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Abstract. The polarization lidar photometer networking
(POLIPHON) method introduced to separate coarse-mode
and fine-mode particle properties of Eyjafjallajökull volcanic
aerosols in 2010 is extended to cover Saharan dust events
as well. Furthermore, new volcanic dust observations per-
formed after the Grimsv̈otn volcanic eruptions in 2011 are
presented. The retrieval of particle mass concentrations re-
quires mass-specific extinction coefficients. Therefore, a re-
view of recently published mass-specific extinction coeffi-
cients for Saharan dust and volcanic dust is given. Case stud-
ies of four different scenarios corroborate the applicability of
the profiling technique: (a) Saharan dust outbreak to central
Europe, (b) Saharan dust plume mixed with biomass-burning
smoke over Cape Verde, and volcanic aerosol layers originat-
ing from (c) the Eyjafjallaj̈okull eruptions in 2010 and (d) the
Grimsv̈otn eruptions in 2011. Strong differences in the ver-
tical aerosol layering, aerosol mixing, and optical properties
are observed for the different volcanic events.

1 Introduction

The eruptions of the Eyjafjallajökull volcano in April–May
2010 triggered the development of a variety of new lidar-
based methods to identify ash and dust particles1 in volcanic
aerosol plumes containing fine and coarse particles. These
new lidar profiling techniques further allow us to quantify
the optical properties of the volcanic ash and dust particles
(coarse-mode) and to estimate their mass concentration as

1Volcanic ash and dust particles have diameters>60 µm and
<60 µm, respectively. By the same diameter of 60 µm, desert sand
and dust particles (silt-sized and background dust) are separated.

a function of height (Ansmann et al., 2011b; Gasteiger et
al., 2011; Marenco and Hogan, 2011; Miffre et al., 2011;
Chaikovsky et al., 2012; Wagner et al., 2012; Veselovskii et
al., 2012).

A powerful aerosol remote sensing station, combining pro-
filing with column monitoring techniques, is equipped with
polarization lidar (or advanced polarization ceilometer) and
sun-sky photometer (Müller et al., 2003; Ansmann et al.,
2011b). The polarization lidar permits the discrimination
of light-depolarizing coarse-mode particles (non-spherical
particles) such as volcanic dust and desert dust and non-
light-depolarizing fine-mode particles (spherical particles)
such as anthropogenic haze and volcanic sulfate particles
(Sakai et al., 2003a; Murayama et al., 2003; Sugimoto et
al., 2003; Shimizu et al., 2004; Sugimoto and Lee, 2006;
Sassen, 2005; Sassen et al., 2007; Nishizawa et al., 2007;
Liu et al., 2008; Freudenthaler et al., 2009; Groß et al.,
2011a, 2012; Miffre et al., 2012). The technique further al-
lows us to determine the profiles of the coarse-mode-related
and fine-mode-related backscatter coefficient (Shimizu et al.,
2004; Tesche et al., 2009b, 2011b), and thus the estimation
of the corresponding particle extinction coefficient profiles
for the fine and coarse-mode fraction by means of appro-
priate extinction-to-backscatter ratios (lidar ratios). The sun-
sky photometer, on the other hand, provides spectrally re-
solved column-integrated particle extinction values (aerosol
optical thickness, AOT) and permits the retrieval of fine-
mode- and coarse-mode-related AOTs (O’Neill et al., 2003;
Dubovik et al., 2006) and of microphysical particle proper-
ties such as volume and surface-area concentrations for the
fine-mode and coarse-mode fractions (Dubovik and King,
2000; Dubovik et al., 2006). Toledano et al.(2011, 2012)
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demonstrate the usefulness of sun-sky photometry in cases of
complex aerosol scattering conditions. These photometer ob-
servations provide volume-to-extinction conversion factors
which in combination with estimates of particle mass den-
sity allow us to retrieve particle mass concentration profiles
from the lidar-derived extinction profiles.

It has been demonstrated that a single-wavelength polar-
ization lidar in combination with sun-sky photometry pro-
vides a comparably simple, robust and practical way to re-
trieve profiles of coarse and fine particle mass concentra-
tions (Ansmann et al., 2011b). Instrumentation, for which
high quality measurement standards can be maintained over
long time periods, in combination with likewise simple data
processing schemes is of advantage for continuous network
monitoring of the spread of aerosol plumes over days and
weeks with high vertical and temporal resolution. This parti-
cle mass profiling (PMAP) polarization lidar photometer net-
working (POLIPHON) method can be regarded as one of the
basic techniques for detailed height-resolved profiling of op-
tical and microphysical properties of atmospheric particles.
Polarization lidars equipped not only with elastic backscatter
channels but also with nitrogen Raman channels increase the
potential of such a monitoring site by independently measur-
ing vertical profiles of particle backscatter and extinction co-
efficients (Ansmann et al., 1992; Ansmann and M̈uller, 2005;
Shcherbakov, 2007; Samoilova and Balin, 2008; Pornsawad
et al., 2012) and by providing direct observations on the rela-
tionship between backscatter and extinction (lidar ratio) for
desert dust, volcanic dust, and for layers with mixtures of
dust and fine-mode particles (Mattis et al., 2002, 2010; Pap-
palardo et al., 2004; Müller et al., 2007; Wang et al., 2008;
Tesche et al., 2009a, 2011a; Wiegner et al., 2011, 2012; Groß
et al., 2011b, 2012; Mona et al., 2012; Papayannis et al.,
2012; Sicard et al., 2012).

Here we extend the application of our lidar-photometer
method which was successfully used in the analysis of Eu-
ropean Aerosol Lidar Network (EARLINET) observations
of the Eyjafjallaj̈okull volcanic aerosol plumes in central
and southwestern Europe (Ansmann et al., 2011b; Sicard
et al., 2012). We include Saharan dust observations. In the
course of the discussion, an extended review of recent mea-
surements of mass-specific extinction coefficients for Saha-
ran and volcanic dust is presented. Such specific extinction
coefficients are required to convert measured particle op-
tical properties into mass concentration information. After
the introduction of the methodology in Sect. 2, applications
of the technique are discussed in Sect. 3. These case stud-
ies include unique observations of (a) a lofted Saharan dust
plume as typically observed over central Europe after Sa-
haran dust outbreaks (Ansmann et al., 2003; Papayannis et
al., 2008; Wiegner et al., 2011), (b) mixtures of desert dust
with biomass-burning aerosol as observed at Cape Verde
during the Saharan Mineral Dust Experiment 2 (SAMUM-
2) (Ansmann et al., 2011a; Tesche et al., 2011a,b; Groß
et al., 2011a,b), and (c) and (d) volcanic aerosol plumes

(mixtures of volcanic dust and sulfate particles) after the
Eyjafjallajökull volcanic eruption in April 2010 (Ansmann
et al., 2011b) and after the eruptions of the Grimsvötn vol-
cano on Iceland in May 2011 (Kerminen et al., 2011; Tesche
et al., 2012).

2 Method

We briefly summarize the data processing scheme and extend
the methodology towards desert dust aerosols. An overview
of the different steps of the retrieval procedure is given in Ta-
ble 1. The instruments, retrieval methods, and uncertainties
are discussed byTesche et al.(2009b, 2011b,c) andAnsmann
et al.(2011b). A well-designed, well-calibrated polarization
lidar enabling high-quality observations of the volume lin-
ear depolarization ratio, e.g, at 532 nm wavelength, is a ba-
sic prerequisite for successful observations (Freudenthaler et
al., 2009). The degree of linear polarization and polarization
plane of the transmitted laser light, depolarization effects in-
troduced by the transmission and reflection properties of the
beam steering elements and the receiver channel optics, and
the receiver filter band width have to be fully taken into ac-
count in the analysis of lidar measurements of the volume
(Rayleigh plus particle) depolarization ratio. The Rayleigh
contribution to the measured volume depolarization ratio is
of the order of 0.01 (one percent) in the case of the lidars
used here. Furthermore, when combining lidar and photome-
ter observations, it would be desirable to cover the entire tro-
pospheric column from the surface to the tropopause with
lidar observations. However, lidars do not see the lowermost
aerosol layers (in the so-called near-range of the lidar with an
incomplete overlap of the laser beam with the receiver field
of view) so that estimates of particle extinction in these low-
est layers to the tropospheric AOT have to be made and may
introduce uncertainties in the lidar-derived AOT of 5 %–20 %
(Mattis et al., 2004).

The basic idea of our lidar-photometer method is to use
the depolarization ratio measured with lidar for the identifi-
cation of layers with non-spherical particles and to quantify
their contribution to the lidar-derived profile of the particle
backscatter coefficient. This part of the data analysis is cov-
ered by steps 1–4 in Table1. Volcanic and desert dust par-
ticles cause depolarization ratios>0.3 at 532 nm, whereas
spherical particles and fine-mode particles lead to depolariza-
tion ratios<0.03. The assumption that the fraction of light-
depolarizing, non-spherical particles is almost identical with
the coarse-particle fraction is of fundamental importance in
the retrieval. According to this assumption, the coarse-mode
AOT derived from the photometer observations is dominated
by light extinction by non-spherical particles and the de-
rived coarse-mode particle volume concentration describes
the volume concentration of non-spherical particles. Conse-
quently, we assume that the spherical-particle fraction, which
does not depolarize laser light during the 180◦ scattering
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Table 1.The seven steps of the PMAP-POLIPHON retrieval scheme to obtain profiles of coarse and fine particle mass concentrations from
polarization lidar observations (with support from sun-sky photometry, step 6). Indices v, t, c, and f denote volume (molecules plus particles),
total (fine plus coarse mode), coarse mode, and fine mode, respectively. The methods applied in the different steps are described in the
respective references.

Step Computed parameter References

1 Volume linear depolarization ratio δv Freudenthaler et al.(2009)
2 Particle backscatter coefficient βt Ansmann and M̈uller (2005)
3 Particle linear depolarization ratio δt Tesche et al.(2009b)
4 Coarse and fine-mode backscatter coefficients βc,βf Tesche et al.(2009b)
5 Coarse and fine-mode extinction coefficients σc,σf Tesche et al.(2009b); Ansmann et al.(2011b)
6 Coarse and fine-mode volume-to-extinction ratiosvc/τc, vf/τf Ansmann et al.(2011b)
7 Coarse and fine particle mass concentrations mc, mf Ansmann et al.(2011b)

process, is almost identical with the fine-mode particle frac-
tion and is thus responsible for the fine-mode AOT. The ap-
proach ignores therefore backscatter contributions of small
non-spherical particles to the fine-mode backscatter coeffi-
cient, and backscatter contributions of large spherical parti-
cles are misinterpreted as fine-mode-related backscatter.

Our field campaign experience of combined lidar-
photometer observations shows that our basic assumption
holds well for continental aerosols, e.g., for mixtures of
desert dust and biomass-burning smoke (Tesche et al., 2009b,
2011b) or mixtures of volcanic dust and urban haze (Ans-
mann et al., 2011b). Obviously non-spherical fine-mode par-
ticles and spherical coarse-mode particles are of minor im-
portance in cases of continental aerosol mixtures and do not
significantly contribute to the measured optical effects.

The method does not work in cases with significant con-
tributions of wet marine particles to the observed particle op-
tical properties. Marine coarse-mode particles are spherical
at high relative humidities so that their depolarization ratio
is close to zero (Murayama et al., 1999; Sakai et al., 2010;
Groß et al., 2011b). This fraction of particles would thus be
interpreted as fine-mode aerosol. On the other hand, at rela-
tive humidities<50 % sea salt particles crystalize, loose their
spherical shape, and cause significant depolarization ratios of
up to 10 % (Murayama et al., 1999; Sakai et al., 2010). The
presence of wet and dry fine-and coarse-mode marine parti-
cles thus may considerably disturb the data analysis (separa-
tion of fine and coarse mode) and may thus introduce large
uncertainties in the derived aerosol mass concentrations.

Furthermore, in our data analysis we have to assume an
externally mixed aerosol which contains only one type of
coarse-mode particles (desert dust or volcanic dust). In or-
der to retrieve the mass concentration of desert dust we must
be sure that the influence of marine and volcanic particles on
the measured optical properties is negligible. Vice versa, in
the estimation of volcanic particle mass concentrations we
have to assume that interference by desert dust and marine
particles can be ignored. This assumption was, for example,
not fulfilled in the case of Eyjafjallajökull volcanic measure-
ments over southeastern Europe in April and May 2010 (Pa-

payannis et al., 2012). Volcanic dust and desert dust occurred
simultaneously in lofted plumes and contributed to the ob-
served coarse-mode fraction.

Steps 1–3 of our retrieval (see Table1) are straightforward
and well-established lidar methods. In step 4, the backscatter
contributions of the non or weakly light-depolarizing parti-
cles (e.g., urban haze and biomass-burning smoke) and the
strongly light-depolarizing particles (e.g., volcanic or desert
dust) are separated. Here, we have to assume characteris-
tic particle depolarization ratios for desert dust and volcanic
dust. For desert dust, we use a value of 0.31± 0.04 (Freuden-
thaler et al., 2009; Groß et al., 2011b), for volcanic dust
0.34± 0.04 (Ansmann et al., 2010; Wiegner et al., 2012;
Groß et al., 2012), and for fine-mode and wet marine par-
ticles 0.02± 0.02 (Groß et al., 2011b).

The assumptions regarding the dust depolarization ratio
are of crucial importance for the entire retrieval scheme. The
linear depolarization ratio of desert dust particles decreases
with particle size and thus can change via sedimentation pro-
cesses during long range transport. According to the labora-
tory study ofSakai et al.(2010), the particle depolarization
ratio may decrease from values around 0.4 for size distribu-
tions of mineral dust with a high number of supermicrometer
particles (e.g., at sites close to the dust source) to values of
0.15 in remote areas after the removal of a significant frac-
tion of the large particles by sedimentation during long-range
transport. However such a decrease of the depolarization ra-
tio has not been observed. Lidar measurements close to the
Saharan dust source (Freudenthaler et al., 2009) and after
long-range transport towards Europe (Wiegner et al., 2011)
and Cape Verde (Tesche et al., 2011a) show similar values
from 0.3–0.35 in lofted dust-dominated aerosol layers. After
long-range transport of mineral dust from desert regions in
western and northern China, particle depolarization ratios in
layers dominated by dust were also found in the range of 0.3–
0.35 over Japan (Sakai et al., 2003a; Murayama et al., 2003;
Sugimoto et al., 2003; Shimizu et al., 2004). Lidar obser-
vations at Barbados (about 4000 km west of Cape Verde, and
5000–7000 km apart from the main Saharan dust sources) in-
deed indicate a decrease of the particle depolarization ratio
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towards 0.22–0.3 (Ilya Serikov, personnel communication,
2012). However, it remains unclear whether this effect is
caused by (a) sedimentation and removal of large dust parti-
cles, (b) mixing of desert dust particles with wet, weakly de-
polarizing marine particles, and/or (c) contamination (coat-
ing) of dust particles with hygroscopic material as result of
particle aging through cloud processing. Coating effects may
lead to a change in the dust particle shape characteristics and
thus a lowering of the depolarization ratio. But such coating
effects remain to be clearly identified in laboratory studies or
field observations (Sakai et al., 2003b). The consistency be-
tween the lidar and photometer observations in dense plumes
of desert dust mixed with biomass burning smoke over Praia,
Cape Verde, in January 2008 (Tesche et al., 2009b) do not
indicate an impact of coating effects on the shape character-
istics of coarse-mode particles. Therefore, we assume that the
applied particle depolarization ratio of 0.31± 0.04 well rep-
resents the range of typical desert dust depolarization ratios
close to the dust sources as well as at remote sites.

Concerning the depolarization ratio of volcanic dust, sev-
eral observations of the Eyjafjallajökull volcanic dust in-
dicate values from 0.34± 0.03 to 0.38± 0.03 (Groß et al.,
2012; Chazette et al., 2012a,b; Miffre et al., 2012; Winker et
al., 2012). Therefore, we assume that a value of 0.34± 0.04
is representative for young as well as aged volcanic dust par-
ticles. Here coating effects play a significant a role when the
relative humidity is high and water up take by the hydrophilic
volcanic dust particles takes place, This aspect is discussed
in Sect. 3.4.

In step 5 of the retrieval after Table1, we estimate the pro-
files of the volume extinction coefficientsσf andσc for fine
and coarse mode by multiplying the fine and coarse particle
backscatter coefficientsβf and βc with respective fine and
coarse particle lidar ratios. Raman lidar observations indi-
cate lidar ratios from 45 to 65 sr for desert dust and volcanic
dust. The values accumulate between 50 and 60 sr (Tesche et
al., 2009a; Ansmann et al., 2010; Groß et al., 2011b, 2012;
Wiegner et al., 2011). The range of values for the fine-mode
particle lidar ratio is much larger. Urban haze particles show
values from 30 to 80 sr (Müller et al., 2007). Lidar ratios of
absorbing biomass-burning smoke may often exceed 100 sr
(Ansmann et al., 2000; Franke et al., 2003; Tesche et al.,
2011b). Consequently, it is advisable to use the actual lidar
and photometer observations to estimate the most appropri-
ate fine-mode lidar ratio. This fine-mode lidar ratio is ob-
tained from the ratio of the fine-mode AOT (from photometer
observations) and the vertically integrated backscatter coeffi-
cient for non-depolarizing particles (from the lidar observa-
tions.) This point is further discussed in Sect. 3.

In step 7 of the retrieval (step 6 is explained afterwards),
the mass concentrationsmf andmc of fine-mode and coarse-
mode particles, respectively, are estimated by using the lidar-
derived particle extinction coefficientsσf andσc:

mf =
σf

kext,f
, (1)

mc =
σc

kext,c
. (2)

kext,f = σext,f/(ρfVf) andkext,c = σext,c/(ρcVc) are the mass-
specific extinction coefficients for fine mode and coarse
mode, respectively.σext,f andσext,c denote the volume extinc-
tion coefficients that belong to the respective particle mass
densitiesρfVf and ρcVc. ρ and V are particle density and
particle volume concentration, respectively. We useρc of
2.6 g cm−3 for desert dust (Hess et al., 1998; Gasteiger et al.,
2011) and volcanic dust particles (Ansmann et al., 2011b).
For fine-mode particles, we assumeρf of 1.5–1.6 g cm−3

(Cozic et al., 2008; Bukowiecki et al., 2011) for central Eu-
ropean haze and for the sulfate aerosol which formed from
the volcanic SO2 emissions. These values ofρf consider a
variable liquid water content of the mostly sulfate-containing
particles (ammonium sulfate) (Hess et al., 1998; Tang and
Munkelwitz, 1994). In the analysis of a mixed aerosol plume
containing desert dust and biomass-burning smoke in sec-
tion 3, we useρf of 1.35 g cm−3 for the biomass-burning par-
ticles (Reid et al., 2005).

Because the ratiosσext,f/Vf andσext,c/Vc (i.e.,kext,fρf and
kext,cρc) can vary considerably as a function of particle size
distribution (see Table2, column for 1/kextρ), actual esti-
mates of these ratios are required in the data analysis. As
proxies forσext,f/Vf and σext,c/Vc we use the AERONET
observations of the ratio of AOTτf to the column-integrated
volume concentrationvf for the fine mode and the respective
observed ratioτc/vc for the coarse mode. Equations (1) and
(2) can then be written as (Ansmann et al., 2011b)

mf = ρf(vf/τf)σf, (3)

mc = ρc(vc/τc)σc. (4)

v/τ denotes the temporal mean value of individual values of
v/τ observed within a given time period. Time series of ob-
served values ofvf/τf andvc/τc for the desert dust and vol-
canic dust events discussed in Sect. 3 are presented in Fig.1.

The comparably weak variability in the Saharan dustvc/τc
ratios in Fig.1 (cases a and b) found at sites close to the
source as well as at remote locations and the likewise strong
changes in the volcanicvc/τc ratio (case c versus cases d–
f) motivated us to review the recent literature concerning
observed and modeled mass-specific extinction coefficients
for desert dust and volcanic dust and to re-analyze own
AERONET sun-sky photometer observations performed dur-
ing strong Saharan dust outbreaks at Leipzig in October 2001
(Ansmann et al., 2003; Müller et al., 2003) and May 2008
(Wiegner et al., 2011) and during the SAMUM-1 (close to
the desert dust source region) and SAMUM-2 campaigns
(long-range transport regime). Table2 provides an overview
of this effort. Only Saharan dust observations are consid-
ered, for which the contamination with anthropogenic fine-
mode particles should be very small. Nevertheless, sources
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Table 2. Overview of recently observed mass-specific extinction coefficientskext = σext/(ρV ) for volcanic and desert dust aerosols. In
addition the ratio of frequently measured volume concentration to volume extinction coefficientV/σext = 1/(kextρ) is given. A few modeled
values (Hess et al., 1998; Barnaba and Gobbi, 2004) for coarse-mode as well as for fine-mode particles are added. Values are taken from
the indicated literature (reference). Saharan dust mass-specific extinction coefficients (mean values for the vertical tropospheric column)
computed from AERONET sun-sky photometer observations at Leipzig, Germany, Ouarzazate, Morocco, and Praia, Cape Verde, are included
(indicated by: this study). The mass-specific extinction coefficients hold for a coarse-mode particle density ofρc = 2.6 g cm−3 (desert and
volcanic dust), fine-mode particle density ofρf = 1.6 g cm−3, and particle extinction coefficients for the 500–550 nm wavelength range.
Mean values and/or the range of observed values are given.Hervo et al.(2012) derived mass-specific extinction coefficients for volcanic dust
without assumptions of particle mass density.

Reference kext 1/(kextρ) Comment
[m2 g−1] [10−6 m]

Eyjafjallajökull volcanic dust, April–May 2010

Johnson et al.(2012) 0.40–0.95 0.96–0.40 Airborne, in situ, near volcanic source, North Sea
0.53 0.72 >1000 km distance from source, North Sea, UK

Marenco et al.(2011) 0.53–0.80 0.72–0.48 Airborne, in situ, comparison with lidar, North Sea, UK
Turnbull et al.(2012) 0.53–0.71 0.72–0.54 Airborne, in situ, North Sea
Hervo et al.(2012) 0.64 0.60 Ground-based, in situ, 1.5 km height, France
Gasteiger et al.(2011) 0.69 (0.43–1.11) 0.56 (0.89–0.35) Scattering model, multi–λ lidar, photometer, Germany
Miffre et al. (2012) 0.69± 0.10 0.56± 0.09 Scattering model, lidar, France
Ansmann et al.(2010) 0.51 0.75 AERONET, remote sensing, first ash front (16 April), very

large particles, central Germany
Devenish et al.(2012) 0.53 0.72 AERONET, remote sensing, first ash front (16 April), very

large particles, southern UK
Ansmann et al.(2011b) 0.64± 0.10 0.60± 0.10 AERONET, remote sensing, Germany
Sicard et al.(2012) 0.38–0.43 1.00–0.89 AERONET, remote sensing, Spain

Grimsv̈otn volcanic dust, May 2011

This study 0.43± 0.05 0.90± 0.05 AERONET, remote sensing, Germany

Saharan dust

Hess et al.(1998) 0.64 0.60 OPAC model
Hess et al.(1998) 0.37 1.03 OPAC model, transported dust, free troposphere
Barnaba and Gobbi(2004) 0.54–1.50 0.71–0.26 Modeling study, full range of realistic size distributions
Johnson and Osborne(2011) 0.48± 0.10 0.80± 0.20 GERBILS, airborne, in situ, western and west of Africa
Osborne et al.(2008) 0.30–0.40 1.29–0.96 DABEX, DODO1, airborne, in situ, western Africa
Weinzierl et al.(2009) 0.45–0.70 0.85–0.55 SAMUM-1, airborne, in situ, South Morocco,>2 km height
Müller et al.(2012) 0.57± 0.04 0.68± 0.05 SAMUM-1, multi-λ lidar, South Morocco,>2 km height
This study 0.50± 0.05 0.77± 0.07 AERONET, remote sensing, Germany, Oct 2001, May 2008
This study 0.52± 0.03 0.74± 0.04 SAMUM–1, AERONET, remote sensing, South Morocco
This study 0.52± 0.06 0.74± 0.08 SAMUM–2, AERONET, remote sensing, Cape Verde

Continental particles (fine mode)

Hess et al.(1998) 1.80 (2.40) 0.35 (0.26) OPAC model, clean continental, rel. humidity 50 % (80 %)
Hess et al.(1998) 2.20 (2.90) 0.28 (0.22) OPAC model, polluted continental, rel. humidity 50 % (80 %)
Barnaba and Gobbi(2004) 3.50± 0.1 0.18± 0.005 Modeling study, full range of realistic size distributions
Ansmann et al.(2011b) 3.50± 0.4 0.18± 0.02 AERONET, remote sensing, Germany
Sicard et al.(2012) 2.40± 0.1 0.25± 0.01 AERONET, remote sensing, Spain

of uncertainties remain. Airborne in-situ observations may
suffer from high uncertainties in the retrieval of the en-
tire particle size spectrum and the subsequent retrieval of
the coarse-mode particle volume concentration. As a conse-
quence, we used the SAMUM-1 PM2.5 (particles with di-
ameters<2.5 µm) observations ofWeinzierl et al.(2009) in
Table2 instead of the results for the entire size distribution

and multiplied the respective PM2.5 volume concentration by
a factor of 3.1 to estimate the total volume concentration (as
considered in Table2). This factor of 3.1 for the ratio of the
total to PM2.5 volume concentration of desert dust particles
was derived from ground-based SAMUM-1 and SAMUM-2
observations (Kandler et al., 2009, 2011).
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Fig. 1. Ratio v/τ of column volume concentrationv to AOT τ at
532 nm for coarse (red) and fine particles (blue). The ratios are de-
rived from AERONET sun–sky photometer measurements in(a)
mixed desert-dust/biomass–burning–smoke plumes at Praia, Cape
Verde in January 2008,(b) during a strong Saharan dust outbreak at
Leipzig in May 2008,(c) during the Eyjafjallaj̈okull event (Leipzig,
April–May 2010), and(d–f) the Grimsv̈otn volcanic dust episode
(Helgoland, Hamburg, Leipzig, May 2011). Fine-mode and coarse-
mode τ values were calculated by using the Dubovik approach
(open symbols) and the O’Neill method (closed symbols). See text
for more details.

As can be seen in Table2, the observed Saharan dustkext
values accumulate between 0.45 and 0.65 m2 g−1 disregard-
ing the distance of the observation from the source, whereas
the values for volcanic dust are more equally distributed from
0.4 to 1.0. All values, except the ones from the study ofHervo
et al.(2012), are based on the assumption of a coarse-particle
mass density of 2.6 g m−3. Hervo et al.(2012) derived val-
ues without the need for an assumption on particle mass
density. However, they derived the specific extinction coef-
ficients for the wavelength of 355 nm. In Table2, we assume
that these values still hold for 500–550 nm (i.e., we assume
no wavelength-dependence of the extinction coefficient and
AOT for coarse particles). The model results ofBarnaba and
Gobbi (2004) show a likewise large range of potential dust
values. The detailed study of the relationships between parti-
cle backscatter, extinction, surface area, and volume concen-
trations for various aerosol types can be found inBarnaba
and Gobbi(2001, 2002). These relationships have been suc-
cessfully validated in 2003 (Gobbi et al., 2003) by comparing
polarization lidar and in situ measurements, and the mineral
dust volume (or mass) concentration could be estimated from
backscatter observations with acceptable accuracy.

Volcanic particle size distributions seem to vary strongly
depending on the distance to the source and eruption type
(explosive, less explosive, ice-capped explosion or not). The
significant difference between coarse-modevc/τc values af-
ter the Eyjafjallaj̈okull and Grimsv̈otn volcanic eruptions in
Fig.1 corroborate this hypothesis. The larger the particles the
larger the ratiovc/τc, and the lower the mass-specific extinc-

tion coefficient (provided the mass density of the volcanic
dust particles is similar for both volcanic events).

Even for fine particles (urban haze, biomass-burning
smoke, fresh and aged sulfate aerosol originating from vol-
canic SO2 emissions) thevf/τf values can vary within a fac-
tor of two (see Table2 and Fig.1, Helgoland and Ham-
burg versus Leipzig values). The model simulations byBarn-
aba and Gobbi(2004) in Table2 with kext,f values close to
3.5 m2 g−1 considering the full range of realistic size distri-
butions of aged fine-mode European haze do not show this
variability. In accordance with the model results, the values
of vf/τf observed over Leipzig (in urban air, less affected by
soil dust, and taken far away from marine environments) also
show relatively constant values around 3.5 m2 g−1.

The spread of thekext values in Table2 for a given aerosol
type may provide an impression about the range of uncer-
tainty in the particle mass retrieval after Eqs. (3) and (4)
when using literature values in the data analysis. Our strat-
egy is therefore to always check the actual values ofvf/τf
andvc/τc from sun-sky photometer observations performed
side by side with the lidar observations.

A detailed discussion of uncertainties in the separation of
the backscatter coefficient for fine-mode and coarse mode in
Table1 can be found inTesche et al.(2009b, 2011b,c). Er-
rors in the retrieval of mass concentrations after steps 1–7 are
discussed byAnsmann et al.(2011b).

For well-detected desert or volcanic dust layers, as dis-
cussed in the next section, with uncertainties in the dust-
related backscatter coefficients of 10 %–20 % (mainly caused
by the uncertainty in the assumptions of the dust and fine-
mode depolarization ratios), with further uncertainties of
10 %–15 % in the successive conversion of backscatter into
extinction coefficients caused by the lidar ratio estimate,
10 %–25 % in the dust mass density estimates, and 20 %–
50 % in the usedv/τ ratio, the overall uncertainty in the
dust mass concentration values is 30 %–60 %. Slightly larger
uncertainty values hold for the fine-mode particles in layers
with pronounced fine-mode particle concentrations (bound-
ary layer, lofted sulfate layers of volcanic origin). Here the
higher uncertainty in the lidar ratio estimate is responsible
for the larger overall uncertainty in the mass concentrations.

The uncertainties may exceed 100 % in cases with very
large dust particles (in dust outbreaks observed within 24–
36 h after emission), as discussed byAnsmann et al.(2010,
2011b) because of large uncertainties in thev/τ ratio. The
AERONET data analysis scheme assumes particles with radii
<15 µm in the retrieval of the volume size distribution. If
particles with larger sizes are present, the particle volume
concentration, thev/τ ratio, and the dust mass concentration
are largely underestimated.
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Fig. 2. (a)532 nm particle backscatter coefficient,(b) 532 nm particle linear depolarization ratio,(c) fine–mode (blue) and coarse-mode (red)
particle backscatter coefficients,(d) fine-mode (blue) and coarse-mode (red) particle extinction coefficients,(e) and fine-mode (blue) and
coarse-mode (red) particle mass concentrations. The lidar observations were taken at Leipzig (120 m above sea level, a.s.l.) in May 2008.

3 Measurement examples

We present four measurement cases. Two cases deal with
Saharan dust. The third and fourth examples show volcanic
aerosol measurements. For the first time, comparisons of
lidar-photometer observations of Eyjafjallajökull volcanic
aerosols (eruptions in April 2010) and Grimsvötn volcanic
aerosols (eruptions in May 2011) are shown.

3.1 Saharan dust above urban haze

The retrieved particle properties of a strong Saharan dust out-
break towards central Europe are shown in Fig.2. This out-
break is also discussed in detail byWiegner et al.(2011)
based on Munich Raman lidar observations about 400 km
south of Leipzig. A clear separation of the aerosol in the
boundary layer (reaching to 500 m height) from the aerosol in
the lofted Saharan dust layer (extending from 500 to 6500 m
height) was observed over Leipzig on 29 May 2008.

The height profile of the total particle backscatter coeffi-
cient in Fig.2a (retrieval step 2 after Table1) was determined
by means of the Raman lidar method (Ansmann et al., 1992).
This method could be used in all four cases shown in this
section. The technique provides most accurate solutions for
the backscatter coefficient down to very low heights (if the
lidar is well adjusted as is the case here) because the method
makes use of signal ratios so that the overlap effect in the
near-range of the lidar widely cancels out.

By assuming particle depolarization ratios of 0.31 and
0.02 for Saharan dust and anthropogenic haze, respectively,
we separated the particle backscatter coefficients for coarse
mode and fine mode (retrieval step 4 after Table1). It can
be seen in Fig.2c that traces of anthropogenic particles or
other spherical fine-mode particles are present in the lower
part of the dust plume up to 3 km height, probably caused
by upward mixing of polluted air during the transport over
northern Africa, the Mediterranean, and southern Europe.

In the conversion of the backscatter profiles into extinction
profiles (retrieval step 5) we assumed a volcanic-dust lidar ra-

tio of 55 sr and a fine-mode lidar ratio of 65 sr in good agree-
ment with the photometer-derived AOT value (see discussion
below). The profiles of the particle extinction coefficients for
fine and coarse mode are shown in Fig.2d.

The particle mass concentrations for desert dust and the
fine-mode particle fraction are computed by using the infor-
mation shown in Fig.1 (case b, retrieval step 6). Withρc =

2.6 g cm−3, ρf = 1.6 g cm−3, and mean values ofvc/τc =

0.74× 10−6 m andvf/τf = 0.29× 10−6 m we obtain mass-
specific extinction coefficients ofkext,c = 0.52 m2 g−1 and
kext,f = 2.19 m2 g−1 for the coarse and fine mode, respec-
tively. By using these numbers in the conversion of the ex-
tinction coefficients into mass concentrations after Eqs. (3)
and (4) we end up with the mass profiles in Fig.2e (retrieval
step 7).

As can be seen in Fig.2e desert dust mass concentrations
of up to 300–500 µg m−3 were observed in the late evening
of 29 May 2008. The fine-mode mass concentration reached
values of 100 µg m−3 close to the surface, decreased with
height, and was found to be almost zero at heights above
1 km. On days with Saharan dust we frequently observe a
strong or even a complete suppression of the evolution of a
convective boundary layer which is usually as deep as 1.5–
2.5 km on sunny days end of May. The anthropogenic haze
layer, in which the pollution accumulates over days and re-
mains trapped, is then rather shallow with depths<1 km.

The uncertainties in the retrieved mass concentrations
shown in Fig. 2 are as follows: the coarse-mode backscatter
coefficients in the lofted dust plume at heights>700 m are
obtained with an uncertainty of around 10 %. As mentioned
above, this uncertainty is mainly caused by the assumption
of the desert dust depolarization ratio of 0.31 with an un-
certainty of± 0.04 and of the fine-mode depolarization ratio
of 0.02 with an uncertainty of± 0.02. Taking comparably
small uncertainties of 10 % in the well-known mineral dust
lidar ratios into account, a 15 % uncertainty in the estimated
mineral dust particle density, and a 20 % uncertainty in the
observed, and thus relatively well-knownvc/τc conversion
factors into account, we obtain overall uncertainties in the
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Table 3.Aerosol optical thickness (AOT), column–integrated backscatter coefficient (CB in sr−1), and column lidar ratio (AOT/CB in sr) for
the four case studies shown in Figs.2–5. All values are given for 532 nm wavelength.Ångstr̈om exponents (AE) afterO’Neill et al. (2003)
for the spectral range around 500 nm are shown in addition. The 532 nm AOTs are obtained from the measured 500 nm AOTs by means of the
respectiveÅngstr̈om exponents (AE). The coarse–mode AE is set to zero in the photometer data analysis (O’Neill et al., 2003). AERONET
level 2.0 data are used, except for 22 January 2008 (level 1.0).

Case study, observation times, location Aerosol AOT CB AOT/CB AE

Saharan dust/urban haze, total 0.770 0.01414 54.4 0.29
AOT (17:22 UTC), CB (21:47–23:20 UTC), fine 0.162 0.00253 64.1 1.49
Leipzig, 29 May 2008 coarse 0.608 0.01161 52.4 0

Saharan dust/smoke/marine, total 0.301 0.00536 56.2 0.47
AOT (18:32–18:37 UTC), CB (20:05–21:00 UTC), smoke 0.107 0.00109 98.2 1.48
Praia, 22 January 2008 coarse 0.194 0.00427 45.4 0

dust 0.182 0.00352 51.7 0

Volcanic dust/sulfate/urban haze, total 0.649 0.01369 47.4 1.12
AOT (14:38–15:37 UTC), CB (14:35–15:36 UTC), fine 0.506 0.01135 44.6 1.45
Leipzig, 19 April 2010 coarse 0.143 0.00261 54.8 0

Volcanic dust/sulfate/urban haze, total 0.130 0.00376 34.6 1.19
AOT (09:53–11:53 UTC), CB (10:00–11:50 UTC), fine 0.055 0.00248 22.2 2.72
Leipzig, 25 May 2011 coarse 0.075 0.00128 58.6 0

dust mass concentrations in the lofted mineral dust plume
of about 30 %. For the boundary layer, the mass concentra-
tion errors are higher with values from 35 %–55 %. For the
fine-mode, the backscatter coefficient uncertainty is around
15 % in the boundary layer and increases rapidly with height
above 700 m up to values>100 %. Together with realistic un-
certainties in the fine-mode lidar ratio of 25 %, of 20 % in the
particle density, and of 20 % in the observedvf/τf conversion
factor we obtain uncertainties around 40 % for the fine-mode
mass concentrations in the boundary layer.

In order to prove the overall consistency of the lidar-
photometer observations and to check the validity of the
assumption that the non-light-depolarizing particle fraction
is almost identical with the fine-mode fraction and that the
light-depolarizing particle fraction represents the coarse par-
ticle fraction, we compute the column-integrated backscat-
ter coefficient (CB) at 532 nm for the non-depolarizing par-
ticles (fine-mode CB in Table3) and the light-depolarizing
particle fraction (coarse-mode CB in Table3) from the ba-
sic lidar data, i.e., from the fine-mode and coarse-mode
backscatter profiles in Fig.2c. Then we form the AOT/CB ra-
tios by using the corresponding 532 nm AOTs for fine-mode
and coarse mode obtained from the photometer observation.
If the coarse-mode AOT/CB ratio shows typical values for
desert dust (50–60 sr), we conclude that our basic retrieval
assumption concerning large particles (coarse-mode parti-
cles = non-spherical particles) is valid and thus the results
are trustworthy. With other words, if the photometer-derived
coarse-mode AOT is roughly equal with the lidar-derived
AOT, which is well estimated by CB for non-spherical par-
ticles multiplied with 55 sr, then the basic assumption seems
to be sufficiently valid in our coarse-mode mass retrieval. In

a similar way we check the AOT/CB ratio for the small par-
ticles to proof the consistency of AOT and CB for fine-mode
particles (spherical particle fraction).

As can be seen in Table3, for the case of the strong Sa-
haran dust outbreak, the fine-mode and coarse-mode-related
AOTs were about 0.16 and 0.61 at 532 nm, respectively, dur-
ing one of the last sun-sky photometer measurements on
29 May 2008, 17:30 UTC, about 4 h before the lidar obser-
vations in Fig.2 were performed. Very constant aerosol con-
dition were given from the early morning of 28 May 2008 to
the early morning of 30 May 2008. The total 500 nm AOT
was always between 0.7–0.8. Together with the lidar-derived
column backscatter values CB for the non-depolarizing (fine
mode) and depolarizing (coarse mode) particle fractions we
obtain column lidar ratios of about 64 sr (fine mode) and 52 sr
(coarse mode). These values are typical for anthropogenic,
aged, moderately absorbing urban haze (Mattis et al., 2004;
Müller et al., 2007) and for desert dust (Tesche et al., 2009a,
2011a; Groß et al., 2011b), respectively. This consistency of
the lidar-photometer observations corroborates that the re-
sults in Fig. 2 are reliable. The estimated lidar ratios AOT/CB
for fine-mode and coarse mode are used in the extinction pro-
file computation (step 5 in Table1, profiles in Fig. 2d).

3.2 Saharan dust mixed with biomass-burning smoke

During the SAMUM-2 campaign in the eastern tropical At-
lantic in January and February 2008, lofted aerosol lay-
ers containing desert dust and biomass-burning smoke were
frequently advected across the lidar site at Praia, Cape Verde
(Groß et al., 2011b; Tesche et al., 2011a; Toledano et al.,
2011). The aerosol stratification in Fig.3 is typical for the
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Fig. 3. Same as Fig.2 except for a SAMUM-2 lidar observation at Praia (90 m a.s.l.), Cape Verde, in January 2008. Composite profiles of
backscatter and extinction coefficients and linear depolarization ratio are shown, derived from measurements with three lidars (Groß et al.,
2011a,b; Tesche et al., 2011a,b). In (c), > 600 m and< 600 m refer to the height range above and within the MBL with layer top height of
600 m, respectively.

winter season over the eastern tropical North Atlantic (Ben-
Ami et al., 2009). During the dry season in central Africa, a
belt with strong fire activity extending over several thousands
of kilometers from western to eastern Africa produces large
amounts of fire smoke which is carried towards the Ameri-
cas by dust-laden air (Ansmann et al., 2009; Ben-Ami et al.,
2010; Baars et al., 2011).

The case, shown in Fig.3, is discussed byTesche et al.
(2011a,b) andGroß et al.(2011a,b). Three ground-based SA-
MUM lidars contributed to Fig.3. Two of them were op-
timized for near-range (marine boundary layer, MBL) ob-
servations and one for far-range measurements up to the
tropopause (< 17 km height). By using a scanning polariza-
tion lidar (Groß et al., 2011b) it was possible to obtain ac-
curate particle depolarization ratios with high vertical reso-
lution down to very low heights within the MBL.

The profile of the total particle backscatter coefficient
in Fig. 3a indicates strong backscattering within the MBL
(top at about 600 m height) and moderate backscattering up
to 4 km height. The particle depolarization ratio in Fig.3b
shows values around 24 % throughout the MBL caused by a
strong contribution of desert dust to particle backscattering.
Only 20 % of MBL backscattering was caused by marine par-
ticles on this day, assuming wet marine particles producing a
linear depolarization ratio of 0.02 (Groß et al., 2011b). If we
keep in mind that the lidar ratios of wet marine particles and
of mineral dust are 20 sr and 55 sr, respectively, the marine
extinction coefficients were about 20 Mm−1 and the ones for
desert dust particles 200–250 Mm−1 (Fig. 3d), and therefore
more than an order of magnitude higher than the marine val-
ues.

Accurate depolarization ratios were obtained up to 3 km
height (Fig.3b). Above that height we assumed a similar
depolarization ratio up to the top of the smoke layer. Parti-
cle depolarization ratios from 10 %–20 % indicate a strong
influence of smoke on the optical properties. The backscat-
ter coefficients for fine and coarse mode in Fig.3c corrob-
orate the hypothesis. Above 1000 m height smoke and dust

contributed almost equally to particle backscattering. How-
ever, the smoke extinction coefficients in Fig.3d are slightly
higher than the dust-related ones owing to the fact that the
smoke lidar ratio was much larger than the dust lidar ra-
tio. Lidar ratios of 55 sr (desert dust, coarse mode) and 75 sr
(biomass-burning particles, fine mode) were used in the con-
version of backscatter into extinction coefficients.

In the retrieval of the mass concentrations we usedρf =

1.35 g cm−3, and mean values ofvc/τc = 0.64× 10−6 m
and vf/τf = 0.24× 10−6 m (computed from the individual
values in Fig.1, case a). The respective fine-mode and
coarse-mode-related mass-specific extinction coefficients are
kext,c = 0.60 m2 g−1 andkext,f = 3.09 m2 g−1.

Because we cannot separate marine and smoke contribu-
tions to backscattering in the MBL (both aerosol types show
low depolarization ratios), we provide particle mass concen-
tration for the fine mode (smoke) for heights above the MBL
in Fig. 3e only.

As can be seen in Fig.3e, a mean of about 10 µg m−3 of
smoke mass concentration was observed on that day with
maximum values close to 20 µg m−3. Dust mass concentra-
tions ranged from 300–400 µg m−3 in the MBL and from
25–100 µg m−3 in the free troposphere. We observed similar
dust-smoke layers almost continuously during the SAMUM-
2 campaign from 15 January to 15 February 2008 (Tesche et
al., 2011a,b). Smoke-related particle extinction coefficients
ranged from 25–100 Mm−1 between 1000 and 5000 m height
during this period and indicated smoke particle mass concen-
trations of 10–35 µg m−3. It is interesting to note thatBaars et
al. (2011) found fine-mode-related extinction values of 10–
70 Mm−1 in the Amazon rain forest north of Manaus, Brazil,
during the wet season (February to May 2008) caused by
long-range transport of African smoke. These extinction val-
ues indicate mass concentrations of African smoke particles
of 5–20 µg m−3 over the Amazon rain forest.
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Fig. 4.Same as Fig.2 except for Eyjafjallaj̈okull volcanic aerosol observed at Leipzig in April 2010 (Ansmann et al., 2011b).

The question may arise why the layer with strong dust
backscatter over Cape Verde coincides with the marine
boundary layer. This results from very different air mass
flows with winds from northeast in the boundary layer and
from southerly direction within the smoke-containing air
above 600 m height (Engelmann et al., 2011).

The uncertainties in the dust backscatter coefficients for
heights<600 m are 10 % and 10 %–15 % in the lofted mixed
dust-smoke layer. By further assuming an uncertainty in the
dust lidar ratios of 10 %, of 15 % in the estimated mineral
dust density, and of 20 % in thevc/τc conversion values, we
end up with an overall uncertainty in the mass concentra-
tions of mineral dust of about 30 % in the mixed layer above
600 m. For the fine-mode, the backscatter coefficient uncer-
tainty is about 10 %–15 % in the lofted plume, too. With a
lidar ratio uncertainty of 25 %, particle density uncertainty
of 15 % and a conversion factor uncertainty of 20 % we ob-
tain mass concentration uncertainties of about 35 %–40 % in
the lofted layer for the smoke particles.

Water-uptake effects and associated uncertainties in the
retrieval of the mass concentrations of dry but hygroscopic
smoke particles were estimated to be<25 %. In most cases,
SAMUM radiosonde launches at the lidar site indicated rel-
ative humidities clearly below 70 %. Saharan dust is almost
hydrophobic so that water uptake does not play a role here.

The lidar-photometer consistency check revealed good
agreement. As can be seen in Table3, the total AOT was
about 0.3, with a dust fraction of 0.6 after eliminating a ma-
rine contribution of the order of 0.01 on that day (Groß et al.,
2011a). AERONET photometer results for 22 January 2008
are only available as level 1.0 products. However, they are in
good agreement with the quality-checked level 2.0 results for
23 January 2008 (early morning) and with observations of a
second SAMUM photometer on 22 January 2008 (Toledano
et al., 2011).

The dust AOT of 0.18 together with the column backscat-
ter for the light-depolarizing particle fraction in Table3 yield
a dust column lidar ratio AOT/CB of 51.7 sr which is again in
the range of values typical for Saharan dust. Note the large li-
dar ratio for the fine mode which indicates strongly absorbing
smoke particles (Tesche et al., 2011b). The Raman lidar ob-

servations during that evening show smoke-related lidar ra-
tios from 50–100 sr at 532 nm. The photometer-derived fine-
mode AOT was 0.11 at about 18:30 UTC, while the Raman
lidar observations after 20:00 UTC indicate a value of 0.08–
0.09 so that the column lidar ratio fraction was obviously
about 25 % lower during the lidar measurement session than
the value of 98 sr in Table3. Again, the good overall con-
sistency of the entire observational data set corroborates the
reliability of our mass retrieval approach.

3.3 Eyjafjallaj ökull volcanic aerosol plume

The evolution of the aerosol layering over Leipzig on 19
April 2010, 4–5 days after the strong eruptions of the Ice-
landic Eyjafjallaj̈okull volcano is discussed byAnsmann et
al. (2011b). A characteristic scene from the afternoon of
that day is shown in Fig.4. During this time period, a re-
search aircraft (Falcon aircraft of German Aerospace Cen-
ter) performed height-resolved in situ aerosol observations
over Leipzig between 2–6 km height from 14:51–15:28 UTC
(Schumann et al., 2011). The boundary layer reached max-
imum heights of about 1.4 km on 19 April 2010. However,
the layer with strong backscattering reached to almost 3 km
height (Fig.4a). Above the boundary layer the atmosphere
was dry with relative humidities of 50 %–60 % in the layer
from 1.5–3 km height and below 25 % higher up (Schu-
mann et al., 2011). The depolarization ratio in Fig.4b in-
dicates three layers, one with non-light-depolarizing parti-
cles (sulfate, urban haze) up to about 1.6 km, and two lay-
ers with considerable depolarization from 1.8–2.8 km and
from 3.8–5.5 km height caused by a mixture of fine- and
coarse-mode particles. The backscatter and extinction pro-
files for fine and coarse mode show this more quantita-
tively (Fig. 4c and d). Volcanic dust mass concentrations of
up to 250 µg m−3 (1.8–2.8 km height) and 40 µg m−3 (3.8–
5.5 km) were derived (Fig.4e). The aircraft observations re-
vealed values of 50–250 µg m−3 and 15–40 µg m−3 in the re-
spective layers. Relatively well-mixed conditions with mass
concentrations of 50–80 µg m−3 were found from the lidar
data for the fine-mode fraction in the lowermost 2 km of
the atmosphere. Aged sulfate aerosol originating from the
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Fig. 5. Same as Fig.2 except for Grimsv̈otn volcanic aerosol observed at Leipzig in May 2011. Dashed lines in(b) indicate the uncertainty
range of derived values.

volcanic SO2 plumes considerably contributed to the fine-
mode particle mass (about 50 %) on that day (Ansmann et
al., 2011b).

The fine- and coarse-mode-related mass-specific ex-
tinction coefficients arekext,c = 0.64 m2 g−1 and kext,f =

3.47 m2 g−1 in this case, with mean values ofvc/τc = 0.60×

10−6 m andvf/τf = 0.18× 10−6 m according to Fig.1 (case
c). Lidar ratios of 55 sr (volcanic dust) and 45 sr (sulfate par-
ticles, found from the lidar-photometer consistency check)
were used in the conversion of the backscatter into particle
extinction coefficients shown in Fig.4d.

The uncertainties in the coarse-mode backscatter coef-
ficients in the two dust layers (1.8–2.8 km, above 3.8 km
height) are 10 %–15 %, again mainly caused by the assump-
tion of the volcanic dust depolarization ratio of 0.34 with an
uncertainty of 0.04 and of the fine-mode depolarization ra-
tio of 0.02 with an uncertainty of 0.02. Together with uncer-
tainties in the measured volcanic dust lidar ratios of 10 %,
of 15 % in the estimated volcanic dust density, and of 20 %
in thevc/τc values, we again obtain overall uncertainties in
the mass concentrations of volcanic dust of about 30 % in
the two lofted volcanic dust layers. For the fine-mode, the
backscatter coefficient uncertainty is about 10 % up to 2 km
height, and increases to 40 % in 2.6 km height. Together with
realistic uncertainties in the fine-mode lidar ratio of 25 %, of
15 % in the particle density, and of 20 % in thevf/τf conver-
sion factor we end up with an uncertainty of roughly 35 %
for heights<2 km, and up to 60 % for heights up to 2.6 km
height.

The total and fine-mode AOT were unusually high with
values of 0.65 and 0.51 at 532 nm, respectively (see Table3).
Together with basic lidar products (the CB values for non-
depolarizing and light-depolarizing particles) we obtain col-
umn lidar ratios of about 45 sr (fine mode) and almost 55 sr
for the volcanic dust. The derived fine-mode lidar ratio is typ-
ical for non-absorbing accumulation mode particles (Müller
et al., 2007). The coarse-mode lidar ratio of 55 sr is charac-
teristic for volcanic dust (Ansmann et al., 2010; Groß et al.,
2012). Again, the consistency check indicates a successful
retrieval and trustworthy results.

3.4 Grimsvötn volcanic aerosol

According to reports of the Icelandic Meteorological Office
(IMO) the eruptions of the ice-capped Eyjafjallajökull
volcano in April 2010 were more explosive than the
eruptions of the Grimsv̈otn volcano in May 2011 (http:
//en.vedur.is/earthquakes-and-volcanism/articles/ne/2220
and http://en.vedur.is/earthquakes-and-volcanism/articles/
ne/2221). The latter also started as subglacial eruptions
which, however, quickly broke the ice cover. Compared to
the Eyjafjallaj̈okull case, the Grimsv̈otn volcanic eruptions
resulted in the release of coarser particulate matter according
to the IMO report.

First volcanic plumes reached central Europe on 24 May
2011, about 2.5 days after the eruptions in the late afternoon
of 21 May 2011.Tesche et al.(2012) provides information on
the air mass transport towards central and northern Europe on
25 May 2011. A consistent air flow from the North Atlantic
(Iceland area), across the UK towards Germany prevailed in
the lowermost 3–4 km of the atmosphere on 25 and 26 May
2011 (until noon). Figure5 presents lidar observations during
the passage of the densest volcanic dust plumes. The volcanic
particles crossed Leipzig at heights below 3.5 km. In contrast
to the Eyjafjallaj̈okull volcanic dust plumes (mostly advected
in the free troposphere), the Grimsvötn aerosol was mostly
found in the boundary layer over Leipzig.

Above 4 km height further aerosol layers were detected on
25 May 2011. These layers were advected from southwest-
erly directions according to the transport simulations. They
probably originated from North Africa and/or North Amer-
ica (mixture of desert dust and aged urban haze). Such lofted
aerosols are a common feature over central Europe during
the summer half year (Mattis et al., 2008). The AOT of the
non-volcanic aerosols above 4 km height was estimated to be
less than 0.008 and is thus ignored in the following discus-
sion of lidar-photometer observations. The increasing parti-
cle depolarization ratio for heights above 6 km in Fig.5b is
not be trustworthy. The uncertainty in the particle depolar-
ization ratio steadily increases when the particle backscatter
coefficient approaches zero.
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In agreement with the IMO report, the microphysical and
optical properties of the Grimsvötn volcanic aerosol were
found to be very different from the Eyjafjallajökull vol-
canic particle characteristics. Figure1 indicates larger vol-
canic dust particles in May 2011. The mean value ofvc/τc of
0.90×10−6 m for the Grimsv̈otn volcanic dust is 50 % higher
than the respective Eyjafjallajökull value of 0.60× 10−6 m,
which most probably reflects a significant shift of the size
distribution towards larger particles (Gasteiger et al., 2011).
The mass-specific extinction coefficientkext,c is 0.43 m2 g−1

for the Grimsv̈otn aerosol. The extinction coefficients in
Fig. 5d are computed with lidar ratios of 55 sr for volcanic
dust and 40 sr for the fine-mode particles.

Because there was no layer which contained volcanic dust
only, a specific Grimsv̈otn volcanic dust depolarization ra-
tio could not be determined. Thus, we assume that the vol-
canic dust depolarization ratio for the Eyjafjallajökull event
also holds for the Grimsv̈otn case in the separation of the
backscatter coefficients for fine-mode and coarse-mode par-
ticles. Clearly, more depolarization observations of volcanic
dust are needed to allow for a more general and accurate
quantification of volcanic dust mass concentrations with po-
larization lidars.

The depolarization ratio values in Fig.5b are shown with
a large uncertainty range. The signal channel for cross-
polarized light partly showed saturation effects at heights
<1.2 km during this event with unexpectedly strong depo-
larization return signals in the near range of the lidar. Ac-
cording to this large depolarization ratio uncertainty, the
volcanic-dust-related backscatter coefficient is determined
with an uncertainty of 40 % for heights<1.2 km. The coarse-
mode backscatter coefficient is more accurately determined
with 10 %–15 % relative error in the lofted layer centered at
2.5 km height. The overall uncertainty in the mass concen-
tration retrieval for the volcanic dust particles is estimated
to be 60 % in the lowermost 1000 m of the atmosphere, and
30 % in the lofted layer centered at 2.5 km height. For the
fine-mode particles the overall uncertainty in the mass con-
centration retrieval is about 50 % in the lowermost 1000 m of
the atmosphere in this case.

On 25 May 2011, the volcanic dust was well-mixed
throughout the boundary layer around local noon. Cumu-
lus clouds developed from time to time during the measure-
ment at the top of the boundary layer as detected with lidar.
Therefore, we must assume high relative humidities of>80
to 90 % in the upper boundary layer, even during cloud-free
periods. At ground the relative humidity ranged from 35 %–
45 % according to the meteorological station of the institute.
The high relative humidity in the upper boundary layer must
be kept in consideration when discussing the mass concen-
trations.

The profiles in Fig.5 are computed from cloud-screened
signal profiles. The total backscatter coefficient in Fig.5a in-
dicates the increasing influence of water uptake by fine-mode
as well as by the volcanic dust particles (Lathem et al., 2011).

The drop in the depolarization ratio in the upper part of the
boundary layer (1.4–2.0 km) is consistent with a change in
the shape properties of the volcanic dust particles. A part of
the coarse particles became obviously spherical. Because of
a potential water-uptake effect, the results in Fig.5c, d, and e
are not trustworthy for heights between 1.4 and 2.0 km. Mass
concentrations of volcanic dust are reliable only for heights
<1.4 km and from 2–3 km height. In the lower part of the
boundary layer, the volcanic dust mass concentration ranged
from 50–90 µg m−3. The very large fine-mode̊Angstr̈om ex-
ponent of 2.7 in Table3 indicates that a large number of
freshly formed sulfate particles originating from the volcanic
SO2 were present, too.

Tesche et al.(2012) analyzed in situ surface aerosol ob-
servations throughout Scandinavia on 24 and 25 May 2011
and included lidar observations at Stockholm, Sweden, in
the study. The main volcanic aerosol plume crossed an area
reaching from northern Germany to southern and middle
Scandinavia. The time series of the surface observations
showed a strong increase in coarse-particle mass concentra-
tions when the first volcanic dust front crossed the obser-
vational site. The peak mass concentrations were close to
160 µg m−3 (Gothenburg, Sweden), 130 µg m−3 (Oslo, Nor-
way, and Stockholm, Sweden) and 100 µg m−3 at Helsinki,
Finland (Kerminen et al., 2011). By using the retrieval
method presented here, volcanic dust mass concentrations
were also estimated from the Stockholm lidar observations.
The values range from 150–300 µg m−3 in the layer below
2 km height to 150–400 µg m−3 in a lofted layer from 2–4 km
height detected over Stockholm in the early morning of 25
May 2011 (Tesche et al., 2012).

The water-uptake effect remains to be discussed in more
detail.Lathem et al.(2011) show that volcanic dust particles
are hygroscopic. The mean radius of volcanic dust particles
was found to increase by 2 %–10 % when the relative humid-
ity increases from 40 % to 90 %. This means that the effective
radius (area-weighted mean radius of the particle size distri-
bution) increases by roughly 5 %–20 % which in turn leads
to an increase invc/τc by 5 %–20 % (Gasteiger et al., 2011).
On the other hand, water uptake leads to a decrease in parti-
cle density from 2.6 to 2.5 g m−3 (2 % increase of radius) and
from 2.6 to 2.1 g m−3 (10 % increase of radius). Most im-
portant however is that an increasing water content changes
the shape characteristics of the originally non-spherical par-
ticles. A part of the volcanic dust particles became obviously
spherical (about 10 % according to the discussion below) and
caused the strong decrease of the depolarization ratio in the
upper part of the well-mixed boundary in Fig.5.

The large spherical particles are then interpreted as fine-
mode particles (according to our basic assumption that
non-depolarizing particles are fine-mode particles). As a
consequence, the column lidar ratio, i.e., the ratio of the fine-
mode AOT (from the photometer observations) to the CB
value caused by spherical particles (assumed to be the fine-
mode CB) is rather low (below 25 sr) in Table3 because of
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the strong contribution of backscattering of spherical coarse-
mode particles to the apparent fine-mode CB. Vice versa, the
CB value for the coarse mode is too low and thus the column
lidar ratio too high. As mentioned, a conversion of 10 % of
the originally non-spherical volcanic coarse-mode particles
into spherical ones can explain the observed effect and the
change of the column lidar ratios from typical values for fine
particles of around 40 sr to 22 sr (fine mode) and from typical
lidar ratios for volcanic dust of around 50 sr to the observed
one of close to 60 sr. The reason for this strong change in the
optical effects by a likewise small change in the coarse-mode
fraction of 10 % is related to the fact that large spherical parti-
cles show a much higher reflectivity (i.e., a factor of 3 larger
backscatter coefficients) than non-spherical particles of the
same size.

4 Conclusions

We extended the range of applications of our polarization
lidar photometer networking (POLIPHON) method, intro-
duced after the volcanic eruptions in 2010, to Saharan dust
events. We presented four very different situations of com-
plex aerosol layering with fine and coarse particles. New vol-
canic dust observations performed after the Grimsvötn vol-
canic eruptions in May 2011 could be added to the discus-
sion.

A key parameter in the retrieval of particle mass concen-
trations is the mass-specific extinction coefficient. Therefore,
a review of the recent literature regarding specific extinction
coefficients for desert dust and volcanic dust was performed.

Of fundamental importance for a successful application
of the developed retrieval scheme is the assumption that the
fraction of non-spherical light-depolarizing particles (as de-
tected with lidar) represents well the coarse-mode particle
fraction (particles with diameters>1 µm) and, consequently,
that the particle fraction which does not produce light depo-
larization, is almost identical with the fine-mode fraction.

We found that the retrieval scheme works well for con-
tinental aerosol mixtures consisting of dry volcanic or Sa-
haran dust and biomass burning smoke, urban haze, and/or
volcanic sulfate particles. In the case of volcanic aerosol lay-
ers, the method works well as long as the relative humidity is
low enough so that significant water uptake by the volcanic
dust particles does not play a role. Uncertainties can be large
at relative humidities exceeding the 80 % level because of
wrong particle classification (fine versus coarse mode), and
wrong assumptions in volcanic particle density, conversion
factors and other input parameters.

The measurements (case studies) showed that Saharan
dust loads can be very high over Europe during Saharan dust
outbreaks. Mass concentrations of up to 400–500 µg m−3

occurred in the free troposphere (between 1–6 km height)
over central Europe in May 2008. These values are similar
to dust loads in the main outflow regime of Saharan dust

over the western tropical Atlantic (Cape Verde). Extended,
lofted aerosol layers consisting of mineral dust and biomass-
burning particles with smoke mass concentrations of the or-
der of 10–35 µg m−3 were observed over Cape Verde during
SAMUM-2 in the winter of 2008.

Volcanic aerosol plumes originating from the
Eyjafjallajökull eruptions in April 2010 and the Grimsvötn
eruptions observed over Leipzig in May 2011 were con-
trasted. A striking feature was that the volcanic dust was
typically observed above the boundary layer at heights
above 2 km in April 2010, while the Grimsvötn aerosol was
mainly transported in the well-mixed, moist boundary layer
at heights below 2 km.

Based on the four case studies, the retrieval method was
shown to be robust and applicable to very different scenar-
ios. The method strongly relies on accurate lidar observa-
tions of the particle depolarization ratio. We definitely need
more high-quality depolarization observations for volcanic
aerosols such as they are available for Saharan dust, Asian
dust, and the Eyjafjallajökull volcanic dust.
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