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Abstract. A better quantification of aerosol properties is re-

quired for improving the modelling of aerosol effects on

weather and climate. This task is methodologically demand-

ing due to the diversity of the microphysical properties of

aerosols and the complex relation between their microphys-

ical and optical properties. Advanced lidar systems provide

spatially and temporally resolved information on the aerosol

optical properties that is sufficient for the retrieval of im-

portant aerosol microphysical properties. Recently, the mass

concentration of transported volcanic ash, which is relevant

for the flight safety of aeroplanes, was retrieved from mea-

surements of such lidar systems in southern Germany. The

relative uncertainty of the retrieved mass concentration was

on the order of ±50 %.

The present study investigates improvements of the re-

trieval accuracy when the capability of measuring the linear

depolarization ratio at 1064 nm is added to the lidar setup.

The lidar setups under investigation are based on those of

MULIS and POLIS of the Ludwig-Maximilians-Universität

in Munich (Germany) which measure the linear depolariza-

tion ratio at 355 and 532 nm with high accuracy. The im-

provements are determined by comparing uncertainties from

retrievals applied to simulated measurements of this lidar

setup with uncertainties obtained when the depolarization at

1064 nm is added to this setup. The simulated measurements

are based on real lidar measurements of transported Eyjaf-

jallajökull volcano ash. It is found that additional 1064 nm

depolarization measurements significantly reduce the uncer-

tainty of the retrieved mass concentration and effective parti-

cle size. This significant improvement in accuracy is the re-

sult of the increased sensitivity of the lidar setup to larger

particles. The size dependence of the depolarization does not

vary strongly with refractive index, thus we expect similar

benefits for the retrieval in case of measurements of other

volcanic ash compositions and also for transported desert

dust. For the retrieval of the single scattering albedo, which

is relevant to the radiative transfer in aerosol layers, no sig-

nificant improvements were found.

1 Introduction

The microphysical properties of aerosol particles are de-

scribed by their size, shape, and composition. Knowledge of

these properties is required, for example, in order to quan-

tify the aerosol effect on the radiative transfer in weather

and climate models; knowledge about aerosols, however, is

still rather limited (e.g. Prather et al., 2008) and their ef-

fects are poorly quantified. Remote sensing is one of the

most important tools used to increase knowledge of aerosols.

For example, a sun photometer can measure the extinction

of sun light by atmospheric constituents, and lidar systems

emit very short laser pulses and detect with high temporal

resolution the light that is backscattered by atmospheric con-

stituents, allowing one to derive the backscatter coefficient β

of the aerosols. When retrieving aerosol microphysical prop-

erties from measured optical remote sensing data, which is

an inverse problem, the information content of the measure-

ment data is often too limited for the retrieval of a unique

solution. In the case of lidar, limitations arise from the small

number of measured parameters and from the statistical and

systematic uncertainties of the measurements. The result of

a microphysical retrieval is usually a range of solutions with

varying values for the microphysics that are compatible with

the measurements within their uncertainties. While the calcu-

lation of the scattering properties of particles with known mi-

crophysics (the forward problem) is based on physical mod-

els, the examination of the range of solutions of an inverse
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problem is based on the combination of physical models with

mathematical search procedures (e.g. Twomey, 1977; Naka-

jima et al., 1983; Müller et al., 1999; Böckmann, 2001; Her-

man et al., 2008).

In recent decades, active remote sensing by lidar has be-

come a powerful tool for aerosol research. Early lidar sys-

tems have been described for example by Collis (1966); and

advanced methods and applications of the lidar technique

have been presented by Weitkamp (2005). A major advan-

tage of lidar among remote sensing techniques is that it is

vertically resolving. Usually only cloud-free lidar data are

used for aerosol research. In order to increase the informa-

tion content of measurements, advanced aerosol lidars mea-

sure the backscatter coefficient, β, at different wavelengths,

or use techniques that allow determination of the extinction

coefficient, α, of the aerosols (Raman lidar and high spectral

resolution lidar; see Ansmann and Müller, 2005), and mea-

sure the polarization state of the backscattered light (Sassen,

2005). Most polarization lidars emit linearly polarized light

and measure the fraction of the backscattered light that is po-

larized parallel to the polarization plane of the emitted laser

light, I‖, separately from the fraction that is polarized perpen-

dicular to this plane, I⊥. The linear volume depolarization

ratio, δvl , (see, e.g. Freudenthaler et al., 2009) is the ratio:

δvl =
I⊥

I‖
. (1)

Both air molecules and aerosol particles are relevant to the

backscattering from the cloud-free atmosphere. The linear

depolarization ratio, δl, of the aerosol particles, which is of

interest for aerosol characterization, can be extracted from δvl
as shown by Biele et al. (2000). Observations of δl allow one

to distinguish spherical from non-spherical particles (Schot-

land et al., 1971) because δl is zero for spherical particles

and larger than zero for non-spherical particles. The depo-

larization parameter, d, as discussed by Gimmestad (2008),

describes the same property as δl, and a unique relationship

exists between d and δl:

d =
2δl

1+ δl

. (2)

The circular depolarization ratio, δc, is also uniquely related

to δl, if the assumption that particles and mirror particles are

equiprobable and in random orientation is fulfilled, which is

true for most practically important cases (Mishchenko and

Hovenier, 1995), then:

δc =
2δl

1− δl

. (3)

In the following we accept this assumption and thus δl, d,

and δc provide the same information about the aerosols, and

the findings of our study employing δl can be transferred to

d and δc as well.

Figure 1. Linear depolarization ratio of non-absorbing oblate and

prolate spheroids with mr equal to 1.36, 1.40, 1.44, and 1.48 as a

function of size parameter, x. The upper panel (a) considers only

aspect ratio 1.6, whereas the lower panel (b) considers aspect ratios

from 1.2 to 5.0; for reference, the corresponding particle radii for

the lidar wavelengths are also given above the top axis.

Aside from providing the potential to detect spherical par-

ticles, the linear depolarization ratio, δl, of non-spherical par-

ticles is also a function of the size parameter x = 2πr/λ,

where r is the particle radius and λ the wavelength. As an ex-

ample, the size parameter dependence is illustrated in Fig. 1a

for non-absorbing oblate (dotted lines) and prolate (solid

lines) spheroids with different real parts of the refractive in-

dex,mr. The aspect ratio of the spheroids, which is defined as

the ratio between the largest to the shortest axis, is set to 1.6.

Additionally, the radii corresponding to the size parameter at

the three main Nd:YAG laser wavelengths of lidars are shown

above the top axis. Similar plots for further particle shapes

are shown by Gasteiger et al. (2011b). Figure 1a shows that δl

is low for x. 2 and high for x& 6, with a transition region in

between. The size parameters of x= 2 and x= 6 correspond

to particle radii of about a third of the wavelength and about

the same as the wavelength, respectively. Furthermore, the

transition region is slightly shifted to lower size parameters

as the real part of the refractive index increases. For oblate

and prolate particles with aspect ratio 1.6, δl is a strongly

selective parameter regarding the particle size for particles

with radii in the transition range. But if the measured δl is

high for all three Nd:YAG laser wavelengths, then we can
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only conclude that the particle radii must be larger than about

0.8 µm; and if δl is low for all wavelengths, then the parti-

cle radii must be smaller than about 0.15 µm, or the particles

are spheres. In general this characterization is also valid for

spheroidal particles with a wide range of aspect ratios (see

Fig. 1b), but with reduced selectivity in the transition range.

Values for mixtures of spheroids are weighted means of the

values for individual spheroids and are confined by the en-

velope of the cloud of curves. However, the linear depolar-

ization ratio is only one of the parameters derived from lidar

measurements, and the other parameters, i.e. the backscatter

and extinction coefficients, show other dependencies on the

size parameter and on the refractive index, which together

improve the selectivity and enhance its range.

The combination of the advanced Raman lidar systems

POLIS and MULIS (Freudenthaler et al., 2009) of the Me-

teorological Institute of the Ludwig-Maximilians-Universität

in Munich, Germany, measures the linear depolarization ra-

tio, δl, and the extinction coefficient, α, at two wavelengths:

λ= 355 and 532 nm; and the backscatter coefficient, β, at

three wavelengths: λ= 355, 532, and 1064 nm. Microphys-

ical properties of transported volcanic ash were retrieved

from measurements of this lidar setup on 17 April 2010 in

Maisach (southern Germany) by means of comparisons be-

tween calculated optical properties of Monte Carlo sampled

spheroid ensembles and optical properties from the measure-

ments (Gasteiger et al., 2011a). Solutions are sampled en-

sembles with optical properties compatible with the mea-

sured properties. From the distribution of accepted solutions,

relative uncertainties on the order of 50 % were found for the

mass concentrations and effective radii of the ash particles;

the main source of uncertainty was the low sensitivity of this

lidar setup to the presence of large particles (about r > 3 µm).

Thus, enhancements of the existing lidar systems are envis-

aged in order to increase the accuracy of the retrieval. In

order to support decisions on cost-effective enhancements

of the lidar systems, the present contribution investigates to

which extent channels for the linear depolarization ratio δl

at λ= 1064 nm, abbreviated as δl,1064 in the following, can

help to decrease the uncertainties associated with the micro-

physical retrieval. It is worth mentioning that channels for

δl,1064 have already been integrated in a HSR lidar at the

NASA Langley Research Center (Hair et al., 2008). In the

present study, we compare retrieval results for simulated li-

dar measurements with different lidar setups (with and with-

out channels for δl,1064). A single input ensemble is assumed

in Sect. 3 to simulate the lidar measurements on which we ap-

ply the retrieval. In Sect. 4 the generality of the results from

Sect. 3 is validated by considering a larger set of input en-

sembles used for simulating the lidar measurements.

Figure 2. Investigation steps and their products in the current study.

2 Methods

Figure 2 shows the investigation steps of this study in a flow

chart. The key components are the microphysical retrievals,

represented by the combination of the green, blue, and red

objects in Fig. 2. The retrieval approach is described in detail

by an internal flow chart in Fig. 2 of Gasteiger et al. (2011a)

and is briefly summarized here: the Monte Carlo method is

applied for random sampling of the microphysical parame-

ters of aerosol ensembles. The ensembles consist of oblate

and prolate spheroids. The microphysics of the ensembles is

described by parameters for the log-normal size distribution

(modal radius r0, width σ ), the relative frequency of prolate

spheroids (ζ , with 1−ζ being the relative frequency of oblate

spheroids), the modified log-normal aspect ratio distributions

(Eq. 16 of Gasteiger et al., 2011a) of oblate spheroids (µo

and σo) and prolate spheroids (µp and σp), and the com-

plex wavelength-independent refractive index (real part mr,

imaginary part mi). The ranges of microphysical parameters

covered by the Monte Carlo sampling are given in Table 1.

The integration limits are rmin= 20 nm to rmax= 20 µm, and

cross-section-equivalent radii are assumed. The particle mass

density is assumed to be ρ= 2.6 g cm−3 (adopted from min-

eral components of Hess et al., 1998). The optical properties

of the sampled ensembles are calculated using the T-matrix

method (Mishchenko and Travis, 1998). The geometric op-

tics approach (Yang et al., 2007) is applied to large particles

not covered by the T-matrix method. The radius coverage of

the T-matrix method is illustrated in Fig. 4 of Wiegner et al.

(2009) as a function of the aspect ratio for a refractive index

close to 1.55: for example at λ= 532 nm, the maximum ra-

dius of the T-matrix method is around r = 10 µm for prolate
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Table 1. Ranges of microphysical parameters used for Monte Carlo

sampling of the ensembles. Parameters include the modal radius,

r0, and the width of the log-normal size distribution, σ , the real,mr,

and imaginary, mi, parts of the refractive index, the ratio of prolate

spheroids to all spheroids, ζ , parameters of modified log-normal as-

pect ratio distributions (Eq. 16 of Gasteiger et al., 2011a) for prolate

spheroids (µp, σp) and independent aspect ratio distribution param-

eters for oblate spheroids (µo, σo).

Range

Parameter lower bound upper bound

r0 (log sampling) 0.01 µm 10 µm

σ 1.2 4.0

mr 1.28 2.00

mi 0.0 0.1

ζ 0 1

µp, µo −0.6 0.6

σp, σo 0.5 1.5

spheroids with aspect ratio 1.6, but for aspect ratio 3.0 the

geometric optics approach is required starting at r = 2.4 µm.

The calculated optical properties of each sampled ensemble

(red boxes in Fig. 2) are compared (blue hashes) with the real

or simulated lidar measurements (green boxes), and those en-

sembles that are compatible with the measurements within

the attributed uncertainty of the measurements are accepted

as solutions of the retrieval. Finally, if the set of solutions

is sufficiently large for statistical significance, the property

of interest, e.g. the effective radius, is calculated for each

ensemble in the set of solutions, and a distribution for the

property of interest is obtained. Ranges including 95 % of

the solutions, from 2.5 % to 97.5 % percentile, are denoted

as (min ··max), which is the 95 % confidence interval. The

widths of the 95 % confidence intervals are denoted as 95 %1

and provide an estimation of the uncertainties of the retrieved

parameters.

To evaluate the benefit of the additional linear depolariza-

tion ratio, δl,1064, we have to rely on simulated lidar mea-

surements on which we apply the retrieval (Fig. 2). In order

to make the simulated lidar measurements as realistic as pos-

sible with respect to relevant aerosol types, we select only

input ensembles that are solutions for the retrieval from vol-

canic ash measurements in Maisach (Gasteiger et al., 2011a).

We assume three different lidar setups: the first lidar setup

(S1) is the lidar setup of MULIS and POLIS with the rela-

tive uncertainties obtained from volcanic ash measurements

in Maisach; this setup does not include δl,1064. The second

(S2) and third (S3) setups include an additional channel for

δl,1064, but the other channels are the same as in setup S1. The

second and third setups differ from each other by the relative

uncertainty of δl,1064: the third setup S3 assumes the relative

uncertainty of δl,1064 to be the average of the relative uncer-

tainties of δl at 355 and 532 nm, whereas the uncertainty of

δl,1064 in setup S2 is doubled compared with setup S3, in or-

der to investigate the effect of measurement uncertainties on

the retrieval.

The present contribution focuses on the potential bene-

fits of δl,1064 for the retrieval of the effective radius, reff, the

mass-extinction conversion factor, η, and the single scatter-

ing albedo, ω0, which are calculated from the microphysical

properties of the ensembles in the set of solutions. The effec-

tive radius reff (Hansen and Travis, 1974) is defined as

reff =

∫
rc ·πr

2
c n(rc)drc∫

πr2
c n(rc)drc

, (4)

where rc is the cross-section-equivalent radius of the parti-

cles and n(rc) the particle number density per radius interval.

The effective radius, reff, is the cross-section-weighted aver-

age particle radius. Note that other definitions exist for the

effective radius, see e.g. McFarquhar and Heymsfield (1998).

The mass-extinction conversion factor, η (unit: g m−2), is

the ratio between the mass concentration, M (unit: g m−3),

and the extinction coefficient, α (unit: m−1):

η =
M

α
. (5)

η is required for the conversion of extinction coefficients, as

available from advanced lidar systems, to mass concentra-

tions, e.g. of volcanic ash or cloud particles.

The single scattering albedo, ω0, is

ω0 =
αsca

α
, (6)

where αsca is the scattering coefficient and α the extinction

coefficient. Thus, ω0 describes the ratio between the amount

of light scattered by the particles and the amount of light in-

teracting with the particles. Interacting light that is not scat-

tered is absorbed by the particles and usually transformed

into heat. ω0 is an important parameter for the radiative trans-

fer in aerosol layers.

3 Results

An input ensemble was randomly selected from the ensem-

bles that are compatible with the lidar measurements of Ey-

jafjallajökull volcanic ash on the morning of 17 April 2010

at Maisach (Gasteiger et al., 2011a). This ensemble is re-

ferred to as the “truth” in this section and its calculated opti-

cal properties serve as input for the retrieval (see left branch

of Fig. 2). The refractive index, m, is 1.474+ 0.00705i,

the modal radius of the log-normal size distribution, r0, is

0.516 µm, and its width, σ , is 1.639. The effective radius,

reff, of the input ensemble is 0.95 µm. 71.05 % of the particles

are prolate spheroids with a modified log-normal aspect ratio

distribution with µp= 0.234 and σp= 1.253; 28.95 % of the

particles are oblate spheroids with aspect ratio distribution

parameters µo= 0.405 and σo= 0.821. Table 2 summarizes
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Figure 3. Mass-extinction conversion factor, η, at λ= 532 nm as a

function of effective radius, reff, of the solution ensembles for the

three lidar setups. The properties of the input ensemble (“truth”) are

denoted with a blue cross.

the relevant optical properties of this input ensemble. As we

investigate only intensive properties, we scale the amount of

particles such that the extinction coefficient α has an arbitrary

value of 1 km−1 at λ= 355 nm.

All findings of the retrievals are compiled in Table 3.

Figure 3 shows the mass-extinction conversion factors, η,

of the retrieved solution ensembles as a function of their

effective radii, reff. The black dots denote ensembles re-

trieved without consideration of δl,1064 (setup S1), the red

and green dots show ensembles retrieved when δl,1064 is

considered with different measurement uncertainties (setups

S2 and S3). We retrieved 100 000 solution ensembles for

each setup. The blue cross marks the properties of the en-

semble used as input for the retrieval (“truth”). Analogous

to the retrieval from the volcanic ash measurements pre-

sented by Gasteiger et al. (2011a), plotting η as a function

of reff for the solutions leads to a distribution close to a

straight line, indicating strong correlation between both en-

semble parameters. The Pearson correlation coefficient be-

tween both parameters is 0.994 for setup S1. It is obvious

from Fig. 3 that the uncertainty of the retrieved η and reff de-

creases notably if δl,1064 is considered. The 95 % confidence

interval for reff is the range (0.78 ·· 2.03 µm) with a width
95 %1reff= 1.25 µm in case of non-consideration of δl,1064

(setup S1). When δl,1064 is considered with the higher uncer-

tainty (setup S2), this range shrinks to (0.82 ·· 1.26 µm) hav-

ing a width 95 %1reff= 0.44 µm. Thus, 95 %1reff is reduced

by a factor of 2.8 in setup S2 compared with setup S1. This

reduction factor increases to 3.7, if the uncertainty of δl,1064

is reduced (setup S3). In accordance with the almost linear

relationship between η and reff, the reduction factors for the

η uncertainties are almost the same.

Figure 4. Probability distributions of solution ensembles for setups

S1 (black), S2 (red), and S3 (green) with effective radius reff in bins

of 0.1 µm width; reff of the input ensemble (“truth”) is shown as a

vertical line.

The probability for solution ensembles, i.e. the probability

that a Monte Carlo-sampled ensemble is compatible with the

measurements, is reduced by a factor of 4.3 (S2) and 8.9 (S3)

when δl,1064 is added to the lidar setup. Figure 4 shows the

probability for the three lidar setups that solution ensembles

that fall within reff bins of 0.1 µm width. The probability re-

duction in setups S2 and S3 happens due to δl,1064 serving as

an additional criterion for the selection of the solution ensem-

bles. The difference between the curves in Fig. 4 illustrates

the effect of the consideration of δl,1064 on the retrieval of

reff. It primarily sorts out ensembles with large reff, whereby

ensembles with reff> 1.45 µm (S2) and reff> 1.31 µm (S3)

do not occur anymore. Only about 28 % (S2) or 54 % (S3) of

the ensembles are sorted out by the additional δl,1064 criterion

if their reff is close to the reff of the truth (0.9–1.0 µm).

Figures 5 and 6 show the real and imaginary parts of the re-

fractive indices, m, versus the reff of the solution ensembles.

By comparing the m–reff areas covered in the plots depend-

ing on the lidar setup it becomes clear that δl,1064 primarily

helps to exclude ensembles with high reff. The uncertainty of

the retrieved real part of the refractive indexmr is reduced by

a factor of 1.4 (setup S2) and 1.5 (setup S3), while the uncer-

tainty of mi is reduced only by a factor of 1.21 and 1.25, re-

spectively: this indicates slightly higher sensitivity of δl,1064

to the real part mr than to the imaginary part mi. This is con-

sistent with the findings of Wiegner et al. (2009), where a

higher sensitivity of δl to changes of mr than to changes of

mi was found for the shorter wavelength, λ= 532 nm.

Figure 7 shows the probability for solution ensembles that

fall within single scattering albedo, ω0, bins of 0.01 width

at λ= 532 nm. The consideration of δl,1064 removes a large

fraction of ensembles with large ω0 but, in general, it ex-

cludes ensembles throughout the whole range of ω0 (com-

pare red and green with black boxes). As a consequence,
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Table 2. Simulated lidar-relevant optical properties and attributed uncertainties used as input (calculated from the “truth” ensemble) for the

retrieval in Sect. 3; parameters are the extinction coefficient, α, backscatter coefficient, β, and linear depolarization ratio, δl, at different

wavelengths; S1, S2, S3 denote the different lidar setups described in Sect. 2.

Parameter Value Relative uncertainty Setup S1 Setup S2 Setup S3

α at 355 nm 1.000 km−1
±7.4 % x x x

α at 532 nm 1.0927 km−1
±11.1 % x x x

β at 355 nm 0.01908 km−1 sr−1
±5.3 % x x x

β at 532 nm 0.02243 km−1 sr−1
±4.1 % x x x

β at 1064 nm 0.01751 km−1 sr−1
±16.0 % x x x

δl at 355 nm 0.3571 ±4.4 % x x x

δl at 532 nm 0.3687 ±2.0 % x x x

δl at 1064 nm 0.3005 ±6.4 % x

δl at 1064 nm 0.3005 ±3.2 % x

Figure 5. Real part of the refractive index, mr, as a function of the

effective radius, reff, of the solution ensembles for the three lidar

setups. The properties of the input ensemble (“truth”) are denoted

with a blue cross.

the uncertainty of the retrieved ω0 is virtually independent

of the lidar setup (reduction factors only about 1.06), which

indicates that δl,1064 contains negligible information on ω0.

This finding for ω0 at λ= 532 nm is also valid for ω0 at

λ= 1064 nm (not shown).

4 Statistical validation

Only a single randomly selected ensemble that is compatible

with the volcanic ash measurements in Maisach (Gasteiger

et al., 2011a) was used as input (“truth”) for the microphys-

ical retrievals in the previous section. The question arises as

to whether the above findings are specific for this single in-

put ensemble or if they can be generalized to other input en-

sembles compatible with these volcanic ash measurements.

In this section, we investigate retrievals for a larger set of in-

put ensembles but with a smaller number of solution ensem-

Figure 6. Imaginary part of the refractive index mi as a function of

the effective radius, reff, of the solution ensembles for the three lidar

setups. The properties of the input ensemble (“truth”) are denoted

with a blue cross.

bles (see right branch in Fig. 2). 100 randomly chosen in-

put ensembles (“truth”) that are compatible with the volcanic

ash measurements are used for this purpose, and, in order

to save computation time, only 100 solution ensembles are

retrieved for each combination of input ensemble and lidar

setup. The effective radii of the 100 input ensembles cover

the range from 0.70 to 2.05 µm. The same lidar setups and

relative uncertainties of the backscatter coefficients, extinc-

tion coefficients, and depolarization ratios are used as in the

previous section (Table 2), and their values are simulated us-

ing the selected input ensembles. The 95 %1 widths of the

retrieved parameters are calculated for each of the 100 input

ensembles and three lidar setups, and average 95 %1 widths

for each lidar setup are obtained by averaging over the 100

input ensembles.

Table 4 shows the average 95 %1 of the retrieved effective

radius, reff, the mass-extinction conversion factor, η, and the

single scattering albedo, ω0, for the three lidar setups. The

Atmos. Meas. Tech., 7, 3773–3781, 2014 www.atmos-meas-tech.net/7/3773/2014/
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Table 3. Medians and 95 % confidence intervals (min ··max) of the effective radius, reff, the mass-extinction conversion factor, η, the single

scattering albedo, ω0, and the refractive index, m, retrieved in Sect. 3 for the three lidar setups; for comparison the parameters of the input

ensemble (“truth”) are also given; furthermore, the widths of the 95 % confidence intervals 95 %1reff,
95 %1η, and 95 %1ω0 are given.

Parameter Setup S1 Setup S2 Setup S3 “Truth”

reff [µm] 1.28 (0.78 ·· 2.03) 1.03 (0.82 ·· 1.26) 1.01 (0.83 ·· 1.17) 0.95

η at 532 nm [g m−2] 1.55 (0.89 ·· 2.56) 1.22 (0.94 ·· 1.54) 1.19 (0.96 ·· 1.42) 1.16

ω0 at 532 nm 0.896 (0.832 ·· 0.958) 0.877 (0.827 ·· 0.945) 0.875 (0.826 ·· 0.945) 0.893

mr 1.431 (1.355 ·· 1.489) 1.457 (1.396 ·· 1.492) 1.459 (1.404 ·· 1.492) 1.474

mi× 1000 5.2 (1.3 ·· 12.7) 7.6 (3.0 ·· 12.4) 8.0 (3.1 ·· 12.3) 7.0

95 %1reff [µm] 1.25 0.44 0.34 –
95 %1η at 532 nm [g m−2] 1.67 0.60 0.46 –
95 %1ω0 at 532 nm 0.126 0.118 0.119 –

Figure 7. Probability distributions of solution ensembles for setups

S1 (black), S2 (red), and S3 (green) with single scattering albedo,

ω0, at λ= 532 nm in bins of 0.01 width; ω0 of the input ensemble

(“truth”) is shown as a vertical line.

average 95 %1reff and 95 %1η is reduced by a factor of about

1.7 (setup S2) and 2.0 (setup S3) when δl,1064 is added to the

lidar setup. By contrast, the average 95 %1ω0 at 532 nm is re-

duced only by a factor of about 1.1. Thus, the uncertainty of

reff and η is reduced more significantly than the uncertainty

of ω0 by adding δl,1064 to the lidar setup. This qualitatively

validates the generality of the findings from the previous sec-

tion.

5 Conclusions

We evaluated the improvements that can be expected for

the retrieval of microphysical properties of non-spherical

aerosols by adding the capability of measuring the linear de-

polarization ratio at λ= 1064 nm (δl,1064) to the lidar setup of

MULIS and POLIS, which measure the linear depolarization

ratio at 355 and 532 nm. We used simulated aerosol proper-

ties of transported volcanic ash (reff= 0.95 µm) as input for

Table 4. Widths of the 95 % confidence intervals of the effective

radius, 95 %1reff, the mass-extinction conversion factor, 95 %1η,

and the single scattering albedo, 95 %1ω0, averaged over 100 input

ensembles (see Sect. 4 for details).

Parameter Setup S1 Setup S2 Setup S3

95 %1reff [µm] 1.25 0.74 0.62

95 %1η at 532 nm [g m−2] 1.72 1.01 0.86

95 %1ω0 at 532 nm 0.126 0.115 0.113

the retrievals assuming both this lidar setup and setups with

additional δl,1064 capabilities. It was found that significant

improvements can be expected for the retrieval of the effec-

tive radius, reff, and the mass-extinction conversion factor,

η, whereas no significant improvement should be expected

for the retrieval of the single scattering albedo, ω0. A statis-

tical analysis using retrievals with lower sampling statistics

applied to a set of 100 different simulated measurements gen-

eralizes the above-mentioned improvements for a bigger en-

semble of volcanic ash properties. The significant improve-

ments for reff and η are primarily a result of the sensitivity

of δl,1064 to the presence of larger particles. These improve-

ments are found even if the uncertainty of the δl measure-

ments at 1064 nm is slightly higher than the uncertainty of

the δl measurements at 355 and 532 nm.

Although in the present study wavelength independence

of the refractive index was assumed, it needs to be empha-

sized that the refractive index of real aerosol particles can

be wavelength-dependent and vary between the particles of

an ensemble (e.g. Schumann et al., 2011). Measurements of

the refractive index of mineral and volcanic particles suggest

only weak spectral variation of the real part in the wavelength

range of our lidars (355 to 1064 nm), whereas the imaginary

part can vary considerably in this spectral range (see for ex-

ample Wagner et al., 2012, and references therein). The ef-

fects of the refractive index assumption on the retrieval re-

sults will be analysed in future studies.
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Our case study was conducted using ash compositions of

the input ensembles, which are compatible with our lidar

measurements of transported Eyjafjallajökull ash. Figure 1a

shows that a variability of the refractive index leads only to a

small variability of the size parameter of the transition region

between low and high δl. Hence our results for this specific

volcano ash are transferable to ashes from other volcanoes

with other refractive indices too. However, the real part of

the refractive indices, mr, retrieved with our methodology

is smaller than mr determined with other approaches (e.g.

Schumann et al., 2011). This difference has to be investigated

in future.

Benefits for the retrieval of the effective radius and mass

concentration can be expected from δl,1064 data also in case

of transported mineral dust, which is comparable to trans-

ported volcanic ash with respect to most relevant proper-

ties, like the particle size range, the composition of miner-

als and rocks, and high δl values (Langmann, 2013; Groß

et al., 2012). The retrieval uncertainty probably gets too high

for useful reff and η retrievals in the case of measurements

very close to the aerosol source, where reff of the particles

can be considerably larger than the longest wavelength used.

The benefits of δl,1064 are expected to be qualitatively similar

for other advanced lidar systems that operate within or close

to the visible spectral range. Even for simple lidar systems,

such as ceilometers (Wiegner et al., 2014), the capability of

measuring δl,1064 would be quite a useful enhancement be-

cause of its sensitivity to large non-spherical particles, such

as desert dust and volcanic ash aerosols.

In summary, we have shown that the channel for the linear

depolarization ratio δl at λ= 1064 nm is a valuable extension

to existing lidar systems for the retrieval of the effective par-

ticle size and the mass concentration of transported volcanic

ash. We expect the benefits to be comparable in cases of other

non-spherical aerosol types with similar reff.
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