET aerosol types. The EARLINET aerosol types are

shown on the x-axis whereas the colors represent the six CALIPSO aerosol subtypes. The

black boxes indicate the presence of dust in either pure or mixed state.

the stratospheric layers, are shown in Figure 6.19. 38.1% of the EARLINET aerosol

layers that were classified as smoke or for which smoke was part of the mixture were

also typed as smoke aerosol by CALIPSO. For about one third (33.3%) of those

measurements the mixture polluted dust was selected. For the remaining cases clean

marine or clean continental aerosol was classified for 9.5% and dust or polluted

continental aerosol for 4.8% of the EARLINET smoke layers.

When pollution was classified in the EARLINET aerosol layer the same aerosol type

was classified by the CALIPSO algorithm for only 12.3%, whereas most of these

EARLINET pollution aerosol layers were typed by CALIPSO as smoke (37.0%) and

31.5% as polluted dust. Relatively poor agreement (3.1%) was found for continental

aerosol classification. Almost 44% of the EARLINET aerosol layers that consist of

continental aerosol were simultaneously classified by CALIPSO as polluted dust and

31.3% were wrongly classified as smoke.

For the few case A measurements with pure marine aerosol no correlative aerosol

layers were found within the CALIOP profiles. As shown by the fourth bar in
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Figure 6.19, 69 EARLINET aerosol layers were classified as a mixture of marine and

other aerosols. 31.9% of these EARLINET aerosol layers were classified by CALIPSO

as smoke or polluted dust, 20.3% and 7.2% as polluted continental and clean marine,

respectively.

Best agreement was found for dust. 85.7% of all EARLINET dust layers were

classified by CALIPSO as pure dust and 14.3% as polluted dust. Similar results were

found for the EARLINET type dusty mix. 44.7% of the EARLINET aerosol layers

that were labeled as mixtures of dust with further constituents were classified by

CALIPSO as polluted dust. 43.0% were typed as pure dust. There is no corresponding

aerosol subtype for the EARLINET mixture of pollution and smoke aerosol. However,

CALIPSO selected the pure types smoke for 30.0% and pollution for 15.0% of these

aerosol layers. 30.0% were classified as polluted dust. 40.0% of all EARLINET

volcanic aerosol layers were classified by CALIPSO as polluted dust and 30.0% as

dust or smoke.

Summarizing, it was shown that the CALIPSO typing performed well for EARLINET

aerosol layers classified as smoke, dust, and dusty mix. Depolarization measurements

are sensitive to non-spherical dust particles. Hence, for these cases the depolarization

measurements of CALIOP are a big advantage. In the CALIOP data aerosol layers

are classified as pure dust, if the particle depolarization was above a threshold of 20%.

For depolarization values of 7.5% < δ < 20% the mixture polluted dust was selected.

This threshold-based selection of the aerosol subtype can lead to the following

misclassification in the CALIPSO data. If an aerosol mixture was present, but the

depolarization within the EARLINET aerosol layer height range was high enough

(larger than 20%), pure dust was classified by CALIPSO. Polluted dust was selected

by CALIPSO only for depolarization values lower than 20%. For the EARLINET

aerosol layers the dusty mix type was classified, if investigations of the aerosol source

region hint to the presence of other aerosol components apart from dust. The category

polluted dust within the CALIPSO typing scheme was designed for mixtures of dust

with smoke and/or pollution. In addition, since the marine component reduces the

depolarization value, mixtures of dust and marine aerosol are classified by CALIPSO

as polluted dust. This misuse of the CALIPSO category polluted dust implies a

further error in the aerosol subtyping.

As previously mentioned, the aerosol type clean marine is selected within the

CALIPSO aerosol typing scheme only for aerosol layers over the ocean (cf. Fig-

ure 3.4). Therefore, this aerosol type can only be classified similarly in both data sets

when some parts of the ten 5-km profiles of CALIOP used for the comparison were

over water surfaces, e.g., in coastal regions. Within the range of the EARLINET

aerosol layers of the marine type used for the validation, no aerosol layer was found

in the correlative CALIOP profiles. Instead, the comparison could be performed for
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aerosol layers that were classified as marine mix due to the influence of local pollution

in the coastal areas of the corresponding EARLINET stations. Since this mixture

does not exist in the CALIPSO typing scheme, most of these aerosol layers were

classified by CALIPSO as pollution.

Pollution and smoke aerosol show similar optical properties and, hence, a differenti-

ation is difficult. Within the CALIPSO typing scheme the distinction of these two

aerosol types is based on the height of the aerosol layer. Pollution aerosol is classified

by CALIPSO only for aerosol layers that are close to the surface, whereas elevated

aerosol layers are typed as smoke. In this study, most EARLINET aerosol layers that

were classified as pollution were typed by CALIPSO as smoke, because the aerosol

layer was elevated. The determination of the aerosol source region and investigation

of other observational data, e.g., MODIS fire maps did not show the presence of

fires for the EARLINET pollution aerosol layers. Consequently, the aerosol type

smoke is clearly overrepresented and simultaneously pollution is underrepresented

by CALIPSO. This statement is emphasized by the fact that this study is based on

EARLINET measurements showing the aerosol distribution over Europe, which is

dominated by pollution aerosol.

Results of the comparison of aerosol types classified in EARLINET aerosol layers with

selected aerosol subtypes in the CALIPSO classification scheme can be summarized

as follows. For EARLINET aerosol layers often a mixture was classified. There are

no equivalent types in the CALIOP aerosol classification scheme besides polluted

dust. Therefore, the aerosol subtype classified by CALIPSO was not only counted as

a match, if it was the same type but also, if at least one aerosol type of the classified

mixture was selected by CALIPSO. This procedure revealed that for almost 40% of

all cases the same aerosol type was classified by the CALIPSO typing scheme.

In general, the findings of this study agree well with the results of the systematic

comparison of the CALIPSO aerosol classification scheme presented by Burton et al.

[2013], although the identification of aerosol layer heights was done in a different way.

The authors used aerosol layers classified by CALIOP and investigated their HSRL

data from satellite validation under-flights for the presence of these aerosol layers and

compared the classified aerosol subtypes. Burton et al. [2013] found a misuse of the

CALIPSO category polluted dust in cases of mixtures with marine aerosol, like it was

shown within this thesis.

The comparison between aerosol layers found in EARLINET data and searched

for in corresponding CALIOP data also shows that the aerosol layer definition in

the CALIPSO data is independent of the classified aerosol type. Sometimes the

classification of aerosol subtypes looks “a bit wild”, especially when different aerosol

types were defined within one aerosol layer. This finding was also reported by Burton

et al. [2013], who, in addition, said that the detection algorithm of CALIOP was not
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designed to separate aerosol by type and could fail to identify different aerosol types

within a column.

Within the literature only few systematic studies of the aerosol subtyping by

CALIPSO are available [e.g., Schuster et al., 2012; Burton et al., 2013]. They show

similar results and suggest that the CALIOP scheme is successful for about 70% of

the cases. Best agreement was found for dust. Difficulties were found for aerosol

layers dominated by the fine mode [Mielonen et al., 2009].

As it could be demonstrated within this study, the classification of smoke and

pollution aerosol is critical, since the only differentiating factor for these two aerosol

types within the CALIPSO classification scheme is the height of the observed aerosol

layer. In case the aerosol layer is elevated, it is classified by CALIPSO as smoke,

otherwise it is typed as pollution aerosol. It was shown that a multitude of elevated

aerosol layers that contained pollution were wrongly classified as containing smoke.

Consequently, that leads to an overestimation of smoke and underestimation of

pollution aerosol by CALIOP. Another implication of this misclassification is that the

respective lidar ratio that is selected for the data retrieval is higher for smoke than for

pollution. Accordingly, the retrieved extinction coefficient might be too large and the

single-scattering albedo selected for radiative-transfer calculations too small, which

leads to an overestimation of the warming effect of the respective aerosol layer. The

same effect is caused by the classification of mixtures of dust and marine aerosol as

polluted dust. The classification is based on the lower depolarization compared to

aerosol layers of pure dust. The respective lidar ratio for polluted dust is reasonable

for mixtures of dust with pollution or smoke, but too high for mixtures of dust and

marine aerosol resulting in an overestimation of the warming effect of the respective

aerosol layers. This overestimation of the warming effect has to be kept in mind for

simulations of the global aerosol radiative effect based on CALIPSO data, which

were presented by, e.g., Oikawa et al. [2013] and Winker et al. [2015]. The authors

showed that the aerosol direct radiative effect is less negative when the distribution

of aerosols above clouds provided by vertically resolved CALIPSO measurements are

considered in radiative-transfer simulations.
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Chapter 7

Summary and Outlook

Aerosols show type-specific characteristics, which depend on intensive aerosol optical

and microphysical properties that influence the radiation processes in the atmosphere

in various ways. The classification of aerosols and the characterization of the ver-

tical aerosol distribution is needed in radiative-transfer simulations. Especially, the

classification regarding absorbing aerosols and the distinction of coarse- and fine-mode

particles is required for the optimization of calculations of the Earth’s radiation budget.

Climate-relevant optical properties that are needed in such models are aerosol optical

depth and aerosol extinction coefficient. Both can be derived from multiwavelength

aerosol lidar measurements without further assumptions of aerosol type. Subsequent

analyses of the origin of the observed aerosol layers enable the relation of measured

optical parameters to the respective aerosol type. Measured aerosol type-specific prop-

erties are summarized in aerosol classification models to account for type-dependent

scattering and absorption characteristics of different aerosol species. Those aerosol

classification models are used in radiative-transfer simulations, in processing schemes

of passive measurements and, e.g., in retrievals of spaceborne lidars, but also for the

development of algorithms that allow the determination of different aerosol types on-

line or at least in near-real time.

The present work provides an overview of different possibilities for an aerosol classifica-

tion and aerosol types that can be observed over Europe. Former aerosol classification

studies were summarized. Representative values for aerosol-type-dependent param-

eters were verified based on multiwavelength lidar measurements from ground-based

EARLINET stations. For this thesis 240 measurements of selected EARLINET sta-

tions performed in the years 2008 to 2010 were searched for the presence of aerosol

layers. More than 700 aerosol layers were found by applying the derivative method as

explained in Section 5.1.1.

For each aerosol layer mean optical properties of, e.g., the lidar ratio and Ångström ex-

ponents were calculated. The respective aerosol source region and, hence, the aerosol
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type was determined by an in-depth investigation of the source region and transport

pattern of each individual aerosol layer. For that purpose, a set of different auxiliary

data and tools (transport and trajectory models, and other observational data), espe-

cially the transport model FLEXPART [Stohl et al., 1998; Stohl and Thomson, 1999;

Stohl et al., 2005], were used to locate possible aerosol source regions.

The aerosol classification was carried out for marine, dust, pollution, continental, and

biomass-burning (smoke) aerosol. These aerosol types are similar to those of the

CALIPSO aerosol classification scheme in order to allow validation studies. In addi-

tion, not only polluted dust, which is the only mixture contained in the CALIPSO

typing scheme, but also other mixtures of the pure aerosol types were considered.

The statistical evaluation of EARLINET measurements was performed for the pure

aerosol types and frequently observed aerosol mixtures. In 38% of the cases a pure

aerosol type was assigned, whereas in 62% a mixing of different aerosol types could not

be ruled out. The majority of the pure aerosol types was classified as polluted conti-

nental aerosol (38%). 18%, 17%, 10%, and 8% of the layers of the pure-type fraction

were identified as clean continental aerosol, desert dust, smoke, and volcanic aerosols,

respectively. Clean marine conditions were found for 3% (i.e., 1.1% of all layers) only.

6% of the layers of the pure-type fraction were detected in the stratosphere. In ad-

dition, all kinds of mixtures of pure tropospheric aerosol types occurred over Europe

throughout the investigated period. Predominantly, mixed aerosol layers contained

pollution and/or dust. The mixture of dust, marine, and pollution aerosol was most

frequently obtained (28%), followed by the mixtures of marine and pollution (19%) as

well as dust and marine aerosols (14%), which can be explained with the large number

of measurements contributed by stations in the Mediterranean region. The frequency

of occurrence of aerosol types for observations cleared from aerosol originating from

volcanic events showed similar results. It is noteworthy that generally clean marine

aerosol was seldomly identified, but a marine influence could not be ruled out for more

than half (54%) of the analyzed aerosol layers.

Investigations of the vertical extent of aerosol layers of dust, continental, pollution,

and smoke aerosol and frequently observed aerosol mixtures confirmed expected re-

sults. Dust layers and mixtures with dust were situated at about 3 km height and

above, whereas pollution and mixtures containing marine and pollution aerosol were

found in lower heights. The frequency of occurrence of aerosol types for selected EAR-

LINET stations represented the geographical distribution of the considered stations.

Observations of stations near coastlines were influenced by marine aerosol. Mainly the

Southern European stations showed the influence of desert dust. At continental sites

predominantly pollution and especially at Southeastern European stations also smoke

was observed.

Mean optical properties of pure aerosol types derived within this study showed highest
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lidar ratios and Ångström exponents for smoke, indicating small and highly absorbing

particles, followed by the values for pollution. Lidar ratios for smoke were 74±16 sr

and 77±14 sr and for pollution 68±14 sr and 64±14 sr at 355 and 532 nm, respec-

tively. For smoke and pollution backscatter-related Ångström exponents of the order

of 1.5 for 355–532 nm, around 1.2 for 532–1064 nm, and around 1.35 for 355–1064 nm

were found, respectively. The dust lidar ratios were 60±12 sr and 57±8 sr at 355 and

532 nm, respectively. Ångström exponents for dust and marine aerosol were ≤0.5.

Mean and median values for aerosol mixtures clearly showed the influence of the dif-

ferent pure aerosol types. Highest lidar ratios and Ångström exponents were normally

found for mixtures containing smoke or pollution, indicating small and highly absorb-

ing particles. When marine aerosols contributed to the mixture, the lidar ratios as well

as the Ångström exponents were decreased. Smallest values of the extinction-related

Ångström exponent of 0.4 and of the backscatter-related Ångström exponent of 0.73

for 355–532 nm were found for the mixture of dust and marine aerosol, where both

components contributed with relatively large particles.

This study shows that there were mainly mixtures of aerosol and not only pure types

present in the atmosphere over the European continent. It was illustrated that these

aerosol mixtures can be regarded as external mixtures, for which individual properties

of the constituents are preserved, when air masses cross different source regions. Ob-

viously, other mechanisms that affect aerosol intensive parameters like humidification

of aerosol, aging and deposition during transport, and internal mixing are of minor

importance. This information is of value for model simulations of the aerosol radiative

forcing and for the development of algorithms for satellite data retrievals. If the inter-

nal mixing can be neglected, probability density functions can be used to describe the

state of mixing of the aerosol, i.e., “trajectories” between pure aerosol types can be

defined in a multi-dimensional parameter space on which the mixtures occur. Mixtures

of different aerosol types can be simulated by composing modes from the pure aerosol

types.

A disadvantage of ground-based measurements is their incapability to deliver infor-

mation on a global scale, especially over the oceans, whereas satellite measurements

supply a global coverage of the Earth. Current lidar measurements from space are

provided by CALIOP onboard CALIPSO and further missions are planned. While

CALIOP is operating at 532 nm and 1064 nm, future ESA Earth Explorer Missions,

namely ADM-Aeolus and EarthCARE, will deliver information at 355 nm with high-

spectral-resolution lidars. The harmonization of these global observations from space

poses a challenge due to the use of different lidar instrument types, observations at

different wavelengths, and different measured parameters. So-called wavelength con-

version factors like color ratios are needed.

Nevertheless, threshold values to distinguish small and highly absorbing particles
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(higher lidar ratio, smaller color ratio) from coarser and less-absorbing particles

(smaller lidar ratio, higher color ratio) were introduced within this thesis. The major

conclusion of the presented investigations is that it is possible to apply a common

aerosol typing scheme to CALIOP and ATLID data and, thus, to harmonize the long-

term observations with both instruments by applying respective conversion factors, as

derived in this study. It was shown that the color ratio (i.e., CALIOP-like instruments)

is helpful to distinguish aerosols with a strong coarse particle mode (dust and marine

aerosol) from aerosols with a dominating fine particle mode (smoke and pollution).

The extinction-related 532-to-355-nm color ratio was 0.87±0.15 for dust compared to

0.57±0.07 and 0.53±0.09 for smoke and pollution. The backscatter-related 532-to-

355-nm color ratio was 0.94±0.19 for dust compared to 0.55±0.07 for both pollution

as well as smoke. The backscatter-related 1064-to-355-nm color ratio was 0.61±0.16

for dust compared to 0.24±0.03 and 0.23±0.06 for smoke and pollution aerosol. The

lidar ratios (i.e., ATLID-like instruments) of different aerosol types were spread a bit

more, but were not clearly separated from each other. A lidar ratio of 60.0±11.7 sr

was observed for dust, whereas lidar ratios of 67.6±13.5 sr and 74.0±15.5 sr were de-

termined for pollution and smoke at 355 nm, respectively. Thus, it is very important

to consider the particle depolarization ratio as an additional intensive parameter to

achieve better results of the aerosol classification. Values for the particle linear depo-

larization ratio used within this thesis were taken from the literature due to the lack

of data from the present study. It was illustrated that with both lidar types primarily

three groups of aerosols can be clearly discriminated: dust (and ash, not shown), ma-

rine aerosol, and pollution/smoke based on the respective intensive particle properties

backscatter-related color ratio (1064/532 nm), lidar ratio (at 355 nm), and particle

linear depolarization ratio (at 532 nm). A clear discrimination of pollution and smoke

is difficult. Here, it is noteworthy that smoke and pollution properties are quite vari-

able and that only mean values for Europe are shown.

Optical properties of pure aerosol types and aerosol mixtures derived within this study

agree well with findings of former studies [e.g., Müller et al., 2007a; Burton et al.,

2012; Groß et al., 2013, 2015]. The dominance of external mixtures as found in this

work was similarly reported by Groß et al. [2013]. In addition, Burton et al. [2014]

presented studies that implied the application of external mixtures.

In a further step, the detected aerosol layers and the determined aerosol type of EAR-

LINET observations were used to validate the feature classification and the aerosol

subtype provided by the automatic CALIPSO classification scheme. For this pur-

pose, only those ground-based network measurements of EARLINET were chosen for

which the satellite overpass was at maximum 100 km away from the EARLINET li-

dar site. Consequently, the comparison was performed for 342 aerosol layers, which

are called EARLINET aerosol layers. The heights of the EARLINET aerosol layers
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served as lower and upper limits of each aerosol layer, which was investigated within

the CALIOP data subset. The following critical points have to be considered: the

performed aerosol classification has some inherent subjectivity and even selecting the

best spatial and temporal matches of satellite and ground-based observation does not

provide an unequivocal guarantee that both instruments are measuring the same air

mass.

Nevertheless, for almost 50% of all cases the same aerosol type was similarly classified

by the CALIPSO typing scheme. Best agreement was found for EARLINET aerosol

layers that were labeled as mixtures of dust with further constituents. CALIPSO clas-

sified 44.7% of those aerosol layers as polluted dust and 43.0% as pure dust. In general,

polluted dust is the aerosol type that was mostly classified by CALIPSO including also

aerosol layers that contain marine aerosol. Relatively poor agreement was found for

aerosol layers that were labeled as clean continental and pollution. The CALIPSO

classification of smoke and pollution aerosol is critical, since the only differentiating

factor for these two aerosol types within the CALIPSO classification scheme is the

height of the observed aerosol layer. It was shown that a multitude of elevated aerosol

layers that contained pollution were wrongly classified by CALIPSO as containing

smoke. Consequently, that leads to an overestimation of smoke and an underestima-

tion of pollution aerosol by CALIOP and, furthermore, to an overestimation of the

warming effect of the wrongly typed aerosol layer. In addition, the classification of

polluted dust for aerosol mixtures that contain also marine aerosol and, thus, the se-

lection of too high lidar ratios for the data retrieval and the underestimation of the

single-scattering albedo lead to an overestimation of the warming effect of the respec-

tive aerosol layers. This overestimation of the warming effect has to be kept in mind

for simulations of the global aerosol radiative effect based on CALIPSO data, which

were presented by, e.g., Oikawa et al. [2013] and Winker et al. [2015]. The authors

showed that the aerosol direct radiative effect is less negative when the distribution

of aerosols above clouds provided by vertically resolved CALIPSO measurements are

considered in radiative-transfer simulations.

In the framework of the ESA–CALIPSO project the results of this work were stored in

a long-term aerosol and cloud database, which already served as a valuable tool for a

variety of investigations. The database has been used in VRAME (Vertically Resolved

Aerosol Model for Europe from a Synergy of EARLINET and AERONET data) to de-

rive characteristic aerosol optical properties for an aerosol model used for atmospheric

corrections in ocean-color retrievals [Wandinger et al., 2011]. The database as well

as other results from the present study have also been made available for LIVAS (cf.

Chapter 1) [Amiridis et al., 2015]. Cases from the ESA–CALIPSO database have been

used in addition to other EARLINET data sets to train a neural network for aerosol

typing from optical data [Nicolae et al., 2015].
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École Polytechnique, Paris, France.



132 BIBLIOGRAPHY
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ponents for pure aerosol types. . . . . . . . . . . . . . . . . . . . . . . . 96

6.9 Lidar ratio at 355 and 532 nm for aerosol mixtures. . . . . . . . . . . . 97

6.10 Extinction- and backscatter-related 355-to-532-nm Ångström exponents
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Ångström exponents, particle linear depolarization ratio) found for

desert dust. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

2.4 Summary of the key findings of optical properties (lidar ratios,
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Hiebsch, A., Iarlori, M., Lange, D., Linné, H., Madonna, F., Mattis, I., Mamouri, R.

E., McAuliffe, M. A. P., Mitev, V., Molero, F., Navas-Guzman, F., Nicolae, D., Papayan-

nis, A., Perrone, M. R., Pietras, C., Pietruczuk, A., Pisani, G., Preißler, J., Pujadas,

M., Rizi, V., Ruth, A. A., Schmidt, J., Schnell, F., Seifert, P., Serikov, I., Sicard, M.,

Simeonov, V., Spinelli, N., Stebel, K., Tesche, M., Trickl, T., Wang, X., Wagner, F.,

Wiegner, M., and K. M. Wilson (2013), Four-dimensional distribution of the 2010 Eyjaf-

jallajökull volcanic cloud over Europe observed by EARLINET, Atmospheric Chemistry

and Physics, 13, 4429–4450, doi:10.5194/acp-13-4429-2013.

• Tesche, M., Glantz, P., Johansson, C., Norman, M., Hiebsch, A., Ansmann, A., Al-

thausen, D., Engelmann, R., and P. Seifert (2012), Volcanic ash over Scandinavia orig-
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