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Abstract. During four aircraft field experiments with the

DLR research aircraft Falcon in 1998 (LACE), 2006

(SAMUM-1) and 2008 (SAMUM-2 and EUCAARI), air-

borne High Spectral Resolution Lidar (HSRL) and in situ

measurements of aerosol microphysical and optical proper-

ties were performed. Altogether, the properties of six dif-

ferent aerosol types and aerosol mixtures – Saharan min-

eral dust, Saharan dust mixtures, Canadian biomass burn-

ing aerosol, African biomass burning mixture, anthropogenic

pollution aerosol, and marine aerosol have been studied.

On the basis of this extensive HSRL data set, we present

an aerosol classification scheme which is also capable to

identify mixtures of different aerosol types. We calculated

mixing lines that allowed us to determine the contributing

aerosol types. The aerosol classification scheme was sup-

ported by backward trajectory analysis and validated with

in-situ measurements. Our results demonstrate that the devel-

oped aerosol mask is capable to identify complex stratifica-

tions with different aerosol types throughout the atmosphere.

1 Introduction

Aerosol particles affect both directly and indirectly the

Earth’s climate system by scattering solar and terrestrial radi-

ation and by influencing the properties of clouds. In contrast

to long-lived greenhouse gases the climate effects of short-

lived aerosol particles differ strongly on regional and tem-

poral scales. Currently, the magnitude of the (anthropogenic)

aerosol impact on climate causes the largest uncertainty in

our knowledge on climate change (Forster et al., 2007). Con-

siderable uncertainties in quantifying the global direct radia-

tive effects of aerosols arise from the variability of the spa-

tial distribution of aerosols as well as from uncertainties as-

sociated with aerosol optical and microphysical properties,

which vary as a function of aerosol age and type. Reduc-

ing these uncertainties requires routine aerosol observations

with high vertical and horizontal resolution. Airborne mea-

surements are an appropriate tool for aerosol studies, as they

provide highly resolved datasets, but lack in the spatial and

temporal coverage of the Earth. Spaceborne lidar systems

provide measurements of aerosol layers on a global scale, so

they have the potential to advance our knowledge about this

important component of the climate system tremendously.

However, methods to distinguish different aerosol types and

validations of these methods are essential. For example, the

Cloud-Aerosol Lidar and Pathfinder Satellite Observations

(CALIPSO) mission launched in 2006 (Winker et al., 2007)

has completed its sixth year of successful in-orbit operation.

Designed as an elastic-backscatter lidar it detects attenuated

atmospheric backscatter but lacks the ability of direct ex-

tinction measurements. In order to derive aerosol extinction

from the lidar backscatter signals the aerosol’s extinction-to-

backscatter ratio, also commonly referred to as the aerosol

lidar ratio Sp has normally to be assumed. There is no stan-

dardized value of Sp. It rather depends on the particles’ mi-

crophysical and chemical properties and therefore varies sig-

nificantly for different aerosol types. Recent studies have
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shown that typical lidar ratios at 532 nm are 18 ± 5 sr for

marine aerosol (Groß et al., 2011a), 56 ± 5 sr for desert dust

(Tesche et al., 2009a), and 60 ± 12 sr for arctic haze (Müller

et al., 2007). Lidar ratio assumptions for a specific scene not

supported by additional information consequently result in

doubtful extinction data. Sophisticated aerosol classification

algorithms and lidar ratio selection schemes have been devel-

oped to help linking the aerosol observations with appropri-

ate lidar ratios (Omar et al., 2009; Müller, D., et al., 2011).

However, even if the aerosol type is perfectly identified, the

retrieved extinction is subject to the input value of the associ-

ated aerosol type’s lidar ratio, as is shown e.g. by Wandinger

et al. (2010). Consequently, the use of an incorrect lidar ratio

would lead to errors in the retrieval of the climate relevant

aerosol optical depth (Schuster et al., 2012).

Next-generation spaceborne lidars are designed as high

spectral resolution lidars (HSRL) (Ingmann, 2004; Petzold,

2011). Like Raman lidar systems (Ansmann et al., 1990)

the HSRL enables direct measurements of aerosol extinc-

tion profiles without assumptions of a lidar ratio (Shipley

et al., 1983; Shimizu et al., 1983; Hair et al., 2008; Essel-

born et al., 2008). Two future satellite missions of the Eu-

ropean Space Agency (ESA) will deploy HSRL systems.

The ALADIN (Atmospheric LAser Doppler INstrument) in-

strument (Reitebuch et al., 2009) will be the key instrument

of the ESA Atmospheric Dynamics Mission (ADM) and is

expected for launch in 2015. It is designed as an incoher-

ent Doppler wind lidar at 355 nm and is expected to also

have potential for extinction profiling (Ansmann et al., 2007).

The ATLID (ATmospheric LIDar) instrument will be part of

the Earth Clouds, Aerosols and Radiation Explorer (Earth-

CARE) mission (Ingmann, 2004) aiming for satellite launch

in 2015. Measuring at 355 nm, ATLID is expected to pro-

vide aerosol and cloud optical properties and, in synergy with

other active and passive instruments on board of EarthCARE,

collocated samples of the state of the atmosphere along the

satellite track.

In this study we show the great potential of combined

HSRL and depolarization measurements in a similar way as

recently done by Burton et al. (2012). We provide aerosol li-

dar ratio Sp, particle linear depolarization ratio δp, and color

ratio CR of various aerosol types measured with HSRL at

532 nm. Our measurements were performed over Europe, the

Saharan desert and the Cape Verde Islands and therewith ex-

tend the database presented by Burton et al. (2012) especially

with respect to fresh Saharan dust collected near the source

regions. Furthermore we present a method to calculate Sp

and δp for aerosol mixtures, which is crucial to differenti-

ate mixtures from pure aerosol types, and to determine the

contributing aerosol types to the mixture. In addition, our

findings are supported by trajectory analysis and validated

with in-situ measurements. This study demonstrates that dif-

ferent aerosol types can be distinguished using aerosol lidar

ratio and particle linear depolarization ratio even if only one

HSRL wavelength is available.

2 Methods

2.1 Data basis

During four field campaigns aerosol properties have been

measured by airborne high spectral resolution lidar onboard

the DLR Falcon research aircraft and an extensive set of

aerosol in-situ instruments. The comprehensive data sets ob-

tained throughout these field experiments contain informa-

tion on some of the most prominent atmospheric aerosol

types: Mineral dust aerosol, sea salt aerosol, biomass burning

aerosol, and anthropogenic pollution aerosol. In the follow-

ing we briefly describe the four field experiments.

– LACE98: The Lindenberg Aerosol Characterization Ex-

periment, Germany, 1998 (Ansmann et al., 1998) took

place in July/August 1998 at the Lindenberg Mete-

orological Observatory of the German Weather Ser-

vice (52.2◦ N, 14.1◦ E) located 70 km southeast of

Berlin/Germany. LACE98 was carried out as a column

closure study (Quinn et al., 1996) with the goal of pro-

viding experimental data on the vertical and temporal

variability of microphysical and optical aerosol prop-

erties measured at a continental European site. Two

research aircraft were deployed to probe the aerosol

column over the instrumented ground station at Lin-

denberg: the piston-engine powered Partenavia aircraft

carried in-situ instrumentation and probed mainly the

boundary layer whereas the turbofan powered DLR Fal-

con aircraft was equipped with HSRL, radiation and

aerosol in-situ instruments and performed flights in the

upper troposphere and stacked in-situ profiles across the

tropospheric column over the ground site. LACE98 con-

tributes cases of anthropogenically influenced boundary

layer aerosol and Canadian forest fire aerosols from a

long-range transport event (Petzold et al., 2002) to this

study.

– SAMUM-1: The Saharan Mineral Dust Experiment,

Morocco, 2006 (Heintzenberg, 2009) took place in

May/June 2006 and aimed at the characterization of

physical, chemical and radiative properties of African

mineral dust. The field experiment involved two instru-

mented ground stations in southern Morocco: Ouarza-

zate (30.9◦ N, 6.9◦ W) and Tinfou, which is located

about 30 km southeast of Zagora (30.3◦ N, 5.8◦ W).

Similar to LACE98 the Partenavia aircraft and the

Falcon aircraft were deployed during SAMUM-1. A

total of 17 Falcon research flights were carried out

(Weinzierl, 2009; Petzold, 2009; Esselborn, 2009).

Ground-based and airborne observations were coor-

dinated with overpasses of MISR (multi-angle imag-

ing spectroradiometer) on NASA’s Aqua satellite, and

MERIS (medium resolution imaging spectrometer) on

ESA’s ENVISAT satellite as well (Kahn et al., 2009;

Dinter et al., 2009). In this respect SAMUM-1 was

among the first studies to combine collocated and
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Table 1. Detailed information about analyzed case studies used for the aerosol classification concerning aerosol type, measurement experi-

ment, date, location, time and altitude range of observation.

Aerosol Type Experiment Date Lat Lon Time (UTC) Altitude [km]

Mineral dust SAMUM-1

19 May 2006 30.9 −7.6 11:09 2.0–5.0

28 May 2006 30.1 −6.5 10:40 1.0–4.0

3 June 2006 30.9 −6.9 07:40 1.0–4.0

4 June 2006 30.9 −6.9 09:47 1.5–4.5

Mixed dust SAMUM-2

19 Jan 2008 19.0 21.5 16:45 0.5–1.0

25 Jan 2008 14.9 −22.3 15:10 0.8–1.2

28 Jan 2008 17.5 −22.2 10:30 1.0–1.4

29 Jan 2008 14.9 −21.5 13:20 0.8–1.2

4 Feb 2008 12.6 −21.1 16:00 0.8–1.2

BBA∗ SAMUM-2

19 Jan 2008 19.0 21.5 16:45 2.5–3.5

23 Jan 2008 11.2 −19.9 17:15 2.0–3.0

4 Feb 2008 12.6 −21.1 16:00 3.0–4.0

5 Feb 2008 14.9 −22.5 15:00 3.5–4.0

5 Feb 2008 14.8 −21.9 17:45 3.5–4.0

marine SAMUM-2

19 Jan 2008 36.5 −9.8 11:30 0.2–0.4

4 Feb 2008 12.6 −21.1 16:00 0.1–0.3

5 Feb 2008 14.9 −22.5 15:00 0.1–0.3

5 Feb 2008 14.8 −21.9 17:45 0.1–0.3

9 Feb 2008 21.9 −19.7 10:00 0.5–1.0

pollution EUCAARI

6 May 2008 52.8 1.6 11:02 0.5–1.3

6 May 2008 51.4 11.4 16:08 1.3–2.3

8 May 2008 51.4 5.7 14:45 0.1–1.3

14 May 2008 51.4 −12.9 11:30 0.5–1.5

BBC∗∗ LACE98 9 Aug 1998 52.0 14.2 22:40 4.5–5.3

∗ Biomass burning Africa.
∗∗ Biomass burning Canada.

coordinated ground-based, airborne and satellite mea-

surements of aerosols to study mineral dust.
– SAMUM-2: The Saharan Mineral Dust Experiment,

Cape Verde Islands, 2008 (Ansmann et al., 2011) took

place in January/February 2008 and focused on the ob-

servation of aged Saharan dust and mixtures of Saha-

ran dust with biomass burning aerosol from the African

tropical regions and marine aerosols. Praia (14.9◦ N,

23.5◦ W) the capital of Santiago/Cape Verde was chosen

for the ground-based lidar and in-situ measurements.

Altogether, the DLR Falcon performed 17 research

flights in the well stratified troposphere (Weinzierl et

al., 2011; Petzold et al., 2011). Additionally to the win-

ter campaign in January/February 2008 Raman and de-

polarization lidar measurements were performed by the

Leibnitz-Institut für Troposphärenforschung (Tropos),

Leipzig, in May and June 2008 (Tesche et al., 2011).

In the following we use SAMUM-2 exclusively for the

winter campaign in January/February 2008 (also de-

noted as SAMUM-2a in Tables 4–7). For the additional

campaign in May/June 2008 we use SAMUM-2b.

– EUCAARI-LONGREX: The European integrated

project on Aerosol Cloud Climate and Air Quality

Interactions, Long-range experiment, 2008 (Kulmala

et al., 2009) investigated the physical and chemical

properties of aerosols on a European scale, involving

48 partners from 25 countries. In May/June 2008

the DLR Falcon research aircraft performed 15 flight

missions (Hamburger et al., 2011, 2012). Ground-based

measurement activities were carried out at a number of

research sites.

The main measurement areas for this study are shown in

Fig. 1. Detailed information to the analyzed case studies can

be found in Table 1.

2.2 The DLR High Spectral Resolution Lidar

The first airborne HSRL system designed and built by DLR

and operated during LACE98, is described in Wandinger

et al. (2002). Since then the system was under further

development. A detailed technical description of the HSRL

system deployed during SAMUM-1 and a presentation of its

measurements can be found by Esselborn et al. (2008) and

www.atmos-chem-phys.net/13/2487/2013/ Atmos. Chem. Phys., 13, 2487–2505, 2013
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Fig. 1. Main measurement areas of the four considered field exper-

iments on underlying Blue Marble monthly global images for July

from NASA’s Earth observatory (http://earthobservatory.nasa.gov/

Features/BlueMarble).

Esselborn et al. (2009). The most advanced system was de-

ployed during SAMUM-2 and EUCAARI-LONGREX. The

system, also known as WALES (Water vapor Lidar Experi-

ment in Space) has been primarily designed as an airborne

high-performance multi-wavelength differential absorption

lidar (DIAL) for water vapor measurements at 935 nm but

additionally provides a HSRL-channel at 532 nm and depo-

larization channels at 1064 nm and 532 nm for aerosol char-

acterization (Wirth et al., 2009). The lidar system utilizes two

identical high-power, Q-switched, single-longitudinal-mode

Nd:YAG lasers, each of them providing a pulse energy of

400 mJ at 1064 nm at a repetition rate of 100 Hz. The fun-

damental output of each laser is firstly frequency-doubled to

532 nm and then converted to 935 nm by an optical paramet-

ric oscillator (OPO). The lasers are frequency stabilized to

an iodine absorption line. The OPO of both laser systems

can be switched on and off, depending on whether water va-

por at 935 nm should be measured or all the power at 532 nm

should be used for the HSRL measurement at 532 nm. During

EUCAARI-LONGREX one of the laser systems was used for

water vapor measurement and the other was used for HSRL

measurements. The backscattered light is collected using a

lightweight Cassegrain telescope with an aperture diameter

of 0.48 m and a focal length of 5 m. The field of view of

all channels is 1.6 mrad. Dichroic beamsplitters are used to

spectrally separate the backscatter signals at the three wave-

lengths. Polarization beamsplitter cubes separate the parallel-

and cross-polarized components of the backscattered light

at 532 nm and 1064 nm. Typically, the vertical resolution is

15 m for backscatter and depolarization data with a relative

uncertainty of less than 5 % and 10–16 %, respectively. The

vertical resolution of the extinction and lidar ratio data is

360 m–700 m and the relative uncertainty 10–20 %. The sig-

nal integration time is typically as short as a few seconds.

Both, horizontal and vertical resolution can be varied to suit

the measurement situation. The detection limit at 532 nm is

about 0.005 km−1.

2.3 In-situ instrumentation

Besides the HSRL system, the Falcon was equipped with a

variety of in-situ instruments during all campaigns. The in-

situ payload consisted of different aerosol sizing instruments,

which covered the particle size range from 4 nm to 100 µm in

diameter. Instruments sensitive to the sub-µm fraction such as

condensation particle counters (CPC) for measuring the par-

ticle number concentration and differential mobility analyz-

ers (DMA) were operated inside the aircraft cabin whereas

optical sizing instruments covering the size range up to

100 µm in diameter were operated outside the fuselage of the

Falcon at wing stations. The optical particle spectrometers

used during the studies were a Passive Cavity Aerosol Spec-

trometer Probe (PCASP-100X; 0.12 < Dp < 3.5 µm) and

two Forward Scattering Spectrometer Probes (FSSP-300:

0.3 < Dp < 30 µm; FSSP-100: 1.0 < Dp < 100 µm). Detailed

descriptions of the particle-sizing instrumentation are given

by Petzold et al. (2002) and Weinzierl et al. (2009, 2011).

Aerosol absorption was measured inside the cabin at wave-

lengths 467, 530 and 660 nm by means of a three-wavelength

particle soot absorption photometer (PSAP). More detail

on the absorption measurements are shown in Petzold et

al. (2009, 2011). The three-wavelength PSAP can be used

to derive an absorption Angström exponent å which charac-

terizes the wavelength-dependence of the aerosol absorption

coefficient in terms of a power law λ−å. This property has

characteristic values for different types of light-absorbing

aerosols. It approaches unity for combustion-derived soot

particles in anthropogenically polluted air masses and may

exceed a value of 3 for mineral dust. During SAMUM-1 and

SAMUM-2 typical values of 3.1–5.0 were found for Saharan

dust (Petzold et al., 2009; Weinzierl et al., 2011). For African

biomass burning mixtures a median value of 1.34 was found

(Weinzierl et al., 2011).

2.4 Measurement strategy

During all campaigns the DLR HSRL was operated

aboard the Falcon research aircraft together with the

set of in-situ probing instruments. The HSRL measured

aerosol optical quantities at λ = 532 nm namely the aerosol

backscatter coefficient, aerosol extinction coefficient, aerosol

optical depth, the aerosol lidar ratio and particle linear de-

polarization ratio. The typical flight distance for the HSRL

Atmos. Chem. Phys., 13, 2487–2505, 2013 www.atmos-chem-phys.net/13/2487/2013/
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Table 2. Mean value ± standard deviation of aerosol lidar ratio, particle linear depolarization ratio and color ratio of backscatter for the

examined aerosol types, as well as value of maximum frequency, range, and median. The data in brackets give the counts per bin.

Aerosol Type mean ± stdv value of maximum frequency range median

aerosol lidar ratio [sr] at 532 nm

Saharan dust 48 ± 5 47 (1538) 33–68 48

mixed Saharan dust 50 ± 4 48 (1348) 32–71 49

biomass burning mixture (Africa) 63 ± 7 60 (1601) 36–91 62

biomass burning aerosol (Canada) 69 ± 17 61 (485) 42–93 65

marine aerosol (North Atlantic) 18 ± 5 18 (687) 0–33 18

anthropogenic pollution aerosol (Europe) 56 ± 6 61 (485) 33–72 56

particle linear depolarization ratio [%] at 532 nm

Saharan dust 32 ± 2 32 (806) 25–43 32

mixed Saharan dust 27 ± 2 28 (1034) 21–31 27

biomass burning mixture (Africa) 14 ± 2 15 (1245) 8–26 14

biomass burning aerosol (Canada) 7 ± 2 6 (188) 4–12 7

marine aerosol (North Atlantic) 3 ± 1 2 (2596) 1–11 2

anthropogenic pollution aerosol (Europe) 6 ± 1 6 (686) 3–11 6

color ratio of backscatter

Saharan dust 1.30 ± 0.15 1.29 (913) 0.7–2.56 1.3

mixed Saharan dust 1.48 ± 0.09 1.46 (1134) 1.16–1.96 1.48

biomass burning mixture (Africa) 1.63 ± 0.13 1.62 (1651) 1.04–2.41 1.63

biomass burning aerosol (Canada) 4.70 ± 1.30 4.43 (108) 2.60–7.21 4.62

marine aerosol (North Atlantic) 1.64 ± 0.10 1.6 (773) 1.17–2.62 1.64

anthropogenic pollution aerosol (Europe) 2.43 ± 0.27 2.3 (209) 1.72–3.45 2.41

measurements considered for analysis in this study ranged

from about 50 km to about 150 km. By means of coordinated

in-situ soundings, measurements of aerosol number concen-

tration, aerosol number size distribution, and aerosol absorp-

tion coefficient have been performed. The sampling strategy

during the field experiments generally consisted of two parts:

First, remote HSRL sounding was performed at high alti-

tudes to observe and identify interesting aerosol layers. Sub-

sequently, the aerosol layers identified by the HSRL were

probed with the in-situ instruments at several different flight

altitudes.

As is shown in Fig. 2; vertical in-situ flight patterns con-

sisted of a series of constant altitude flight sequences. Each

sequence lasted for at least 5 min. The altitudes of the flight

sequences were adjusted from previous lidar measurements.

In homogeneous single aerosol layers (e.g. SAMUM-1) min-

imum two constant-altitude runs were conducted inside the

aerosol layer with one close to the lower boundary of the

layer or the surface, respectively, and another one close to the

top of the aerosol layer. Depending on the vertical extension

of the dust layer, a third run was conducted in the center of

the aerosol layer, if manageable. In case of multi-layer struc-

tures and thin aerosol layers one constant-altitude run within

the aerosol layer was performed. During data analysis, each

flight sequence was checked for data homogeneity. Particle

size distribution data were then averaged over sections of the

Fig. 2. Flight strategy for coordinated remote sensing and in-situ

measurements.

respective flight sequence with homogeneous aerosol condi-

tions.

2.5 Backward trajectories

To locate possible aerosol source regions of the analyzed

case studies, backward trajectories and satellite images were

used. The trajectories were calculated with the Hybrid Single

www.atmos-chem-phys.net/13/2487/2013/ Atmos. Chem. Phys., 13, 2487–2505, 2013
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Fig. 3. Backward trajectories for the aerosol layers detected by HSRL measurements (Table 1) and of different origin observed during the

LACE98, SAMUM-1, SAMUM-2 and EUCAARI field campaigns. Trajectories date back 5 days for (a), (b), (d) and (e), and 7 days for (c)

and (f).

Particle Lagrangian Integrated Trajectory (HYSPLIT) model

(Draxler and Rolph, 2012) and the NCEP Global Data As-

similation System (GDAS) data for the interesting sequences

and times (Table 2). For LACE98 NCEP Reanalysis data

were used. We compared the temporally resolved back-

ward trajectories with information of fire burning times (e.g.

MODIS Burnt Area Product), of dust release periods (e.g.

Meteosat Second Generation (MSG) dust RGB composite

images), and of air pollution, considering the HYSPLIT lo-

cal mixing layer heights and the trajectories heights, to assess

the aerosol source regions of the examined air masses. Uncer-

tainties in this approach, caused by unresolved vertical mix-

ing processes, and by general uncertainties of the trajectory

calculations are estimated to be in the range of 15–20 % of

the trajectory distance (Stohl et al., 2002). Trajectory calcu-

lations with slightly modified initial conditions with respect

to the arrival time, location and altitude have been performed

to check the reliability of the location of source regions. For

detailed examples of backward trajectory analyses see Groß

et al. (2011a).

Figure 3 shows back trajectories for the different aerosol

types observed during LACE98, SAMUM-1, SAMUM-2

and EURCAARI-LONGREX. The trajectories are color-

coded with respect to distinct aerosol types, representing the

aerosol layers identified by the lidar measurements. Accord-

ing to the respective prevailing synoptic situation, the trajec-

tories show different flow patterns and source regions for the

different campaigns. The source region of the dust loaded

air masses during SAMUM-1 and SAMUM-2 are clearly lo-

cated in the Saharan desert as is obvious from Fig. 3a and b.

In contrast, the air masses corresponding to African biomass

burning aerosols (Fig. 3c) originate from the central African

region and the Gulf of Guinea. During this time of the year

most of the forest and grassland fires are located in this area

as can be seen from satellite data, e.g. the MODIS fire maps

(http://rapidfire.sci.gsfc.nasa.gov/firemaps/), not shown here.

Within the marine boundary layer (Fig. 3d) there is no influ-

ence of the Saharan desert and African fires. Trajectories for

the EUCAARI-LONGREX campaign (Fig. 3e) show a cir-

culating flow pattern over Europe, due to an anti-cyclonic

blocking event over Central Europe that led to an increase

of pollution concentration within the boundary layer. Air

masses observed during LACE98 (Fig. 3f) originated from

Canada, where a lot of forest fires were detected at that time.

3 Results

3.1 Vertical layering

Figure 4 presents the typical stratification for each of the four

field experiments. All panels of Fig. 4 show the backscat-

ter ratio BSR = β/βm (with β being the total backscatter

Atmos. Chem. Phys., 13, 2487–2505, 2013 www.atmos-chem-phys.net/13/2487/2013/
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Fig. 4. Selected backscatter ratio cross-sections measured with the HSRL at 532 nm on 9 August 1998 (LACE98), 6 May 2008 (EUCAARI-

LONGREX), 19 May 2006 (SAMUM-1), and 4 February 2008 (SAMUM-2). Each cross-section is representative for one field experiment

and shows the typical vertical structure of the aerosol load during the respective campaign. All cross-sections have the same color-scale.

coefficient and βm being the molecular backscatter coeffi-

cient) measured at 532 nm with the HSRL system. Differ-

ences in the aerosol load and vertical structure during the

different field experiments are obvious. LACE98 (Fig. 4, up-

per left panel) was characterized by a shallow boundary layer

of less than 1 km thickness, and an elevated layer between

3–5 km containing Canadian biomass burning aerosols. The

structure of the biomass burning layer was very inhomo-

geneous. During EUCAARI-LONGREX the anthropogenic

pollution aerosol was mainly confined to the boundary layer

which extended up to an altitude of about 3 km, and a thin

elevated aerosol layer in about 3.5 km above ground. Con-

vective clouds developed at the boundary layer top (white

areas). During SAMUM-1 the Saharan mineral dust aerosol

was concentrated in the well-mixed boundary layer and ex-

tended from the ground up to about 6 km above sea level.

In contrast to SAMUM-1, the atmosphere during SAMUM-

2 showed a complex multi-layer structure with a shallow

boundary layer of about 0.5 km extent often topped by a sec-

ond layer reaching up to 1.5 km above sea level and an ele-

vated layer in 2–5 km above sea level.

3.2 Aerosol type identification

As we have shown in the previous section, often different

aerosol types are present at different altitudes throughout

the atmosphere. Therefore column-integrated measurements

are not sufficient for a vertically resolved aerosol type clas-

sification. Knowledge of the vertical distribution of differ-

ent aerosol types is important to evaluate radiative heating

profiles and to determine the impact of the aerosols on the

Earth’s radiative budget which is sensitive to the scattering

and absorption properties of the particles and their vertical

layering (e.g. Tegen et al., 1996; Sokolik et al., 2001). Ei-

ther airborne in-situ measurements or a classification scheme

based on remote sensing techniques are mandatory. We now

present a method for aerosol type classification which uses

advanced lidar measurements. To evaluate this classification

scheme backward trajectory analysis were used to locate dif-

ferent aerosol types from different source regions, and the

lidar optical properties of the specific aerosol types were cal-

culated.

Based on polarization sensitive HSRL measurements, two

aerosol specific properties independent from aerosol load, so

called intensive properties, the aerosol lidar ratio Sp and the

particle linear depolarization ratio δp, are derived. Further-

more, the color ratio CR (ratio of aerosol backscatter coef-

ficient at 532 nm and 1064 nm) is calculated. Past analyses

of these quantities reveal that characteristic values can be at-

tributed to the different aerosol types (Sasano and Browell,

1989; Tesche et al., 2009b, 2011; Groß et al., 2011a, 2012;

Weinzierl et al., 2011; Burton et al., 2012).

Figure 5 shows measurements of the three intensive

aerosol quantities, Sp versus δp (Fig. 5a), δp versus CR (b),

and CR versus Sp (c), as well as the frequency distribution

of these intensive quantities (Fig. 5d–f). Different clusters of

data pairs can be identified in Fig. 5a–c. It is obvious that δp

shows the largest differences for the different aerosol types

(Fig. 5a and d). The spread ranges from low δp values for

marine aerosols of 1–11 % (mean value: 3 ± 1 %) to high δp

values of 25–43 % (mean value: 32 ± 2 %) for fresh Saha-

ran dust. Values of δp of 21–31 % (mean value: 27 ± 2 %)
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Fig. 5. Characteristic lidar quantities of various atmospheric aerosol types (a)–(c) with frequency distribution (d)–(f), as well as the total

number of measurement points (n) for each aerosol type. Each point in (d)–(f) represents a single lidar observation.

were also found in mixed Saharan dust layers while δp

of 8–26 % (mean value: 14 ± 2 %) were found for African

biomass burning mixtures (Weinzierl et al., 2011; Tesche et

al., 2009b). Although some (pure) aerosol types are clearly

distinguishable by their particle linear depolarization ratio,

this parameter fails to differentiate marine aerosols and an-

thropogenic pollution aerosols or aged (Canadian) biomass

burning aerosols. These three aerosol types show quite sim-

ilar δp values, but differ strongly in color ratio and lidar

ratio (Fig. 5c and f). While Sp for marine aerosols is low

with a mean value of 18 ± 5 sr (0–33 sr), anthropogenic pol-

lution aerosols show a significantly higher mean value of

56 ± 6 sr (33–72 sr). A similar mean lidar ratio was found

for fresh Saharan dust and mixed Saharan dust of 48 ± 5 sr

(33–68 sr) and 50 ± 4 sr (32–71 sr), respectively. For African

biomass burning mixture a mean value of 63 ± 7 sr (36–

91 sr) was found. The mean value of Canadian biomass burn-

ing aerosols is even higher with 69 ± 17 sr. However, as the

aerosol concentration in the Canadian biomass burning lay-

ers was very low, the uncertainties in the retrieved intensive

aerosol quantities for this aerosol type are large. While δp

and Sp show quite different values for the different aerosol

types, CR (Fig. 5b and e) is similar for the different types of

aerosols, except anthropogenic pollution aerosols and Cana-

dian biomass burning aerosols. Canadian biomass burning

aerosols show a wide spread of CR from 2.6 to 7.2 (mean

value: 4.70 ± 1.30), but as mentioned before, the uncertain-

ties are large. For anthropogenic pollution aerosols values

range between 1.72 and 3.45 (mean value: 2.43 ± 0.27).

All other examined aerosol types show value of 1.04–2.26

with similar mean values of 1.30 ± 0.15 for fresh Saharan

dust, 1.48 ± 0.09 for mixed Saharan dust, 1.63 ± 0.13 for

African biomass burning mixtures, and 1.64 ± 0.10 for ma-

rine aerosols. These examples show that only the combina-

tion of different aerosol quantities permits a meaningful dis-

crimination of aerosol types. The mean values of δp, Sp and

CR, as well as their range, value of maximum frequency and

median are listed in Table 2.

To determine the frequency distribution the sample space

was subdivided in bins of 0.1 % in case of the particle linear

depolarization ratio, of 0.5 sr in case of the lidar ratio, and

of 0.01 in case of the color ratio of backscatter. As can be

seen from Fig. 5 the frequency distribution of the color ratio

of the backscatter coefficient is quite narrow for most of the

aerosol types (Fig. 5e); except for Canadian biomass burning

aerosols (see discussion above). Looking at the particle linear

depolarization ratio the frequency distribution for the differ-

ent aerosol types looks different (Fig. 5d). While the fre-

quency distribution shows one main peak for anthropogenic

pollution aerosol and Saharan dust, two or more peaks ex-

ist for African biomass burning mixtures and mixed Saharan

dust, which may be caused by mixing of various amounts of

the contributing aerosol types. For marine aerosols a broad-

ening towards higher values is obvious. Although the effects

are not as distinctive for the lidar ratio (Fig. 5f) a small sec-

ond peak at the frequency distribution of the African biomass
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Fig. 6. Aerosol lidar ratio vs. particle linear depolarization ratio for

various atmospheric aerosol types and mixing lines for Saharan dust

and Canadian Biomass Burning Aerosol (thick lines), and for Saha-

ran dust and Marine aerosol (thin lines). The central line in each

case corresponds to the mean values as input for the calculation; the

outer lines depict the maximum and minimum range when regard-

ing the uncertainties of the input values.

burning mixtures and the broadening towards higher values

for marine aerosols are still visible. As a result, the mean

value, the value of maximum frequency and the median of

these aerosol types show the largest differences (see Table 2).

3.3 Aerosol mixtures

In nature not only “pure” dust, biomass burning, or marine

aerosols are observed, but also mixtures of different aerosol

types. Now the question is whether these aerosol mixtures

can be identified and whether the fraction of the individual

aerosol types can be determined on the basis of δp and Sp.

Figure 6 shows the Sp−δp-space. The solid lines in Fig. 6 de-

pict mixing lines for different aerosol types (marine aerosols

and Saharan dust – Fig. 6, thin lines; (Canadian) biomass

burning aerosols (fine particles) and Saharan dust – Fig. 6,

thick lines) based on formulas 5 and 6 in Groß et al. (2011a)

using the Sp and δp values of the pure aerosol types to cal-

culate Sp and δp of the mixture. The values of Sp and δp for

selected mixing ratios of marine aerosol and Saharan dust

mixtures, and Canadian (aged) biomass burning aerosol and

Saharan dust mixtures are listed in Table 3.

The second feature visible in Fig. 6 is that the values for

the African biomass burning mixture cluster (Fig. 6, green

dots) are clearly located within the mixing lines of Saha-

ran dust and (Canadian) biomass burning aerosols. This is in

Table 3. Values of the particle linear depolarization ratio (δp) and

the lidar ratio (Sp) calculated for selected mixing ratios of marine

aerosol and Saharan dust, and of Canadian biomass burning aerosol

(CBB) and Saharan dust. The Saharan dust contribution (SD con-

tribution) refers to the fraction of Saharan dust to the total particle

extinction coefficient at 532 nm.

SD contribution δp [%] Sp [sr] δp [%] Sp [sr]

Marine – Saharan Dust CBB – Saharan Dust

0 % 3 ± 1 18 ± 5 7 ± 2 59 ± 17

20 % 5 ± 2 21 ± 5 13 ± 1 63 ± 13

40 % 8 ± 3 24 ± 6 18 ± 2 59 ± 10

60 % 12 ± 2 29 ± 6 23 ± 2 55 ± 8

80 % 19 ± 2 36 ± 6 28 ± 2 51 ± 6

100 % 32 ± 2 48 ± 5 32 ± 2 48 ± 5

agreement with findings of the SAMUM-2 campaign, where

Lieke et al. (2011) and Weinzierl et al. (2011) found a con-

tribution of different amount of Saharan dust within these

aerosol layers. Besides the African biomass burning mixture

cluster, also the mixed Saharan dust cluster (Fig. 6, red dots)

is within the mixing lines. During SAMUM-2 a Saharan dust

contribution of approximately 10–40 % in the marine aerosol

dominated boundary layer was found, and of 85–98 % when

the boundary layer was dominated by Saharan dust (Groß et

al., 2011b). In the mixed Saharan dust layer the contribution

of Saharan dust was about 85–95 % with small contribution

of biomass burning aerosols (Weinzierl et al., 2011). The dif-

ferentiation of mixtures of Saharan dust and marine aerosols,

and Saharan dust and biomass burning aerosols is difficult

as soon as Saharan dust contributes significantly to that mix-

ture. Furthermore the mixing lines of biomass burning and

dust would overlap with mixing lines of e.g. anthropogenic

pollution and dust. Thus in those cases further information

like trajectory analysis is crucial.

3.4 Microphysical properties

Figure 7 summarizes particle number size distributions of

identified aerosol types. The distinct properties of identified

aerosol types can be directly linked to respective intensive

aerosol quantities determined by lidar as will be discussed

in the following. In general terms, the lidar ratio Sp is sensi-

tive to the particle size and to the absorption properties: Sp

decreases with increasing particle size and increases with in-

creasing light absorption.

In the presented cases all combustion aerosols (anthro-

pogenic pollution, Canadian boreal forest fire, African

biomass burning mixture) are characterised by strong light

absorption in the visible spectral range and by an absorption

Angström exponent of 1–2. Real parts of the complex refrac-

tive index of the particles are mostly > 1.5, and imaginary

parts vary from 0.01i to 0.07i for 532 nm (Wandinger et al.,

2002; Petzold et al., 2007; Weinzierl et al., 2011).
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43

 

Fig. 7. Representative particle number size distributions for the classified aerosol types: Top left: Canadian boreal forest fire aerosol (LACE98

(Petzold et al., 2002) and ICARTT-ITOP 2004 (Petzold et al., 2007)); mid left: biomass burning aerosol from West African savannah fires

(SAMUM-2 (Weinzierl et al., 2011)); bottom left: anthropogenic pollution aerosol over Central Europe (LACE98 (Petzold et al., 2002) and

EUCAARI 2008 (Hamburger et al., 2012)); top right: pure Saharan mineral dust over Morocco (SAMUM-1 (Weinzierl et al., 2009)); mid

right: Saharan mineral dust mixed with biomass burning aerosol over Cape Verde Islands (SAMUM-2 (Weinzierl et al., 2011)); bottom right:

marine boundary layer aerosol over the North Atlantic (SHIPS 2004 (Petzold et al., 2008) and SHIPS 2007).

Respective lidar ratios vary from less than 60 sr to 68 sr.

Values are highest compared to all observed aerosol types

and do not differ significantly among combustion-derived

aerosol types. Both Canadian boreal forest fire aerosol and

African biomass burning mixture from Savannah fires are

characterized by a dominant accumulation mode which

peaks between 200 and 300 nm in diameter. While Canadian

forest fire aerosol particles are mainly smaller than 1 µm in

diameter, the Savannah fire aerosol contains a considerable

fraction of super-µm sized particles originating from areas

with strong dust emissions further north where the airmasses

had passed prior to entering the Savannah fire region. The

significant difference in the particle linear depolarization ra-

tio between less than 10 % for Canadian fire aerosols and
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Fig. 8. Flowchart of the aerosol type classification based on three intensive lidar derived optical properties. Grey shaded aerosol types

represent aerosol types characterized by DLR HSRL measurements, white shaded aerosol types are defined from literature information.

Fig. 9. Aerosol mask for the measurement examples shown in Fig. 4. The aerosol layers are color-coded corresponding to their aerosol

type distinguished by intensive lidar optical properties. As the discrimination of the different aerosol types shown in this figure is based

only on our own measurement results (Saharan dust, mixed Saharan dust, African biomass burning mixture, Canadian biomass burning

aerosol, anthropogenic pollution, and marine aerosol) a classification for ice is missing; therefore the cirrus clouds in the LACE98 case are

misinterpreted.
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Fig. 10. Measurement example during SAMUM-2 on 25 January 2008. The left panel shows results of the in-situ measurements of the

Angstrom exponent of absorption, the right panel shows the lidar signal, color-coded for the observed aerosol type (green for West-African

biomass burning mixture, orange for mixed Saharan dust).

Table 4. Summary of the key findings concerning the lidar ratio (Sp) and the particle linear depolarization ratio (δp) found in pure desert dust

layers.

Source Sp [sr] δp [%] Comments Location

Sakai et al. (2002) 46 ± 5 Fresh Gobi dust Nagoya, Japan

Liu et al. (2002) 42–55 Asian Dust Tokyo, Japan

Tesche et al. (2009a) 56 ± 5 Fresh Saharan dust SAMUM-1, Morocco

Groß et al. (2011a) 62 ± 5 31 ± 1 Higher iron content than during SAMUM-1 SAMUM-2a, Cape Verde Islands

Tesche et al. (2011) 54 ± 10 31 ± 1 δp calculated from 710 nm SAMUM-2b, Cape Verde Islands

Murayama et al. (2003) 54 ± 9 ∼30 Asian Dust Tokyo, Japan

Liu et al. (2008) ∼32 CALIPSO measurements Transport over the Atlantic Ocean

Freudenthaler et al. (2009) 32 ± 2 Fresh Saharan dust SAMUM-1, Morocco

Wiegner et al. (2011) ∼59 30–35 Long range transport to Central Europe Munich, Germany

Burton et al. (2012) 49 ± 9 ∼33 Airborne HSRL measurements North America

Our findings 48 ± 5 31 ± 2 Fresh Saharan dust SAMUM-1, Morocco

14 ± 2 % for West-African biomass burning mixture can be

attributed to the super-µm sized dust particles (see Fig. 6)

which were found in the corresponding aerosol layers (Lieke

et al., 2011; Weinzierl et al., 2011). The even lower value

of δp for anthropogenic pollution aerosol may be associated

to the fact that anthropogenic pollution is dominated by an

Aitken mode aerosol with its modal diameter well below

100 nm and an accumulation mode significantly smaller than

the accumulation mode for aged biomass burning aerosols of

various origins (Petzold et al., 2002; Hamburger et al., 2012).

Besides combustion-derived particles, mineral dust is the

other major light-absorbing component of the atmospheric

aerosol. However, its ability for light absorption is much

weaker than that of carbonaceous combustion particles. Re-

spective refractive index values at 532 nm are 1.55–1.57 for

the real part and 1 × 10−3 to 8 × 10−3 for the imaginary part

(Petzold et al., 2009; Weinzierl et al., 2011, 2012). Conse-

quently, pure and mixed mineral dust also show high val-

ues of the lidar ratio Sp, however at the bottom end of val-

ues covered by carbonaceous particles. The significant dif-

ference in δp between combustion particles and mineral dust

is attributed solely to the dominating fraction of irregularly

shaped dust particles in the super-µm size range with its

modal diameter at 5–10 µm.

Marine aerosol also has a significant component of super-

µm sized sea salt particles. However, since these particles are

very likely spherically shaped due to the high relative hu-

midity in the marine boundary layer and the hygroscopic na-

ture of sea salt, the resulting particle linear depolarization

ratio is small. Furthermore, sea salt aerosol is mainly non-

absorbing with a vanishing imaginary part of the refractive

index so that the resulting lidar ratio is small. Note that for
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Table 5. Summary of the key findings concerning the lidar ratio (Sp) and the particle linear depolarization ratio (δp) found for desert dust

mixtures.

Source Sp [sr] δp [%] Comments Location

Ansmann et al. (2003) 40–80 15–20 Unknown mixture Central Europe

Murayama et al. (2004) 43 ± 7 ∼20 Unknown mixture Tokyo Asian dust

Chen et al. (2007) 14 ± 6 Unknown mixture Taiwan, Asian dust

Groß et al. (2011a) 19–28 Mixtures with biomass burning SAMUM-2a, Cape Verde Islands

aerosols and marine aerosols

Preißler et al. (2011) 53 ± 7 28 ± 4 Unknown mixture Portugal

Mattis et al. (2002) 50–80 Unknown mixture Central Europe

Papayannis et al. (2012) 45–75 Unknown mixture Athens, Greece

Xie et al. (2008) 38 ± 10 20 ± 3 Unknown mixture Beijing, China

Burton et al. (2012) 30–50 20–35 Mixtures with various aerosol types North America

Our findings 50 ± 4 27 ± 2 SAMUM-2a, Cape Verde Islands

this comparison lidar cases of marine boundary layer aerosol

were collected during SAMUM-2, while respective particle

number size distributions were taken from focused studies in

the North Atlantic regions which, however, were conducted

without HSRL deployment (Petzold et al., 2008).

In summary, we find that the observed pattern of aerosol

optical properties derived from lidar measurements can be

linked phenomenological to their intensive microphysical

and optical properties.

4 Discussion

4.1 Comparison with prior studies

4.1.1 Saharan dust

The investigation of optical properties of mineral dust is

a major topic in atmospheric research. Therefore a num-

ber of publications address this subject. At this point only

a brief synopsis of the main key findings concerning the

examined lidar derived intensive optical properties will be

given. Reported are lidar ratios of Saharan dust in the range

of about 40–70 sr and a mean particle linear depolarization

ratio of about 31 % (Table 4). Considering the lidar ratio,

the mean values found for pure Saharan dust during the

SAMUM-2 (winter) campaign are slightly higher than those

of SAMUM-1 (and other field experiments). However, dur-

ing the SAMUM-2 (winter) campaign higher iron content

was found in the Saharan dust layer (Kandler et al., 2011;

Müller, T., et al., 2011) compared to SAMUM-1. As the li-

dar ratio is dependent on the particles microphysical proper-

ties (e.g. Wiegner et al., 2009; Gasteiger et al., 2011; Schus-

ter et al., 2012) the increase in the iron content affects the

absorption properties of the aerosols and may explain the

slightly higher values found during SAMUM-2. The changes

can be attributed to possible differences in the main dust

source region of SAMUM-1 and SAMUM-2 (e.g. Groß et

al., 2011a) or to aging of the dust particles during transport

(see Weinzierl et al., 2011). Our values for the lidar ratio and

the particle linear depolarization ratio at 532 nm for pure Sa-

haran dust are in very good agreement with former findings

(Table 4).

4.1.2 Mixed Saharan dust

A summary of δp and Sp found from lidar measurements for

mixed Saharan dust layers can be found in Table 5. Com-

paring these results, it has to be kept in mind that the values

for the lidar ratio and the particle linear depolarization ratio

of dust mixtures strongly depend on the amount of dust in

the mixture, and on the kind of mixture, i.e. the contributing

aerosol types (see also Table 3).

4.1.3 Biomass burning and anthropogenic pollution

Information of δp and Sp found in fresh or aged biomass

burning plumes, as well as in pollution aerosol layers are

rare. Therefore we summarize the main findings of these

aerosol types in one single table (Table 6). Our results for the

analyzed aerosol types agree very well with former findings.

4.1.4 Marine aerosols

For the lidar derived optical properties (δp and Sp) of sea-

salt particles, the relative humidity plays an important role,

as shown in former measurements, as δp and Sp depend on

the phase (crystalline or liquid) of the particles. The main

findings are listed in Table 7. Our results of δp and Sp in ma-

rine influenced air masses show good agreement with mea-

surements of liquid sea-salt particles.

4.1.5 Ice particles and volcanic ash

We extend the aerosol classification presented in this study to

two key atmospheric aerosol types, ice particles and pure vol-

canic ash. However, as no measurements of ice particles and

pure volcanic ash with the DLR HSRL system are available
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Table 6. Summary of the key findings concerning the lidar ratio (Sp) and the particle linear depolarization ratio (δp) found in mixed and pure

biomass burning aerosol plumes and for anthropogenic pollution.

Source Sp [sr] δp [%] Comments Location

mixed biomass burning

Tesche et al. (2011) 67 ± 12 15 ± 5 Biomass burning/dust SAMUM-2a, Cape Verde Islands

Groß et al. (2011a) 69 ± 8 16 ± 1 Biomass burning/dust SAMUM-2a, Cape Verde Islands

Our findings 63 ± 7 14 ± 2 SAMUM-2a, Cape Verde Islands

pure biomass burning

Wandinger et al. (2002) 40–80 Canadian biomass burning LACE98, Central Europe

Müller et al. (2005) 26–87 2–3 Canadian and Siberian smoke Central Europe

Murayama et al. (2003) ∼65 5–8 Siberian smoke Tokyo, Japan

Noh et al. (2008) 63 ± 7 Siberian smoke Korea

Ansmann et al. (2009) 60–70 4–5 Aged African biomass burning Manaus, Brazil

Alados-Arboledas et al. (2011) 60–65 Granada, Spain

Burton et al. (2012)

Burton et al. (2012)

30–60

60–80

2–5

3–8

Fresh smoke

Aged Siberian smoke

North America

North America

Our findings 69 ± 17 7 ± 2 LACE98, Central Europe

anthropogenic pollution

Wandinger et al. (2002) ∼50 Central Europe

Xie et al. (2008)

Xie et al. (2008)

61 ± 14

44 ± 8

∼7

∼7

Moderate pollution

Heavy pollution

Beijing, China

Beijing, China

Burton et al. (2012) 50–70 < 10 Urban aerosols North America

Our findings 56 ± 6 6 ± 1 LACE98, Central Europe

Table 7. Summary of the key findings concerning the lidar ratio (Sp) and the particle linear depolarization ratio (δp) found for marine aerosols.

Source Sp [sr] δp [%] Comments Location

Murayama et al. (1999) 1–10 Lower values attributed to liquid

sea-salt particles, higher values to

crystalline sea-salt

Coastal area of Tokyo Bay, Japan

Sakai et al. (2000)

Sakai et al. (2000)

10

< 5

Relative humidity < 50 %

High relative humidity

Nagoya, Japan

Nagoya, Japan

Sakai et al. (2010)

Sakai et al. (2010)

1

8

Liquid sea-salt

Sea-salt crystals

Laboratory chamber

Laboratory chamber

Groß et al. (2011a, b) 18 ± 2 1–3 Relative humidity > 50 % SAMUM-2a, Cape Verde Islands

Müller et al. (2007) 23 ± 5 Planetary boundary layer Tropical Indian Ocean

Burton et al. (2012) 15–25 < 10 North America

Our findings 18 ± 5 3 ± 1 SAMUM-2a, Cape Verde Islands

so far; we summarized values from literature in Table 8 for

the classification.

4.2 Aerosol classification

Different aerosol types have been identified by back-

trajectory analysis and independent in-situ data collected

during the referred field campaigns. For these different types

the intensive optical properties δp and Sp were calculated

and showed a classified behavior. Tables 4–7 demonstrated

that for a certain type the values of δp and Sp are not depen-

dent on measurement location and measurement time. There-

fore δp and Sp can be used to classify the examined aerosol

types. Altogether our aerosol data set includes eight main

atmospheric aerosol types and mixtures. Based on the pre-

sented data set, an aerosol classification scheme has been

developed. The aerosol type is identified using the particle

linear depolarization ratio, the lidar ratio and the color ratio

of backscatter, based on threshold values for δp, Sp, and CR.

We defined these threshold values according to our findings

presented in Sect. 3.2 and to values listed in Tables 4–8. Our

final classification scheme is presented in Fig. 8.

From Fig. 5 and Table 2 it is obvious that the particle lin-

ear depolarization ratio differs most for specific aerosol types

and is therefore the most relevant property for the classifica-

tion. In contrast the color ratio shows the least differences

and has only a minor weight in the classification. It is also

obvious that some aerosol types, like e.g. biomass burning

and anthropogenic pollution, are harder to separate than oth-

ers, and measurements of the particle linear depolarization
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Table 8. Summary of the key findings concerning the lidar ratio (Sp) and the particle linear depolarization ratio (δp) found for ice particles

and pure volcanic ash layers.

Source Sp [sr] δp [%] Comments Location

Ice Particles

Mischenko and Sassen (1998) 30–70 Contrails T-Matrix Calculations

Sassen and Hsueh (1998)

Sassen and Hsueh (1998)

30–45

60–70

Cirrus clouds

Contails

North America

North America

Freudenthaler et al. (1996) ∼50 Contrails Central Europe

Sakai et al. (2003) < 30 Cirrus clouds Tsukuba, Japan

Burton et al. (2012) ∼20 “altostratus nebulosus” North America

Volcanic ash

Ansmann et al. (2010) 50–65 ∼35 Eyjafjallajökull Central Europe

Groß et al. (2012) 50 ± 5 35–38 Eyjafjallajökull Central Europe

Wiegner et al. (2012) 49 ± 4 ∼37 Eyjafjallajökull Central Europe

Tsunematsu et al. (2008) > 30 Mount Asama Japan

ratio and the lidar ratio are not sufficient for a classifica-

tion. Here additional information of the color ratio may help

to separate both types. But still the separation is more un-

clear than for other types such as mineral dust and marine

aerosols. Additional to the ability for a classification of the

different aerosol types and mixtures also the uncertainties of

the measurements have to be taken into account. As large

measurement uncertainties prevent a clear aerosol type sepa-

ration high quality measurements are mandatory.

Applying the classification scheme of Fig. 8 to the case

studies shown in Sect. 3.1, results in Fig. 9. Figure 9 demon-

strates that the aerosol mask is capable to identify also the

complex stratification during SAMUM-2.

In order to validate the aerosol mask, we use the absorp-

tion Angstöm exponent which has been shown to be a good

in-situ measure for aerosol types and source regions (e.g.

Petzold et al., 2009; Weinzierl et al., 2011). The absorption

Angström exponent is only dependent on the aerosol type,

and not on its concentration. Figure 10 shows an example

for the validation of the aerosol mask with collocated in-

situ measurements on 25 January 2008 during SAMUM-2:

in the left panel of Fig. 7, the absorption Angström exponent

is depicted, whereas the right panel shows the aerosol mask

derived from the aerosol classification scheme presented in

Sect. 4.2 and applied to HSRL results of the research flight

on 25 January 2008.

Figure 10 confirms the good agreement of the aerosol clas-

sification from lidar derived optical properties with measure-

ments of the absorption Angström exponent. For the latter,

values of about 4.0, typical values for dust and dust mixtures,

were found in the lower layer, which was classified as mixed

Saharan dust layer from lidar measurement (orange color).

In the upper layer values of the Angström exponent of ab-

sorption of about 1.5, typically for African biomass burning

mixtures (Weinzierl et al., 2011), were found. This is in good

agreement with the lidar classification of African biomass

burning mixtures in this layer (light green color). Trajectory

analysis (Sect. 2.5, Fig. 3) supports these findings.

5 Conclusion

Aerosol classification as well as the aerosol vertical dis-

tribution is needed for remote sensing applications, e.g.

CALIPSO, and in radiative transfer simulations for better as-

sessment of the atmospheres vertical heating profiles and the

Earth’s radiation budget. The aerosol type is characterized

by a variety of so called intensive optical and microphysi-

cal properties that may partly exhibit large differences. The

classification is therefore a delicate process, as it can lead to

large errors in the retrieved quantities. The presented work

shows the potential of high spectral resolution lidar and de-

polarization measurements to distinguish between different

aerosol types and mixtures by combining three lidar derived

intensive aerosol properties, the aerosol lidar ratio, the parti-

cle linear depolarization ratio, and the color ratio.

While airborne lidar measurements can be regarded as

case studies, satellite measurements provide a global cover of

the Earth. Part of the presented approach can in principle also

be applied to satellite instruments. Using the measurements

of a future polarization-sensitive HSRL system in space (e.g.

ATLID onboard EarthCARE), not only the climate relevant

optical properties, the aerosol optical depth and the aerosol

extinction coefficient, can be derived without further assump-

tions of the aerosol type. By simultaneous measurements of

Sp and δp it would also be possible to directly assign an

aerosol type or mixture to a detected aerosol layer. However,

the lidar systems of both satellite missions are operated at a

different wavelength. Assessments about the adaptability of

the presented aerosol type classification to these satellite mis-

sions are ongoing and will be the topic of future work. This
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is in particular valuable as the combination of Satellite-based

state-of-the-art HSRL and polarization lidar techniques will

result in a global distribution of high resolution spatial and

vertical information of the structure of clouds and aerosols.

Together with collocated passive instruments this advanced

methodology is expected to further develop our understand-

ing of the relationship between aerosols and radiation, which

is an indispensable pre-requisite for an improved prediction

of future climate.
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