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Abstract

The Lidar/Radiometer Inversion Code (LIRIC) combines the multiwavelength lidar tech-
nique with sun-sky photometry and allows us to retrieve vertical profiles of particle opti-
cal and microphysical properties, separately for fine-mode and coarse-mode particles.
After a brief presentation of the theoretical background, we evaluate the potential of5

LIRIC to retrieve the optical and microphysical properties of irregularly shaped dust
particles. The method is applied to two very different aerosol scenarios, a strong Sa-
haran dust outbreak towards central Europe and an Eyjafjallajökull volcanic dust event.
LIRIC profiles of particle volume and mass concentrations are compared with results
obtained with the polarization-lidar-based POLIPHON method. LIRIC profiles of optical10

properties such as particle backscatter coefficients, lidar ratio, Ångström exponent, and
particle depolarization ratio are compared with direct Raman lidar observations. Good
agreement between the different results are found for most of the retrieval products.

1 Introduction

The recent Icelandic volcanic eruptions in 2010 and 2011 emphasized the importance15

of remote-sensing methods that allow the separation of fine-mode and coarse-mode
particles in the troposphere as a function of height (Ansmann et al., 2011, 2012). From
the point of view of atmospheric research, there is a strong request for vertically re-
solved observations of optical and microphysical properties of atmospheric aerosols to
improve our understanding of direct and indirect effects of aerosols on climate-relevant20

processes. The effects can be very different in the polluted boundary layer (dominated
by local and regional aerosols) and in the free troposphere (controlled by long-range
aerosol transport).

Presently efforts are undertaken to make complementary use of different measure-
ment techniques such as lidar and sun-sky photometry at combined European Aerosol25

Research Lidar Network (EARLINET) and Aerosol Robotic Network (AERONET)
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stations. The recently developed Lidar/Radiometer Inversion Code (LIRIC) analy-
sis profiles of elastic-backscatter signals measured with multiwavelength lidar and
spectrally-resolved column-integrated particle optical properties from photometer ob-
servations in a synergistic way (Chaikovsky et al., 2008, 2012). LIRIC was designed as
a universal code for processing of lidar/photometer network data, applicable to many5

different instrumental conditions and technical approaches. The main purpose is the re-
trieval of height distributions of optical and microphysical properties of fine-mode and
coarse-mode particles. LIRIC (as well as the AERONET data analysis code) searches
for the minimum in the bimodal particle size distribution (volume number concentration)
in the particle radius range from 0.194 µm–0.576 µm. The found minimum is used as10

a separation radius between fine- and coarse-mode particles. In this contribution, we
present two case studies to discuss the potential of LIRIC to accurately determine the
optical and microphysical aerosol properties of irregularly shaped dust particles. LIRIC
assumes that dust particles are spheroidal particles. Müller et al. (2012) suggest that
this assumption may introduce significant discrepancies in the retrieval products.15

The inversion of sky radiance measurements within AERONET to obtain micro-
physical aerosol properties is well established (Dubovik and King, 2000; Dubovik
et al., 2002a,b, 2006). The method also accounts for non-spherical particles by use
of a spheroidal particle model and distinguishes fine-mode and coarse-mode parti-
cle fractions. Besides microphysical particle products, column values of the volume-20

specific backscatter and extinction coefficients of the particles can be estimated. These
volume-specific backscatter and extinction values are important input data for LIRIC.
The method is based on the Least Square Method (LSM) for statistically optimized
inversion of multi-source data and has been developed in a cooperation between the
Institute of Physics Minsk (Belarus) and the Laboratoire d’Optique Atmosphérique Lille25

(France) (Chaikovsky et al., 2008, 2012). LIRIC was originally designed for the analysis
of lidar measurements at the three wavelengths of 355, 532, and 1064 nm. It has been
extended to cover polarization lidar observations as well.
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An alternative approach to separate fine-mode and coarse-mode particles as a func-
tion of height is the Polarization Lidar Photometer Networking (POLIPHON) method
(Ansmann et al., 2011, 2012). The POLIPHON technique allows the separation of the
contributions of spherical particles (mostly fine-mode particles) and non-spherical par-
ticles (mostly coarse-mode particles) to the measured optical effects. This method is5

based on directly measured linear particle depolarization ratios.
We focus on two cases with aerosol layers containing a considerable amount of

irregularly shaped coarse-mode particles to test the potential of LIRIC in these cases
with undefined particle shape characteristics and to compare the results with respective
POLIPHON findings. The first case refers to a strong Saharan dust outbreak towards10

Europe in May 2008. The second case covers the aerosol conditions after the eruption
of the Icelandic volcano Eyjafjallajökull in April 2010.

Section 2 describes the measurement systems. The LIRIC method is explained in
Sect. 3. In addition, the basic idea of the POLIPHON method is briefly outlined. In
Sect. 4, results are presented and discussed. Section 5 contains summarizing and15

concluding remarks.

2 Measurement systems

2.1 Raman lidar MARTHA

The multiwavelength Raman lidar MARTHA (Multiwavelength Atmospheric Raman li-
dar for Temperature, Humidity, and Aerosol profiling) is used for regular aerosol ob-20

servations at the EARLINET station of Leipzig (Mattis et al., 2004). It provides height
profiles of particle backscatter and extinction coefficients, lidar ratios as well as the vol-
ume and particle depolarization ratio at 532 nm (Ansmann et al., 1992, 2011). Because
Raman lidar signals are used (in addition to elastic-backscatter signals), the method
works best at darkness in the absence of strong sky background radiation. However,25

during events with optically dense aerosol layers, the Raman-lidar method for separate
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extinction and backscattering profiling can even be applied during daylight hours, as
will be shown in Sect. 4.

For LIRIC, the elastically backscattered signals at the three transmitted wavelengths
of 355, 532, and 1064 nm and the cross-polarized signal at 532 nm are used. MARTHA
transmits linearly polarized laser light at 532 nm and has two channels to measure the5

cross-polarized lidar return signal P ⊥(λ,z) (the polarization-sensitive filter element is
aligned orthogonal to the plane of laser beam polarization) and the total (cross and
parallel-polarized) backscatter light P ⊥(λ,z)+ P ‖(λ,z) with a second channel. From
these signals the depolarization ratio (introduced in the next section) can be deter-
mined.10

For an optimum application of the LIRIC method, i.e. combining tropospheric col-
umn with tropospheric profile information, it is necessary that the lidar covers almost
the entire tropospheric column (as seen by the photometer) with profile observations.
However, the incomplete overlap between the transmitted laser beams and the re-
ceiver field-of-view (RFOV) prohibits the measurement of reliable lidar return signals15

in the near field (up to about 3 km above the lidar). The overlap function is routinely
and regularly determined during clear nights with low aerosol amount by means of the
method discussed by Wandinger and Ansmann (2002). These overlap functions are
then applied to the aerosol lidar observations and allow us to correct the overlap effect
usually down to heights of 500–1000 m above the lidar. At favorable conditions (as for20

the Saharan dust case presented here), the overlap correction is reliable down to low
minimum measurement heights of 150 m.

2.2 Sun-sky photometer

Sun-sky photometers applied by AERONET detect direct sun, aureole, and sky ra-
diance (Holben et al., 1998). At Leipzig, direct sun radiation is measured in eight25

channels from 340 to 1640 nm, whereas sky radiation is obtained in four bands from
440 to 1020 nm. From direct sun measurements the AOT and the Ångström exponent,
which describes the wavelength dependence of the AOT, can be derived. Sky radiance
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observations are used for inversion algorithms to retrieve microphysical aerosol prop-
erties such as the volume particle size distribution (Dubovik and King, 2000; Dubovik
et al., 2006). Furthermore, the complex refractive index and the contribution of spheri-
cal particles can be determined. Based on these microphysical properties, AERONET
provides the optical characteristics (the AOT, the column volume concentrations in5

µm3 µm−2, phase functions, and asymmetry parameters) separately for the fine mode
and the coarse mode (Dubovik et al., 2002a). In a case when sky radiance observa-
tions are not available the AOT and the column volume concentrations are derived from
spectral dependence of measured total AOT of aerosol for both fine and coarse mode
(O’Neill et al., 2003).10

3 Method

3.1 Data preparation and processing

The basic structure of LIRIC is shown in Fig. 1. In order to run LIRIC the lidar data
have to be prepared in the following way: The lidar database consists of background-
corrected, elastic-backscatter lidar signals P (λj ,zi ) for different laser wavelengths λj :15

P (λj ,zi ) = E0(λj )
O(λj ,zi )

z2
i

[βaer(λj ,zi )+βmol(λj ,zi )]

×exp

−2

zi∫
0

(αaer(λj ,z)+αmol(λj ,z))dz

 . (1)

E0 is the system constant and considers, e.g. the outgoing laser pulse energy, col-
lection area of the telescope, optical efficiencies of the transmitter and receiver units,20

photon detection efficiency, and vertical thickness ∆z of the backscattering range cell.
O(λj ,zi ) describes the incomplete overlap of the laser beam for wavelength λj with the
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RFOV. zi denotes the vertical range between the lidar and the backscattering range
cell. βaer and βmol are the particle and Rayleigh backscatter coefficients, respectively,
and αaer and αmol the particle and Rayleigh extinction coefficients. The near-range
measurements are influenced by the changing laser-beam RFOV overlap. This effect
is corrected by use of measured overlap functions O(λj ,zi ) as mentioned in Sect. 2.1.5

After range and overlap correction the signals are averaged over a given time period
(of minutes to hours) to increases the signal-to-noise ratio. The corrected lidar signal

Pcor(λj ,zi ) =
P (λj ,zi )z

2
i

O(λj ,zi )
(2)

is used as basic lidar input in the LIRIC data analysis. The minimum measurement10

height zN0
and the reference height zN must be defined. Below zN0

, the retrieval as-
sumes constant microphysical and height-independent particle backscatter and extinc-
tion conditions as large as the values observed at the minimum measurement height
(Mattis et al., 2004). Above zN the contribution of aerosol particles to the AOT is as-
sumed to be negligible. At the reference height zN (usually at heights > 5 km) pure15

molecular backscattering conditions are typically given at the laser wavelengths of 355
and 532 nm. The following quantity is then introduced in the LIRIC procedure (see
Fig. 1, green box):

L∗(λj ,zn) =
Pcor(λj ,zn)

Pcor(λj ,zN )
[βaer(λj ,zN )+βmol(λj ,zN )]×exp

[
−2

n+1∑
i=N

αmol(λj ,zi )∆z

]
(3)

= [βaer(λj ,zn)+βmol(λj ,zn)]×exp

[
2
n+1∑
i=N

αaer(λj ,zi )∆z

]
20

with the vertical range cell ∆z which describes the range resolution of the lidar mea-
surement. L∗(λj ,zn) can be easily computed from the measured signal ratios by using
height profiles of Rayleigh backscatter and extinction coefficients. The actual molecu-
lar optical properties are obtained from atmospheric temperature and pressure profiles25
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by using a standard atmosphere model, information from a nearby radiosonde, or nu-
merical weather prediction products. In this study, we applied the US standard atmo-
sphere model and adjusted it to actual surface temperature and pressure observations.
Furthermore, negligible particle backscattering at 355 and 532 nm is assumed at the
reference height zN . In the case of 1064 nm, we must however provide an estimate of5

particle backscattering to total backscattering at the reference height.
The calculation of L∗(λj ,zn) starts from the reference height zn = zN−1 and proceeds

step by step down the minimum measurement height zN0
. Because the LIRIC code is

designed as LSM-based statistically optimized retrieval procedure it requires covari-
ance matrices of the lidar signal measurement errors. Details to the signal noise esti-10

mations for the observations cases shown here are given by Wagner (2012). To assure
optimized profiles, the optimization process is performed within the error margins.

Equation (3) shows that L∗(λj ,zn) is mainly determined by height profiles of particle
optical properties. These aerosol profiles are estimated by means of aerosol products
retrieved from the photometer observations. For this task, the expression L(λj ,zn) sim-15

ilar to L∗(λj ,zn) from Eq. (3) is introduced (see Fig. 1, orange box):

L(λj ,zn) = [βaer,e(λj ,zn)+βmol(λj ,zn)]×exp

[
2
n+1∑
i=N

αaer,e(λj ,zi )∆z

]
. (4)

The particle backscatter and extinction coefficients βaer,e and αaer,e (index e for estimate
from photometer observations) are defined as20

βaer,e(λ,z) =Cf,1(z)bf,1(λ)+Cf,2(z)bf,2(λ)+Cc,1(z)bc,1(λ)+Cc,2(z)bc,2(λ) , (5)

αaer,e(λ,z) =Cf,1(z)af,1(λ)+Cf,2(z)af,2(λ)+Cc,1(z)ac,1(λ)+Cc,2(z)ac,2(λ) (6)

with the particle volume concentrations Cm,s(z) for particle mode m (index f for fine
mode and index c for coarse mode) and particle shape parameter s with s = 1 for25

spherical particles and s = 2 for non-spherical particles. Cm,s(z) are the variables that
have to be optimized in the LIRIC data analysis. The procedure is outlined in detail
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in Chaikovsky et al. (2008, 2012) and Wagner (2012). In Eqs. (5) and (6), the column
mean values of the volume-specific particle backscattering b and extinction coefficient
a are defined as (see Fig. 1, yellow boxes to the left)

bm,s(λ) =
4πτext,m,s(λ)

ωm,s(λ)F11,m,s(λ,Θ= 180◦)Vm,s
, (7)

am,s(λ) =
τext,m,s(λ)

Vm,s
. (8)5

bm,s(λ) can be expressed by am,s(λ)/Sm,s(λ) with the extinction-to-backscatter ratio
(lidar ratio)

Sm,s(λ) =
4π

ωm,s(λ)F11,m,s(λ,Θ= 180◦)
. (9)

10

From photometric measurements (see Fig. 1, yellow box) the retrieved fine-mode and
coarse-mode volume concentrations Vm,s, the complex refractive index (real part nr,
imaginary part ni), the size distribution, and the fractions of spherical and non-sphercial
particles are required to solve Eqs. (7) and (8). These quantities are obtained by means
of the AERONET inversion algorithm. The non-spherical particles are assumed to have15

a spheroidal shape. A fixed fraction ratio of spherical to spheroidal particles is assumed
for the fine mode in order to keep the set of input parameters as small as possible.
Under the assumption of randomly oriented spheroids the first element of the scattering
matrix F11, the extinction optical thickness τext, and the single-scattering albedo ω are
provided for the lidar wavelengths by solving the vector radiative-transfer equation for20

a plane-parallel multi-layered atmosphere (Dubovik et al., 2006).
Besides the elastic backscatter signals for 355, 532, and 1064 nm, the cross-

polarized 532-nm backscatter signal (denoted as 532c in Fig. 1, wavelength index
j = 4) belongs to the LIRIC input signal data set. Only non-spherical particles cause
light depolarization and thus contribute to the signal strength of the cross-polarized25
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channel. Consequently, the cross-polarized signal contains information on the fraction
and amount of non-spherical particles.

As part of the optimization process the difference between the AERONET-related
expression L(λj ,zn) and the lidar-derived expression L∗(λj ,zn) is minimized (Fig. 1,
orange box, center). Also, the photometer-derived column volume concentrations Vm,s5

must agree with the corresponding integrals over the respective concentration profiles
(Fig. 1, orange box, center):

Vm,s = Cm,s(zN0
)zN0

+
N∑

i=N0

[Cm,s(zi )]∆z . (10)

Here, Cm,s(zN0
)zN0

describes the contribution of the lowermost tropospheric layer (be-10

low the lowermost lidar measurement height zN0
) to the volume concentration profile.

For heights < zN0
the values are set constant and equal to the value at zN0

.
The retrieval is designed as statistically optimized fitting of multi-source data and

uses multi-term LSM formulation (see detailed description in Dubovik, 2004). As a re-
sult, the retrieval is organized as minimization of a quadratic functional that consists15

of several terms, i.e. three expressions that describe the conformity of measured and
recalculated lidar signals, the consistency between photometric measurements and
retrieved concentration profiles, as well as smoothness constraints. This minimization
procedure is not discussed in detail here. More information about the underlying nu-
merical process can be found in Chaikovsky et al. (2008, 2012) and Wagner (2012).20

In the derivation of the basic functional, regularization parameters are applied. These
regularization parameters can be set and changed manually in order to find the best
(optimum) solution. By slight adjustments of these parameters several sets of solu-
tions are produced. Usually only small deviations between the different concentration
profiles are found. Similarly small deviations are found when the minimum and refer-25

ence heights or other input parameters are varied. The output data resulting from the
variation of the regularization parameters is used for error estimation. The findings pre-
sented in the result section are based on 5–10 LIRIC runs. The mean value of the
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different solutions is presented and the error bar indicates the standard deviation of the
5–10 different solutions.

Finally, the mass concentrations Mf(z) and Mc(z) for fine-mode and coarse-mode
particles, respectively, can be calculated from the particle volume concentrations
Cm,s(z):5

Mf(z) = ρ1Cf,1(z)+ρ2Cf,2(z) , (11)

Mc(z) = ρ1Cc,1(z)+ρ2Cc,2(z) . (12)

Estimates of the particle densities ρ1 and ρ2 (assumed to be height-independent) are
required. Appropriate values of ρ1 (mainly sulfate aerosol) and ρ2 (desert and volcanic10

dust) can be found, e.g. in Ansmann et al. (2012). The final products of the LIRIC data
analysis are summarized in the blue box in Fig. 1.

From the LIRIC backscatter and extinction coefficients after Eqs. (5) and (6), the lidar
ratio profiles for the different wavelengths can be computed,

Saer,e(λ,z) =
αaer,e(λ,z)

βaer,e(λ,z)
. (13)15

Several Ångström exponents (Ångström, 1961),

åxe
(λ1,λ2,z) = −

ln[xe(λ1,z)/xe(λ2,z)]

ln(λ1/λ2)
(14)

with λ1 < λ2 can be calculated from the profiles of the particle backscatter (xe = βaer,e)20

and extinction coefficients (xe = αaer,e).
The photometer data in combination with the applied particle scattering model (for

spherical and spheroidal particles) permit the retrieval of column-mean backscatter
coefficients as a function of the polarization state of the incident laser light:

b⊥(λ) = b⊥
f,1(λ)+b⊥

f,2(λ)+b⊥
c,1(λ)+b⊥

c,2(λ) , (15)25

b‖(λ) = b‖
f,1(λ)+b‖

f,2(λ)+b‖
c,1(λ)+b‖

c,2(λ) . (16)
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⊥ indicates here the plane of linear polarization perpendicular to the polarization plane
of outgoing linearly polarized laser radiation pulses, whereas ‖ stands for the polar-
ization plane parallel to the laser light polarization plane. For spherical particles the
contributions to light depolarization are negligible so that b⊥

f,1(λ) = 0 and b⊥
c,1(λ) = 0. As

mentioned, only non-spherical particles (desert dust, volcanic dust) cause significant5

depolarization. Instead of Eq. (5), we can write

β⊥
aer,e(λ,z) =Cf,2(z)b⊥

f,2(λ)+Cc,2(z)b⊥
c,2(λ) , (17)

β‖
aer,e(λ,z) =Cf,1(z)b‖

f,1(λ)+Cf,2(z)b‖
f,2(λ)+Cc,1(z)b‖

c,1(λ)+Cc,2(z)b‖
c,2(λ) (18)

so that we finally obtain the so-called particle linear depolarization ratio:10

δaer,e(λ) = β⊥
aer,e(λ)/β‖

aer,e(λ) . (19)

The photometer-derived profiles of the lidar ratio, Ångström exponents, and depolar-
ization ratio can be compared with the respective results directly determined from the
Raman-lidar observations (Ansmann et al., 1992; Mattis et al., 2004; Tesche et al.,15

2009a). This comparison is presented in Sect. 4.
In conclusion, LIRIC uses photometer-derived volume-specific backscatter and ex-

tinction coefficients for spherical as well as non-spherical particles for both fine and
coarse modes. This AERONET information (column-integrated values) is then applied
to determine height profiles of volume and mass concentration of spherical and non-20

spherical fine-mode particles and spherical and non-spherical coarse-mode particles
by minimizing the differences between the modelled lidar profiles L(λ,z) and the mea-
sured lidar profiles L∗(λ,z). The important point is that LIRIC is based on the as-
sumption that non-spherical particles have a spheroidal shape. This may affect the
backscatter-coefficient, lidar-ratio, and depolarization-ratio retrievals (Gasteiger et al.,25

2011; Müller et al., 2012), and thus potentially also the particle-volume and mass-
concentration retrieval. The implication of the assumption of a spheroidal particle shape
is discussed in the next section by comparing the LIRIC output with results obtained by
means of the POLIPHON technique.
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3.2 Determination of particle mass concentrations by means of the POLIPHON
technique

An alternative approach for the retrieval of particle volume and mass concentration
profiles is the single-wavelength POLIPHON technique (Ansmann et al., 2012). The
method is based on measured profiles of the particle linear depolarization ratio and5

the lidar ratio at 532 nm and does not require the assumption of a specific particle
shape. In this depolarization-ratio-based method it is assumed that the fine-mode-
related backscatter and extinction coefficients are caused by non-light-depolarizing
spherical particles (i.e. fine-mode fraction), and that the strongly light-depolarizing non-
spherical particles are responsible for the optical properties related to the coarse mode.10

Spherical coarse particles as well as non-spherical fine-mode particles are ignored in
this method. If the particle depolarization ratio is ≥0.31 in Saharan dust layers, the
fine-mode particle fraction is set to 0 %. If the 532-nm depolarization ratio is ≤0.02,
the coarse-mode fraction is set to 0 %. For depolarization ratios from 0.02 to 0.31 we
use the method described by Tesche et al. (2009a) to compute the height profiles of15

the backscatter coefficient βaer,1 of spherical particles and of βaer,2 of non-spherical
particles at λ = 532 nm. For volcanic dust, the data analysis is the same, except the
volcanic depolarization ratio is set to 0.34 (Ansmann et al., 2012).

As it is the case for the LIRIC method, the POLIPHON technique makes use
of photometer-derived volume-specific extinction coefficients af and ac for fine- and20

coarse-mode particles (Eq. 8). The values for af and ac can directly be computed
from volume concentrations Vf and Vc and AOTs τext,f and τext,c downloaded from the
AERONET website. The parameters af and ac are almost insensitive to particle-shape
effects, in contrast to scattering properties computed for a scattering angle of 180◦ (as
required in the LIRIC data analysis in addition).25
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Finally, the mass concentrations M1 for spherical particles (fine mode) and M2 for
non-spherical particles (coarse mode), respectively, are estimated:

M1(z) = ρ1(Vf/τext,f)βaer,1(z)Saer,1 ,

= ρ1(a−1
f )βaer,1(z)Saer,1 , (20)

M2(z) = ρ2(Vc/τext,c)βaer,2(z)Saer,25

= ρ2(a−1
c )βaer,2(z)Saer,2 . (21)

According to these equations, appropriate (actual) lidar ratios Saer,1 and Saer,2
are needed and obtained from the Raman lidar measurements or from combined
photometer-lidar observations (Ansmann et al., 2011, 2012). Besides particle densi-10

ties ρ1 and ρ2, temporal mean values of the volume-to-extinction conversion factors

Vc,f/τext,c,f are determined and inserted in Eqs. (20) and (21).
The advantage of the POLIPHON method is that a particle shape model for irreg-

ularly shaped dust particles is not required. The particle depolarization ratio is used
to separate spherical and non-spherical particle fractions. However, fine and coarse15

mode fractions as determined with LIRIC may not be well represented by these spher-
ical and non-spherical particle fractions. A significant part of the non-spherical dust
particles may belong to the fine mode, but are interpreted as coarse-mode particles
when applying POLIPHON, i.e. when the non-spherical particle fraction is assumed to
be identical with the coarse mode fraction. This aspect is further discussed in the next20

section.

4 Results

Two case studies are presented in the following. A strong Saharan dust outbreak
reached central Europe in the end of May 2008. Fine-mode particles and coarse-mode
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particles were almost perfectly separated with height. Urban haze occurred in the low-
ermost 700 m of the atmosphere, whereas desert dust was observed from 1–6 km
height. Mixing was prohibited by a strong temperature inversion layer at the top of the
haze layer. In contrast, the second case deals with an aged volcanically disturbed air
mass without apparent layering observed over Leipzig after the Eyjafjallajökull volcanic5

eruption in April 2010. A mixture of sulfate particles of volcanic origin and volcanic dust
dominated particle backscattering and extinction. These two observational cases were
already discussed in detail by Ansmann et al. (2012) so that the LIRIC method can be
applied to well-documented and quality-checked lidar/photometer data sets.

4.1 Saharan dust10

A long-lasting Saharan dust event was monitored with lidar and photometer from 25–
31 May 2008. The particle optical thickness at 500 nm showed values around 0.7
from the early morning of 28 May 2008 to the early morning of 30 May 2008. Fig-
ure 2 shows lidar height-time displays of the 1064-nm range-corrected signal in the
evening of 29 May 2008. Well stratified dust layers up to 5.5 km were found. Persis-15

tent, long-lasting cirrus decks frequently occurred and disturbed the AERONET sun-
sky photometer observations. A good opportunity to compare and combine lidar and
photometer observations and to apply the LIRIC method was given in the evening of
29 May 2008. At around 17:30 UTC, the sky was cloud-free during several successive
AERONET observations. Stable aerosol conditions throughout the following night en-20

abled the determination of the full set of Raman lidar results and ensured a perfect
framework for a critical assessment of the LIRIC results.

Lidar measurements in the evening of 29 May 2008, 21:47 to 23:15 UTC, were an-
alyzed. The retrieved 1.5-h mean profiles of the three particle backscatter coefficients
at 355, 532, and 1064 nm computed with Eq. (5) and the corresponding extinction25

profiles after Eq. (6) are presented in Fig. 3. In addition, the particle backscatter coeffi-
cient computed from the cross-polarized 532-nm backscatter signal is presented. This
latter backscatter coefficient considers only backscattering by non-spherical particles
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according to Eq. (17). Figure 3 also shows the corresponding profiles of the volume
concentrations for fine-mode and coarse-mode particles as retrieved with LIRIC. As
mentioned, the constraints here are that the vertically integrated fine- and coarse-mode
volume concentrations must match the respective column values retrieved from the
AERONET observations.5

As outlined above, the lidar was well aligned on this day and the overlap function
well characterized. The incomplete overlap between laser beam and RFOV could be
corrected with sufficient accuracy down to zN0

= 150 m height. The reference height zN
was set to 9 km height. The 500-nm AOT measured with the AERONET photometer
was 0.73 at 17:30 UTC and 0.70 in the next morning.10

The particle backscatter coefficients show a weak reversed spectral order (negative
Ångström exponent) in the dust layer between 500 m and 5.5 km height and almost no
wavelength dependence in terms of the extinction coefficient. In the pollution layer be-
low 600 m height, a strong decrease of the backscatter and extinction coefficients with
wavelength is found according to Ångström values of around 1.5. The volume concen-15

tration profiles show a dominant coarse particle mode in the height range from 600 m to
6 km. A volume concentration of 0.1 ppb corresponds to 100 µm3 cm−3. The fine-mode
particles predominantly occur in the boundary layer below 600 m and another weak
accumulation of fine particles is found around 2 km. The LIRIC/AERONET analysis
indicated the absence of spherical coarse-mode particles throughout the troposphere.20

Figure 4 shows a comparison of the LIRIC backscatter coefficients at 532 nm with
respective backscatter profiles directly retrieved from the Raman lidar observations
(total backscatter coefficient, for simplicity denoted as POLIPHON curves) and derived
by using the separation method of Tesche et al. (2009a) for the spherical and non-
spherical particle fractions. As can be seen, the total backscatter coefficients agree25

well.
A systematic bias (lower LIRIC coarse-mode backscatter coefficients) is observed

in the dust layer. Several reasons may have contributed to the deviation between the
LIRIC and POLIPHON curves. According to Müller et al. (2012), spheroidal particles
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produce a less pronounced 180◦ scattering peak than the irregularly shaped desert
dust particles and may lead to an underestimation of the dust backscatter coefficient
by up to 20 %. Another point is that backscatter coefficients of the coarse mode and
of the non-spherical particles fraction are compared. The non-spherical particle frac-
tion covers coarse-mode as well as fine-mode particles. Furthermore, the threshold5

depolarization ratio for pure dust of 0.31 (for this depolarization ratio, 100 % of the par-
ticles are assumed to be dust particles) in the POLIPHON analysis may be too low so
that the fraction of non-spherical particles is overestimated. Finally, the volume-specific
backscatter coefficient as derived from the AERONET observations (column value) and
used as a proxy in the LIRIC analysis may not describe properly the height profile of10

the volume-specific backscatter coefficient that belongs to the measured lidar signal
profiles. Variations in the dust size distribution and chemical composition cause re-
spective variations in the volume-specific backscatter coefficients (around the column
value given by AERONET). These variations then may introduce height variations in the
LIRIC dust backscatter coefficients. Similarly, the threshold dust depolarization ratio of15

0.31 may not be appropriate for all height levels in the Saharan dust plume and can
introduce respective height variations in the POLIPHON dust backscatter coefficients.

The fine-mode backscatter coefficient computed from the fine-mode term in Eq. (5),
on the other hand, is larger than the one obtained with POLIPHON at heights >1 km.
This is consistent with the assumption that part of the non-spherical particles belong to20

the fine mode. Therefore, the POLIPHON backscatter coefficient for spherical particles
does not represent the entire fine-mode backscatter coefficient. Another reason for the
deviations may be that the assumed ratio of non-spherical to spherical particle for the
fine-mode fraction is constant in the LIRIC analysis. It cannot be excluded that this ratio
was to high, i.e. that the fraction of non-spherical fine-mode particles was much lower25

than assumed.
The results of the retrieval of the particle mass concentration by means of Eqs. (11)

and (12) are shown in Fig. 5 (green curves) together with the profiles derived by us-
ing the POLIPHON method (Eqs. 20 and 21, blue curves). A dust particle density of
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ρ2 = 2.6gcm−3 and a fine-mode particle density of ρ1 = 1.6 gcm−3 are assumed in the
calculation of the mass concentrations from the derived volume concentrations.

A very good agreement of the LIRIC and POLIPHON results is found. As mentioned
in Sect. 3, the integral of the profile of the LIRIC coarse-mode volume concentration
must match the AERONET-derived column value of the coarse-mode volume concen-5

tration. According to Fig. 5 obviously not only LIRIC but also the POLIPHON results
are in good agreement with the AERONET column observations. One can conclude
that the non-spherical particle fraction well represents the coarse mode in the particle
volume and mass retrievals in this case of a strong Saharan dust outbreak.

The fine-mode volume and mass concentrations (LIRIC) are larger than the val-10

ues for spherical particles retrieved by the POLIPHON approach. The disagreement
is probably related to the fact that the non-spherical particles which belong to the fine
mode are not considered in the POLIPHON curve.

Comparisons of the LIRIC and Raman lidar results in terms of lidar ratio, extinction-
related Ångström exponent, and particle depolarization ratio are shown in Fig. 6. The15

532-nm lidar ratios (LIRIC, Eq. 13) are determined by dividing the 532-nm extinction
coefficients by the 532-nm backscatter values in Fig. 3. The Ångström exponents are
computed from the 355-nm and 532-nm particle extinction coefficients after Eq. (14).
In the case of the LIRIC particle depolarization ratios the backscatter coefficients com-
puted from the cross-polarized and parallel-polarized signals shown in Fig. 3 are simply20

divided according to Eq. (19).
As can be seen, the particle lidar ratio in the dust layer is systematically overesti-

mated by the LIRIC approach. This is in agreement with the discussion of the LIRIC
and Raman-lidar backscatter coefficients. The use of the spheroidal particle model may
lead to a less pronounced 180◦ scattering peak (by up to 20 %) than the one observed25

for irregularly shaped desert dust particles (Müller et al., 2012). On the other hand, the
extinction computation is not affected (Dubovik et al., 2006). As a consequence, the
extinction-to-backscatter ratio may be overestimated by up to 20 %. The directly ob-
served lidar ratios are around 50–55 sr in Fig. 6. These values are typical for Saharan
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dust (Tesche et al., 2009b). In the case of 355 and 1064 nm, the LIRIC backscatter
and extinction profiles lead to lidar ratios of 78–80 sr and 54–55 sr, respectively, in the
height range from 1500–3000 m (center part of the dust layer). This spectral depen-
dence, not seen in the observations, also points to uncertainties in the LIRIC results by
the applied spheroidal particle shape model.5

The Ångström exponent retrieved with LIRIC fluctuates around zero in the dust layer
and fits well to the respective results obtained from the direct Raman lidar observations.
The very low values clearly indicate the dominance of coarse-mode particles in the
lofted Saharan dust plume.

Particle depolarization ratio profiles are also in good agreement, despite the fact10

that the spheroidal model may also lead here to an underestimation of the 532-nm
particle depolarization ratio by up to 20 % (Müller et al., 2012). The LIRIC approach
tries to obtain best agreement between the input profiles (cross- and total, i.e. cross-
+ parallel-polarized lidar signals) and the retrieved backscatter coefficients (for cross-
polarized and total backscatter channels). This optimization process obviously leads15

to well reproduced lidar signals, backscatter coefficients, and respective depolarization
ratio.

4.2 Volcanic ash on 19 April 2010

In April 2010, an aged volcanic aerosol layer consisting of a mixture of volcanic dust,
volcanic sulfate particles, and anthropogenic haze occurred over central Europe. These20

aerosol conditions provided an unique opportunity to apply the LIRIC approach to an-
other type of irregularly shaped aerosol particles. In contrast to desert dust, volcanic
dust is hygroscopic (Lathem et al., 2011) so that changes in the shape characteristics
by water uptake cannot be excluded when relative humidity is high (e.g. >70 %) (Ans-
mann et al., 2012). As a consequence, spherical particles may occur not only in the25

fine-mode, but also in the coarse-mode fraction, and thus may complicate the interpre-
tation of POLIPHON results and the comparison with LIRIC results.
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The volcanic layers observed on 19 April 2010 originated from the Eyjafjallajökull
volcanic eruptions on Iceland on 14 April 2010 (Ansmann et al., 2011; Schumann et al.,
2011). Figure 7 shows the situation in the afternoon of 19 April 2010. The 500-nm
AOT was about 0.7 and thus a factor of 2–3 higher than usually observed for air mass
transport from the west. The fine-mode 500-nm AOT of 0.5 was at least to 50 % caused5

by sulfate particles of volcanic origin (Ansmann et al., 2011). The well-mixed boundary
layer reached to 1000–1400 m height on that day. Above the boundary layer occurred
another layer of 1500 m thickness mainly consisting of volcanic dust. Between 3.8 and
5.5 km height a further dust layer was detected consisting of fine- and coarse-mode
particles. At heights around 9 km a cirrus layer developed after 15:00 UTC. Photometer10

measurements at cloud-free conditions became almost impossible after 16:00 UTC.
Figure 8 shows the LIRIC products in terms of profiles of particle backscatter coef-

ficient, extinction coefficient, and particle volume concentration for the fine-mode and
the coarse-mode fraction. LIRIC calculations were performed with cloud-screened lidar
signal profiles for the time period from 14:35–15:36 UTC on 19 April 2010. The con-15

sidered photometric measurements were taken at 14:49 UTC. Lidar signals were only
used up to 8.25 km height (reference point) because of cirrus cloud evolution above
this height. The minimum measurement height zN0

was set to 600 m.
According to the volume concentration profiles in Fig. 8, fine-mode particles pre-

vailed in the lowermost 1 km of the troposphere (in the boundary layer). From 1–2 km20

height (at relative humidities around 60 %), a mixture of non-spherical coarse-mode
volcanic dust particles and fine-mode spherical sulfate particles occurred. Above 2 km
height, irregularly shaped coarse-mode volcanic dust particles dominated. A mixture of
fine- and coarse-mode particles was detected in the lofted layer above 3.5 km height.
Cumulus cloud development at around 13:45 UTC at 1 km height (see Fig. 7) indicates25

high relative humidity of >80 % close to the top of the boundary layer and thus particle
water-uptake effects must be taken into account in the data interpretation. However, the
LIRIC/AERONET analysis again did not indicate the occurrence of spherical particles
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in the coarse mode. The relative humidity was about 60 % in the lofted layer from 1.5–
2.8 km and less than 30 % in the layer above 3.5 km height (Ansmann et al., 2012).

The backscatter and extinction coefficients retrieved with LIRIC show a pronounced
wavelength-dependence below 2 km and thus indicate a dominating fine-mode impact
on the particle optical properties. Above 2 km the backscatter coefficients are nearly5

the same for all wavelengths. This is caused by the dominating coarse-mode particle
fraction.

The comparisons of the LIRIC results with respective POLIPHON findings and Ra-
man lidar observations of optical properties are shown in Figs. 9 to 11. These compar-
isons for the volcanic case are much more difficult to interpret than it was the case for10

the earlier described and simpler Saharan event. As mentioned, complex layering was
found. Coarse-mode volcanic dust particles were mixed with fine-mode sulfate parti-
cles. The degree of mixing changed with height and strong gradients in the aerosol con-
centrations were observed. It is very likely that the height-independent volume-specific
backscatter and extinction coefficients as derived from the AERONET observations for15

the different aerosol types (and thus particle sizes, shapes, and compositions) do not
hold for all height levels adequately. Strong variations with height in the volume-specific
optical properties and volume-to-extinction conversion ratios may have occurred. This
would influence both the LIRIC as well as the POLIPHON results.

As can be seen in Fig. 9, the comparison of the profiles of the particle backscatter20

coefficients with the ones directly determined from the Raman lidar observations do
not agree well. Part of the systematic deviations in the lowermost 2 km may be caused
by an erroneous correction of the overlap effect. The LIRIC backscatter coefficients are
based on the elastic backscatter signals and are thus very sensitive to uncertainties
in the overlap correction. The Raman lidar backscatter values in Fig. 9 are calculated25

from signal ratios (ratio of elastic backscatter signal to nitrogen Raman signal) so that
the overlap effect (affecting both signals in almost the same manner) widely cancels
out.
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The LIRIC coarse-mode backscatter coefficients in the layers from 2–3 km and 4–
5.5 km height are lower than the POLIPHON backscatter values for non-spherical par-
ticles. This may be partly attributed to the application of the spheroidal particle model.
The reason of the strong deviation of LIRIC fine-mode backscatter coefficients and
POLIPHON spherical particle backscatter values at lower heights is unclear. Although5

the LIRIC/AERONET retrieval did not indicate spherical coarse mode particles, it can-
not be excluded that some spherical volcanic dust particles formed at high humidity
and significantly contributed to the spherical particle backscatter coefficient.

As can be seen in Fig. 10, the profiles of the volcanic dust mass concentrations,
i.e. for the dry, irregularly shaped particles above 1.5 km height agree mostly within10

the error margins. Because the LIRIC profile is in full agreement with the AERONET
column value, the POLIPHON mass concentrations are too high by about 20 %–50 %
at heights above 2 km. The respective column value (POLIPHON) is 20 % higher than
the AERONET column value. Most likely, the extinction-to-volume conversion factor
(i.e. the volume-specific extinction coefficient) applied to the backscatter and extinction15

coefficients of the non-spherical particle fraction was too high. The uncertainty in this
conversion factor is considered in the shown error bars.

Regarding the fine-mode mass concentrations, again the POLIPHON column value
(integral over the profile) is 20 % higher than the respective AERONET column value.
In the case of the LIRIC profile, the fine-mode mass concentration at heights <2 km20

appear to be systematically underestimated caused by an improper overlap correction
(which increases with decreasing height). It can also not be excluded that a few coarse-
mode particles with spherical shape were present at low heights (at high humidities)
and increased the mass values derived with the POLPIPHON method. However, taking
the error bars in Fig. 10 into consideration, the agreement is acceptable.25

Figure 11 shows the comparison of the LIRIC results with the direct Raman lidar ob-
servations of the 532-nm lidar ratio, Ångström exponents computed from the Raman-
lidar-derived particle extinction coefficients at 355 and 532 nm, and the particle depolar-
ization ratio at 532 nm. Considering the complicated aerosol situation, the agreement
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of the different profiles is surprisingly good. The underestimation of the lidar ratio for
irregularly shaped particles (see values at 2.5 and 4.5 km height), as observed in the
case of Saharan dust is not found. We conclude that the complex and manifold in-
fluences as discussed above have partly compensated each other and the different
effects have been smoothed out.5

5 Conclusions

The LIRIC method based on multiwavelength lidar and sun-sky photometer observa-
tions was applied to two very different aerosol scenarios to evaluate the potential for
the retrieval of optical and microphysical properties of irregularly shaped dust particles.
LIRIC aerosol profiles were compared with respective results obtained with the single-10

wavelength polarization lidar method POLIPHON and direct Raman lidar observation
of basic particle optical properties.

The results for a well-stratified Saharan dust case in May 2008 and complex layer-
ing of volcanic aerosol in April 2010 indicated a good, trustworthy retrieval of the vol-
ume and mass concentration profiles of irregularly shaped coarse-mode particles with15

LIRIC. The assumed spheroidal shape of the dust particles may have partly lead to an
underestimation of the particle backscatter coefficient and the extinction-to-backscatter
ratio.

The presented two case studies demonstrate that LIRIC is a powerful tool for the re-
trieval of optical and microphysical aerosol properties. As raw and ready-to-use elastic20

backscatter lidar signals serve as input for the algorithm and photometric measure-
ments are available through the AERONET website, an almost instantaneous and fast
data analysis is possible. An automated version of LIRIC is currently under develop-
ment. However, further sensitivity studies should be conducted. These should include
cases with deep continental boundary layers, complex situations with biomass-burning25

smoke (from domestic fires, wild fires, or forest fires), and observations in areas that are
strongly affected by marine particles such as coastal regions with sea-breeze effects.
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The shortcoming of the majority of aerosol lidars to be unable to cover the lowermost,
usually most polluted part of the atmosphere with aerosol observations needs to be
further investigated. In general, the use of lidars with at least two receiver units for
near-range and far-range observations is desirable to guarantee high-quality LIRIC
products. Vice versa, small lidars such as ceilometers may cover the lowest heights5

only, but may be not able to provide proper aerosol observations in lofted layers in the
middle and upper troposphere. LIRIC applications are difficult in these cases, too.
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Fig. 1. Basic structure of LIRIC. Photometric information (radiometer, top yellow box) is used
to retrieve height-independent (column) volume-specific backscatter and extinction coefficients
bm,s and am,s (center yellow box) for spherical (s = 1) and non-spherical particles (s = 2) of the
fine mode (m = f ) and coarse mode (m = c). A lidar signal term L (orange box, top) can be
calculated with LIRIC by using profiles of backscatter and extinction coefficients (orange box,
bottom) which, in turn, are calculated from the volume-specific coefficients bm,s and am,s and
profiles of particle volume concentration Cm,s(z). Deviations between the observed lidar signal
term L∗ (green box) and the LIRIC expression L are minimized in order to retrieve optimized
Cm,s(z) profiles (orange box, center). As a constraint, the integrals of the Cm,s(z) profiles must
match the respective column values Vm,s as observed with AERONET photometer (orange box,
center). LIRIC products (blue box) are profiles of particle optical properties (e.g. backscatter
and extinction profiles, Ångström exponents, lidar and depolarization ratios) and microphysical
properties (e.g. volume concentrations Cf and Cc and respective mass concentrations Mf and
Mc for fine and coarse mode).
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Fig. 2. Range-corrected signal at 1064 nm measured on 29 May 2008, 21:47–23:15 UTC (sig-
nal counts in logarithmic scale). The vertical resolution of the lidar measurement is 60 m, the
temporal resolution is 30 s. The 500-nm AOT was 0.70–0.75 up to 6 km height in the evening
of 29 May.
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Fig. 3. Mean particle optical parameters (left: backscatter coefficient, center: extinction co-
efficient) for three laser wavelengths, backscatter coefficient for the cross-polarized 532-nm
lidar channel (left, 532c nm, dark green), and particle volume concentration profiles (right) for
fine-mode and coarse-mode fractions retrieved with the LIRIC method based on the lidar ob-
servations on 29 May 2008 shown in Fig. 2. The reference height is set to zN = 9 km and the
minimum measurement height is zN0

= 150 m. The errors bars show the uncertainties (standard
deviation) of the LIRIC results (see discussion in Sect. 3.1).
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Fig. 4. Comparison of LIRIC- and POLIPHON-derived particle backscatter coefficients ob-
served on 29 May 2008. The blue POLIPHON curves are taken of Fig. 2 of Ansmann et al.
(2012). The error bars indicate the uncertainties of the retrieval products as discussed in
Sect. 3.1 (LIRIC) and in Ansmann et al. (2011, 2012) (POLIPHON).
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Fig. 5. Comparison of LIRIC- and POLIPHON-derived particle mass concentrations, observed
on 29 May 2008. The blue POLIPHON curves are taken from Fig. 2 of Ansmann et al. (2012).
Error bars indicate the uncertainties (one standard deviation).
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Fig. 6. Particle lidar ratio at 532 nm (blue circles), extinction-related Ångström exponent (355–
532 nm) (blue circles), and particle depolarization ratio at 532 nm (blue curve) observed on
29 May 2008 with Raman lidar and derived by using the LIRIC profiles in Fig. 3 (green curves).
Raman lidar signals are smoothed with window lengths of about 1000 m in the case of lidar
ratio and Ångström exponent (blue symbols), so that mean values for 1000-m height intervals
are shown. Errors bars indicate the uncertainties (one standard deviation). The depolarization
ratio profile is given with 60 m resolution.
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Fig. 7. Range-corrected signal at 1064 nm on 19 April 2010, 13:32–17:43 UTC. The vertical
resolution is 60 m, the temporal resolution is 30 s. The 500-nm AOT was 0.7 up to 6 km height
in the afternoon of 19 April.
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Fig. 8. Same as Fig. 3, except for a volcanic dust observation on 19 April 2010, 14:35–
15:36 UTC with retrieval reference height of zN = 8.25 km and minimum measurement height
of zN0

= 600 m.
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Fig. 9. Same as Fig. 4, except for a volcanic dust observation on 19 April 2010. The POLIPHON
curves are taken from Fig. 4 of Ansmann et al. (2012).
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Fig. 10. Same as Fig. 5, except for a volcanic dust observation on 19 April 2010. The
POLIPHON curves are taken from Fig. 4 of Ansmann et al. (2012).
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Fig. 11. Same as Fig. 6, except for a volcanic dust observation on 19 April 2010. Lidar signals
are smoothed with 660 m vertical window length in the case of the Raman lidar solutions for the
lidar ratio and Ångström exponent and averaged over two hours (13:30–15:30 UTC).
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