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Abstract

A better quantification of aerosol microphysical and optical properties is required to im-
prove the modelling of aerosol effects on weather and climate. This task is methodolog-
ically demanding due to the huge diversity of aerosol composition and of their shape
and size distribution, and due to the complexity of the relation between the microphys-
ical and optical properties. Lidar remote sensing is a valuable tool to gain spatially
and temporally resolved information on aerosol properties. Advanced lidar systems
provide sufficient information on the aerosol optical properties for the retrieval of impor-
tant aerosol microphysical properties. Recently, the mass concentration of transported
volcanic ash, which is relevant for the flight safety of airplanes, 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 retrieval accuracy when the ca-
pability of measuring the linear depolarization ratio at 1064 nm is added to the lidar
setup. The lidar setups under investigation are based on the setup of MULIS and PO-
LIS of the LMU in Munich which measure the linear depolarization ratio at 355 nm and
532 nm with high accuracy. By comparing results of retrievals applied to simulated li-
dar measurements with and without the depolarization at 1064 nm it is found that the
availability of 1064 nm depolarization measurements reduces the uncertainty of the re-
trieved mass concentration and effective particle size by a factor of about 2-3. This
significant improvement in accuracy is the result of the increased sensitivity of the lidar
setup to larger particles. However, the retrieval of the single scattering albedo, which is
relevant for the radiative transfer in aerosol layers, does hardly benefit from the avail-
ability of 1064 nm depolarization measurements.
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1 Introduction

The microphysical properties of aerosol particles are described by their size, shape,
and composition. Knowledge about these properties is required for the application of
forward models, for example, in order to quantify the aerosol effect on the radiative
transfer in weather and climate models; knowledge about aerosols, however, is still
rather limited (Prather et al., 2008) and their climate effect is poorly quantified. Remote
sensing is one of the most important tools to gain information about aerosols. Remote
sensing of aerosols detects indirect effects of aerosols, for example, light scattered by
the particles into the direction of the receiver. As a consequence, microphysical aerosol
properties can be obtained from remote sensing measurements only indirectly, by re-
lating the measured light scattering properties of the particles to their microphysics.
This is an inverse problem, which often poses challenges due of ill-posedness (e.g.,
Twomey, 1977; Nakajima et al., 1983; Miller et al., 1999; Béckmann, 2001).

In the recent decades, active remote sensing by lidar became a powerful tool for
aerosol research. Early lidar systems have been described for example by Collis
(1966); advanced methods and applications of the lidar technique are presented for
example by Weitkamp (2005). A major advantage of lidar among the remote sensing
techniques is that it is vertically resolving. Lidar systems emit very short laser pulses
and detect the light that is backscattered by atmospheric constituents, allowing one
to derive the backscatter coefficient B of the aerosols. In order to increase the infor-
mation content of measurements, advanced aerosol lidars measure backscattering at
different wavelengths, use techniques that allow for the determination of the light ex-
tinction by particles (Raman lidar and high spectral resolution lidar, see Ansmann and
Muller, 2005), and measure 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 polarized parallel to the polarization plane of the emit-
ted laser light separately from the fraction that is polarized perpendicular to this plane
(Freudenthaler et al., 2009). The linear volume depolarization ratio 6," is the ratio of the
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backscatter coefficient measured at the perpendicular channel G, to the backscatter
coefficient measured at the parallel channel ,8”:

B,
v =Pt
LBy

Both, air molecules and aerosol particles are relevant for the backscattering from the
atmosphere. The linear depolarization ratio §, of the aerosol particles, which is of in-
terest for aerosol characterization, can be extracted from &/, as shown by Biele et al.
(2000). Observations of the linear depolarization ratio &, allow one to distinguish spheri-
cal from non-spherical particles (Schotland et al., 1971) because &) is zero for spherical
particles and larger than zero for non-spherical particles. The depolarization parame-
ter d, as discussed by Gimmestad (2008), describes the same property as the linear
depolarization ratio 6, and a unique relationship exists between d and §,. d is linear in
atmospheric quantities, e.g. d is equal to 0.5 if a non-depolarizing particle (d = 0) oc-
curs together with a completely depolarizing particle (d = 1) with the same total amount
of backscattering. By contrast, §, of such a mixture is 1/3, showing the non-linearity
of &, with respect to particle properties. The circular depolarization ratio 6, is also
uniquely related to 6, if the assumption that particles and mirror particles are equiprob-
able and in random orientation is fulfilled, which is true for most practically important
cases (Mishchenko and Hovenier, 1995). In the following we accept this assumption,
thus 8,, d, and 6, provide the same piece of information about the aerosols, and the
findings of our study employing 6, can be transferred to d and &, as well.

Aside from providing the potential to detect spherical particles, the linear depolariza-
tion ratio &, of non-spherical particles is also a function of the size parameter x = 27r /A,
with r being the particle radius and A the wavelength. This size parameter dependence
is illustrated for example in Fig. 2 of Gasteiger et al. (2011b). In general, §, is quite
low if non-spherical particles are smaller than the wavelength (in the mentioned figure
0.0< 6,<0.1 for x < 2), but significantly higher if non-spherical particles are compara-
ble or larger than the wavelength (0.1 < §, < 0.7 for x > 4 and non-absorbing particles).
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As a result of this size parameter dependence, §, of an aerosol ensemble can be
wavelength-dependent and measurements of &, at additional wavelengths potentially
increase the information content of the measurements about the particle size. Further-
more, such additions may also be useful for the characterization of other microphysical
parameters because the size dependence of §, varies with refractive index and particle
shape (Gasteiger et al., 2011b).

The combination of the advanced Raman lidar systems POLIS and MULIS (Freuden-
thaler et al., 2009) of the Meteorological Institute of the Ludwig-Maximilians-Universitat
in Munich, Germany, measures the linear depolarization ratio §, and the extinction co-
efficient a at two wavelengths (1 = 355 nm and 532 nm), and the backscatter coefficient
[ at three wavelengths (1 = 355 nm, 532 nm, and 1064 nm). Microphysical properties of
transported volcanic ash have been retrieved using measurements from this lidar setup
by means of a Monte Carlo approach in which modelled optical properties of sam-
pled spheroid ensembles are compared to the lidar measurements (Gasteiger et al.,
2011a). Relative uncertainties in the order of 50 % have been found for the particle
mass concentrations and effective radii, resulting mainly from the uncertainty of the
measurements; the main source of uncertainty was found to be the low sensitivity to
the presence of large particles (about r > 3 um). Thus, enhancements of the existing
lidar systems are envisaged in order to increase the accuracy of the retrieval, and it
seems natural that extensions of the setup towards larger wavelengths increase the
sensitivity to the presence of large particles. 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 6, at A = 1064 nm, abbreviated
as 6 1064 in the following, can help to decrease the uncertainties associated with the mi-
crophysical retrieval. It is worth mentioning that channels for &, 4044 have already been
integrated in a HSR lidar of the NASA Langley Research Center (Hair et al., 2008). In
the present study, retrieval results for simulated lidar measurements with different lidar
setups (with and without channels for 8, 1464) are compared. A single aerosol ensem-
ble is assumed in Sect. 3 to simulate the lidar measurements on which the retrieval is
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applied. In Sect. 4 the generality of the results from Sect. 3 is verified by considering
a larger set of aerosol ensembles that are used for simulating the lidar measurements.

2 Methods

The microphysical retrieval approach of Gasteiger et al. (2011a) is applied to simulated
lidar measurements. We briefly summarize this retrieval approach: The Monte Carlo
method is applied for random sampling of the microphysical parameters of aerosol en-
sembles. The ensembles consist of spheroids. The microphysics of the ensembiles is
described by parameters for the size distribution (log-normal), the aspect ratio distribu-
tion (modified log-normal), and the complex refractive index (wavelength-independent).
The ranges of microphysical parameters covered by the retrieval are given in Table 2
of Gasteiger et al. (2011a). The optical properties of each sampled ensemble are mod-
eled using the T-matrix method (Mishchenko and Travis, 1998) supplemented by the
Geometric Optics Approach (Yang et al., 2007) for large particles not covered by the T-
matrix method. The modeled optical properties of each ensemble are compared to the
(simulated) lidar measurements, and those ensembles that agree with the measure-
ments within the attributed uncertainty of the measurements are accepted as solutions
of the retrieval. Finally, the property of interest, e.g. the effective radius, is calculated for
each ensemble in the set of solutions, and a probability distribution for the property of
interest is obtained. Ranges including 95 % of the solutions, from the 2.5 %-percentile
to the 97.5 %-percentile, are denoted as (min - max). This is the 95 % confidence inter-
val. The uncertainties of the retrieved parameters are defined by the widths of the 95 %
confidence intervals.

For the evaluation of the benefit of the linear depolarization ratio 6, 194, We have
to rely on simulated lidar measurements on which we apply the retrieval. In order to
make the simulated lidar measurements as realistic as possible with respect to rele-
vant aerosol types, we assume only aerosol ensembles that are compatible with the
volcanic ash measurements on 17 April 2010 in Maisach. Furthermore, we assume
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three different lidar setups: The first lidar setup (S1) is the lidar setup of MULIS and
POLIS with the relative uncertainties of the 17 April measurements; this setup does not
include &) 1p4- By contrast, the second (S2) and third (S3) setups include channels for
61064, Whereby the other channels are the same as in setup S1. The second and third
setups differ from each other by the relative uncertainty of §, 1e4: the third setup S3 as-
sumes the relative uncertainty of 8, 10¢4 to be the average of the relative uncertainties
of 6, at 355 nm and 532 nm, whereas the uncertainty of §, 10e4 in setup S2 is doubled
compared to setup S3 in order to investigate the effect of measurement uncertainties.

The present contribution focuses on potential benefits of 6, 1464 for the retrieval of
the effective radius ry, the mass-extinction conversion factor 1, and the single scatter-
ing albedo ®,, which are calculated from the sampled microphysical properties of the
ensembles. The effective radius r. is defined here as

[rgn(rc)drC
of = [rgn(rc)drc’

where r, is the cross-section-equivalent radius of the particles and n(r,) the parti-
cle number density per radius interval. The effective radius r. is the cross-section-
weighted average particle radius. Note that other definitions of the effective radius exist,
see e.g. McFarquhar and Heymsfield (1998).

The mass-extinction conversion factor 7 (unit: g m'2) is the ratio between the mass
concentration M (unit: g m_3) and the extinction coefficient a (unit: m_1),

M
n= s (3)

()

n is required for the conversion of extinction coefficients, as measured by lidar, to mass
concentrations, e.g. of volcanic ash or cloud particles.
The single scattering albedo @ is

a
@ =—7 (4)
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with the scattering coefficient a,., and the extinction coefficient a, thus describing the
ratio between the amount of light scattered by the particles to the amount of light in-
teracting with the particles. Interacting light that is not scattered is absorbed by the
particles and usually transformed into heat. @, is an important parameter for the radia-
tive transfer in aerosol layers.

3 Results

An ensemble was randomly chosen from the ensembles that are compatible with the
lidar measurements of volcanic ash on 17 April 2010 in Maisach (Gasteiger et al.,
2011a). This ensemble is referred to as the “truth” in this section and its optical pa-
rameters serve as input for the retrieval. The refractive index m is 1.474 + 0.00705/,
the modal radius of the log-normal size distribution is ro = 0.516 pm, and its width
is 0 =1.639, which corresponds to ry =0.9495 um. 71.05 % of the particles are pro-
late spheroids with a modified log-normal aspect ratio distribution with xz, =0.234 and
o, = 1.253; 28.95 % of the particles are oblate spheroids with aspect ratio distribution
parameters u, =0.405 and o, =0.821. The optical properties are summarized in Ta-
ble 1. As we investigate only intensive properties, we selected an arbitrary value of
1km™" for the extinction coefficient a at A = 355nm. The particle mass density is as-
sumedtobe p=2.69g cm™S.

Figure 1 shows the mass-extinction conversion factors n of the retrieved ensembles
over their effective radii ro4. The black dots denote ensembles retrieved without con-
sideration of & 1064 (Setup S1), red and green dots show ensembles retrieved when
b).1064 is considered with different measurement uncertainties (setup S2 and S3). For
each setup 100 000 compatible ensembles have been retrieved. The blue cross marks
the properties of the ensemble used as input for the retrieval (“truth”). Analogous to
the retrieval of volcanic ash properties presented by Gasteiger et al. (2011a), n over
ro Of the solutions are distributed close to a straight line, indicating strong correlation
between both ensemble parameters. The Pearson correlation coefficient between both
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parameters is 0.994 for setup S1. It is obvious from Fig. 1 that the uncertainty of the
retrieved n and r 4 decreases notably if § 1964 is considered. The 95 % confidence inter-
val for r is the range (0.78--2.03 um) in case of non-consideration of 8, 1464 (S€tUp S1).
When 6, 10e4 is considered with the higher uncertainty (setup S2), this range shrinks to
(0.82--1.26 pm) (Table 2). Thus, the retrieval uncertainty of r.4 in setup S2 is reduced
by a factor of 2.8 compared to setup S1. This reduction factor increases to 3.7, if the
uncertainty of &, 10¢4 is reduced (setup S3). In accordance with the almost linear re-
lationship between n and r4, the reduction factors for the n-uncertainties are in the
same range (S2 vs. S1: 2.8, S3 vs. S1: 3.6). For each setup, the 95 % confidence in-
terval includes the r .z and n of the “truth”, and the medians of the solutions get closer
to the “truth” if &, 1064 is considered and its attributed uncertainty decreases.

The frequency of sampling compatible ensembles is reduced by a factor of 4.3 (S2)
and 8.9 (S3) when &, 4064 is added to the lidar setup. Figure 2 shows for the three lidar
setups the frequencies of sampling compatible ensembles that fall within ry4 bins of
0.1 um widths. In setups S2 and S3, 6, 4954 Serves as an additional criterion on the
compatibility of the ensembles, thus the sampling frequencies for all r4 bins are lower
or equal in these setups than in setup S1 (neglecting the statistical noise from the
Monte Carlo sampling). The difference between the curves illustrates the effect of the
consideration of 8, 1064 ON the retrieval of r. It primarily sorts out ensembles with large
ret, Whereby ensembles with g4 > 1.45pum (S2) and rg4 > 1.31 um (S3) do not occur
anymore.

To investigate in further detail the effect of considering & 104, Fig. 3 shows the real
parts of the refractive indices m, over r  of the compatible ensembles. By comparing
the m, - r4 areas covered depending on the lidar setup it becomes clear that & 1oe4
primarily helps to exclude ensembles with high r.4 and to a far lesser extent also low
m,. The uncertainty of the retrieved real part of the refractive index m, is reduced by
a factor of 1.4 (setup S2) and 1.5 (setup S3) if 61064 is considered (Table 2); the
agreement of the median m, with the true m, improves. Furthermore, Table 2 shows
that measurements of 6, ;464 €xclude solutions with low imaginary part of the refractive
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index m;. But the uncertainty of m; is reduced only by a factor of 1.21 and 1.25 if &, 1964
is considered (Table 2), indicating slightly higher sensitivity of §, 4og4 to the real part m,
than to the imaginary part m;. This agrees well with findings of Wiegner et al. (2009),
where a higher sensitivity of §, to changes of m, than for changes of m; was found for
the shorter wavelength 1 =532 nm.

Figure 4 shows the frequencies of sampling compatible ensembles that fall within
single scattering albedo @, bins of 0.01 widths at 1 =532nm. The consideration of
b).1064 removes a large fraction of ensembles with large @, but, in general, it excludes
ensembles on the whole range of @, (compare red and green with black boxes). The
median @, from setup S1 provides very good agreement with the true ®,, whereas
the agreement between median and true @, becomes slightly worse if §, 164 is added
to the setup (Table 2). The 95 % confidence intervals of @, cover the true @, for all
setups. The uncertainty of the retrieved @, is virtually independent of the lidar setup,
which indicates that &, ;o054 hardly contains information on @,. This finding for @, at
A=532nm is also valid for @, at A = 1064 nm (not shown).

4 Statistical verification

Only a single randomly chosen aerosol ensemble that is compatible with the volcanic
ash measurements in Maisach (Gasteiger et al., 2011a) was used as input (“truth”)
for the microphysical retrievals in the previous section. As other aerosol ensembles
are also compatible with these measurements, the question arises whether the above
findings are specific for this single ensemble or they can be generalized to other en-
sembles that are compatible with these ash measurements. Therefore, we investigate
in this section retrievals for a larger set of input ensembles but with a smaller num-
ber of compatible output ensembles. 100 randomly chosen input ensembles that are
compatible with the volcanic ash measurements are used for this purpose, and 100
compatible ensembles are retrieved for each combination of input ensemble and lidar
setup. For this verification, the same lidar setups and relative uncertainties of the input
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parameters as in the previous section are used (Table 1), but the parameter values are
varied depending on the selected input ensembles. The widths of the 95 %-uncertainty
ranges are calculated for each retrieval case and averaged over the 100 input ensem-
bles in order to obtain average uncertainties of the retrieved parameters for each lidar
setup.

Table 3 shows the average width of the 95 %-uncertainty ranges of the retrieved ef-
fective radius r.; and single scattering albedo @ for the three lidar setups. The average
width for r is reduced by a factor of 1.71 (setup S2) and 2.05 (setup S3) when &, 9e4 is
added to the lidar setup. By contrast, the average width for the single scattering albedo
®, is reduced only by a factor of 1.09 (setup S2) and 1.11 (setup S3) if this additional
channel is added. Thus, the uncertainty of ry is reduced significantly stronger than
the uncertainty of @, by adding 6, 1064 to the lidar setup. This qualitatively validates the
generality of the findings from the previous section.

5 Conclusions

In a case study using a simulated aerosol measurement assuming three different lidar
setups, which are based on the existing lidar systems MULIS and POLIS, we evalu-
ated improvements that can be expected for the retrieval of microphysical properties
of non-spherical aerosols from adding the capability of measuring 8, 164, the linear
depolarization ratio at A = 1064 nm, to the lidar setup. It was found that significant im-
provements can be expected for the retrieval of the effective radius r.4 and the mass
concentration M, whereas only minor improvements should be expected for the re-
trieval of the single scattering albedo @,. The significant improvements for ros and M
are a result of the high sensitivity of &, 1464 to the presence of large particles. The im-
provements are found even if the uncertainty of the §, measurements at 1064 nm is
slightly higher than the uncertainty of the 6, measurements at 355 nm and 532 nm.
These results have been validated by a statistical analysis of the uncertainties of 74
and @, retrieved from a large set of simulated aerosol measurements.
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Though in the present study wavelength independence of the refractive index was
assumed, it needs to be emphasized that the refractive index of real aerosol parti-
cles can be wavelength-dependent and vary between the particles of an ensemble.
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 nm to
1064 nm), whereas the imaginary part can vary considerably in this spectral range (see
for example Wagner et al., 2012, , and references therein). Furthermore we emphasize
that the estimation of the mass concentration M depends more critically on assump-
tions like the mass density p of the particles if the uncertainty about r is reduced by
consideration of & 1pg4-

The benefits of &, 1054 are expected to be qualitatively comparable also 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 &8, 1064 could be a quite useful enhancement because of its sensitivity to
large non-spherical particles, such as desert dust and volcanic ash aerosols.

In summary, we have shown that channels for the linear depolarization ratio 6, at
1=1064 nm are valuable extensions of existing lidar systems for the retrieval of ef-
fective particle sizes or the mass concentration of transported volcanic ash and other
aerosol types with similar rg.
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Table 1. Simulated lidar-relevant aerosol parameters and attributed uncertainties used as input
for the retrieval in Sect. 3; parameters are extinction coefficient @, backscatter coefficient G,
and linear depolarization ratio &,; S1, S2, S3 denote the different lidar setups.

parameter value relative uncertainty setup S1  setup S2 setup S3
aat1=355nm  1.000km™" +7.4% X X X

a at 1 =532nm 1.0927 km™' +11.1% X X X
BatAl=355nm  0.01908km 'sr' +5.3% X X X
BatA=532nm  0.02243km~'sr™'  +4.1% X X X
Batdl=1064nm 0.01751km 'sr™' +16.0% X X X
6,atA=355nm  0.3571 +4.4% X X X
6,at1=532nm  0.3687 +2.0% X X X
6,at1=1064nm 0.3005 +6.4% X
6,at1=1064nm 0.3005 +3.2% X
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Table 2. Medians and 95 % confidence intervals (min-max) of the effective radius r., the
mass-extinction conversion factor ), the single scattering albedo @, and the refractive index m
retrieved in Sect. 3 for the three lidar setups; for comparison also the parameters of the input
ensemble (“truth”) are given.

parameter setup S1 setup S2 setup S3 “truth”
Fet [UmM] 1.28(0.78-2.03) 1.03(0.82-1.26) 1.01(0.83-1.17) 0.95
nat532nm[gm] 1.55(0.89-2.56) 1.22(0.94-1.54) 1.19(0.96-1.42) 1.16
®, at 532nm 0.896(0.832-0.958) 0.877(0.827-0.945) 0.875(0.826-0.945) 0.893
m, 1.431(1.355-1.489) 1.457(1.396-1.492) 1.459(1.404--1.492) 1.474
m;x 1000 5.2(1.3-12.7) 7.6(3.0-12.4) 8.0(3.1-12.3) 7.0
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