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Abstract. The typical multiwavelength aerosol lidar data set for nsi@n of optical to microphysical parameters is composed
of three backscatter coefficients)(at 355, 532, and 1064 nm and two extinction coefficiea)saf 355 and 532 nm. This data
combination is referred to as332« or 3+2 data set. This set of data is sufficient for retrievioge important microphysical
particle parameters if the particles have spherical shdpee, we investigate the effect of including the partictesr depo-
larization ratio §) as a third input parameter to the inversion of lidar datae iriversion algorithm is generally not used if
measurements show valuesiathat exceed 0.10 at 532 nm, i.e. in the presence of non-g@hearticles such as desert dust,
volcanic ash, and under special circumstances biomassaigusmoke. We use experimental data collected with instntm
that are capable of measurifigt all three lidar wavelengths with an inversion routind thees the theory of light scattering by
randomly oriented spheroids to replicate scattering ptaseof non-spherical particles. This is the first systeotaist of the
effect of using all theoretically possible combinationg @¢éken at 355, 532, and 1064 nm as input in the lidar data imorers

We find that depolarization information at least at one wawgth already provides useful information in the inversibn
optical data that describe light-scattering by non-sgaéiparticles. However, any choice &f will give lower values of the
single-scattering albedo than the traditional 3+2 dataWetfind that input data sets that includlgs; give a non-spherical
fraction that closely resembles the dust ratio we obtaimftsing G532 anddss2 in a methodology applied in aerosol-type
separation. The use @f55 in data sets of two or thre@, reduces the fraction of non-spherical particles that isenetd
when usingys32 anddigg4. Use of the latter two without accounting féys5 generally leads to high fractions of non-spherical
particles that we consider not trustworthy. The use of thisemstead of twaj, including the constraint that one of these is
measured at 355 nm does not provide any advantage over usiigs3;. We conclude that — depending on measurement
capability — the future standard input for inversion usipferoid kernels might be 3+335 or 3+2+9355+0532.
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1 Introduction

Over the past two decades, the inversion of multiwaveleagtbsol lidar measurements for the retrieval of aerosalophtys-
ical properties Muller et al,, 1998, 1999a, b, 200Meselovskii et al.2002; Ansmann and MUller2005) matured to a stage
that allows for automated and unattended data procesBittief et al, 2014). The methodology uses multiwavelength lidar
measurements of aerosol backscatter and extinction deetffiq(i.e. the availability of a/3+2« input data set, also referred to
as 3+2 data set) and the mathematically correct descripfibght scattering by small particles to solve the ill-pdsaverse
problem at handAnsmann and Miiller2005). Mie theory is used for the mathematical descriptidight scattering by parti-
cles. By definition, this theory cannot be applied to desclight scattering by non-spherical particles. This caasgblem,

as aerosol types such as mineral dust or volcanic ash arenespiterical shape.

The presence of such non-spherical particles in lidar nreagents is identified by non-zero values of the particledine
depolarization ratiod, Gimmestad2008). Spherical particles do not depolarize the emittsdrliight, and thus, show values
of § close to zero. Depolarization-ratio measurements witlaaded lidarsKreudenthaler et a).2009) allow for the retrieval
of the contribution of non-spherical particles to the meeduntensive optical parameteffegche et al.2009b;Burton et al,
2014), and thus allow for comprehensive aerosol-type cheariaation Burton et al, 2012;Grol3 et al, 2013).

A data base for light-scattering by non-spherical parsi¢l2ubovik modelDubovik et al2006) developed for the inversion
of sun-photometer measurements within the framework oAgresol Robotic Network (AERONET, https://aeronet.gsésa.gov/,
Holben et al.1998) has been implemented in the lidar data inversion éifgoused here. The first application of the Dubovik
model to lidar measurements of mineral dust has been pesbdyt\Veselovskii et al(2010), Di Girolamo et al. (2012),
Papayannis et al(2012), andMller et al. (2013).Veselovskii et al(2010) performed inversions with the non-spherical light-
scattering data base on the basis of the traditional 3+2 idgta set as well as a 3+2+1 data set that dsgsas additional
input. The latter parameter can provide information on thetribution of mineral dust to the total aerosol opticalgedies.
From the comparison of the inversion runs with the diffeieptit data sets, the authors conclude that using 3+2+1geevio
advantage over the conventional 3+2 input run in which the-smherical fraction is set a priori to 100%. They attribiltis
insensitivity (with regard to the use 6£3.) to the fact that (i) the Dubovik model had not been specificdsigned for lidar
applications, i.e. the mathematical description of ligtdtsering at 189, and (ii) that high values af;32 can only be obtained
for values of particle refractive indices that are belowuesl found from atmospheric observatiokegelovskii et a].2010).
Papayannis et al(2012) present results of the inversion of 3+2 data in thegmwee of mineral dust whilBi Girolamo et al.
(2012) andMller et al. (2013) used 3+2+1 data sets with depolarization inforrmaéib 355 nm and 532 nm, respectively.
Veselovskii et al(2016) present results of the inversion of lidar data foreméhdust for the case of the conventional 3+2 input
(with non-spherical fraction set to 100%) and the 3+2+1 tnyith depolarization information at 532 nm. The authorsatode
that it is currently not possible to come to a definitive cos@n as to which input data set leads to a more accurateagiiim
of dust parameters. Instead, they recommend to use the BtiRfior measurements of pure dust as these inversions grovid
more realistic estimations of the refractive index of duaitigles. Because scattering kernels based on Mie theanyota
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represent light scattering by non-spherical particles particles that increagg, another way to circumvent the problem is to
extract the information related to non-spherical parsi¢dtem the optical inputTesche et al.2009b, 2011b).

On the one hand, the answer to the question of which inveisjout provides the most accurate estimate of dust micro-
physical parameters requires independent measuremetiiessf parameters. An example for such a study is presented by
Miiller et al. (2013). However, the comprehensive data sets requiredifdr an effort can only be obtained in the framework
of dedicated and extensive experiments. On the other haecdt has yet been no systematic estimation of the effecting us
different depolarization input for the inversion of lidaatd. Today, depolarization-ratio profiling is most comnyqueérformed
at 532 nm. This explains the use of this wavelength in theistuaf Veselovskii et al(2010, 2016) and/iller et al. (2013).
This wavelength is also the only one for which comparisonthefalgorithm performance of using the 3+2 and the 3+2+1
data set exists. For a future standard on depolarizatibmpaofiling it is crucial to assess which wavelength pr@sdhe
best prospects not only for aerosol characterization laat falr using the added information as input to inversion rivhsst
inversions that use the Dubovik model focused on pure-dustditions. Values o0f535 were similar to values observed close
to dust source regiongieudenthaler et a.2009). Such conditions warrant the use of the 3+2 data skttiaé non-spherical
fraction set to 100%. It yet needs to be investigated if dejidtion information also allows for the successful estai of
aerosol microphysical properties in mixed layers of mihdtesst and other spherical aerosol types, i.e. aerosol sosrthat
are common for observations of long-range transport of ralrdust in the free troposphere. Finally, the latest dgu@lents
of realizing depolarization-ratio profiling at 1064 nm or lijale wavelengthsBurton et al, 2015;Haarig et al, 2017a) leads
to the question if these new measurement capabilities nalghtadvance the quality of the inversion of lidar measurgsia
the presence of non-spherical particles.

In this study, we investigate the effect of usifigat 355, 532, and 1064 nm as additional inversion input to anshe
question:

What is the optimum choice 6f in the inversion of lidar measurements of non-sphericatipkes described by randomly

oriented spheroids?

We address this question with the use of 3+2+3 multiwavdletigar measurements taken under both pure and mixed-
dust conditions. Specifically, we assume that value$,aire accurate within their respective measurement errottaidhe
findings of this studies are primarily related to the ligh&ttering model used in the inversion calculations. We #tarpaper
with an overview of the data sources and inversion setup aticGe2. The results are presented and discussed in Se@&ions

and 4, respectively. We close with a summary and our coraigsh Section 5.

2 Data and methods

This section provides an overview of the lidar data usedimgtudy as well as a brief description of the inversion pdoce.
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2.1 Lidar data

To date, few lidar instruments have the capability to mea8u2+3 data sets and we refelBuorton et al.(2015),Haarig et al.
(2017a), andHu et al.(2018). Here, we use data of (1) the NASA Langley ResearcheCsiiHigh Spectral Resolution Lidar
2 (HSRL-2) that has been operated aboard the NASA B-200 Kingifcraft in the framework of the DISCOVER-AQ project
(https://discover-ag.larc.nasa.gov/) and (2) the Baattsc Extinction lidar-Ratio Temperature Humidity profdi Apparatus
(BERTHA) of the Leibniz Institute for Tropospheric Resda(@ROPOS) taken during the Saharan Aerosol Long-rangesTran
port and Aerosol-Cloud-Interaction Experiment (SALTRAGKeinzierl et al2017).

HSRL-2 is the second-generation airborne HSRL develop®A&A Langley Research Center. It builds on the heritage
of the HSRL-1 systemHair et al., 2008) but operates at the laser wavelengths of 355, 5321684 nm. The 3+2+3 data
collected with HSRL-2 allow for a comprehensive charaeegion of different aerosol type®grton et al, 2012) and the
retrieval of microphysical particle propertibHiller et al.(2014). Further details on the instrument can be fourMiifier et al.
(2014) andBurton et al.(2018).

DISCOVER-AQ measurements with HSRL-2 were screened fagmbsions that showed elevated level$gf,. The obser-
vations were identified as dusty mig(rton et al, 2012) and include flights during DISCOVER-AQ Californial3X2 cases),
DISCOVER-AQ Texas 2013 (4 cases), and DISCOVER-AQ Color2@b4 (3 cases). An overview of the DISCOVER-AQ
measurement days considered here is given in Table 1. Tloabipput data for the inversion were obtained in the firgpdty
averaging temporally over several minutes of measurenagntsn the second step by carrying out data averaging ovghthei
layers of 150 m.

3+2+3 measurements with TROPOS’ BERTHA lidar during SALTERare used to assess the performance of the different
inversion input data sets in the presence of pure dust gonditThis test under pure dust conditions is needed as such a
scenario was not encountered during DISCOVER-AQ.

While BERTHA had been used to characterize the optical ptigseof pure dust during the Saharan Mineral Dust Experi-
ment (SAMUM, Tesche et aR009b), the capability of carrying out triple-wavelengtimeasurements with BERTHA has only
recently been presentedftaarig et al.(2017a). So far, such measurements have been performedractdrize mineral dust
(Haarig et al, 2017a), marine aerosolddarig et al, 2017b), and biomass-burning smokaérig et al, 2018). An overview

of the SALTRACE measurement days considered here is givéabite 1.
2.2 Inversion of lidar data

The inversion of multiwavelength lidar data is based ongifight-scattering kernels that were computed on the bdditie
theory Ansmann and Muller2005).Veselovskii et al(2010) were the first to investigate the possibility of usig-spherical
scattering kernels computed for randomly oriented sphsr@ubovik et al, 2006). This study and those dflller et al.
(2013) andveselovskii et al2016) added thé at 532 nm to the input data. The information provided aflows for retrieving
the non-spherical particle fraction as an additional isi@r output parameter. For instanbéjller et al. (2013) obtained non-
spherical fractions close to 100% under conditions of patea®an dust as identified byss > 0.31.
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Because depolarization-ratio measurements at 532 nm atecoromon Pappalardo et al.2014;Baars et al, 2016), it will
be the first choice of the new standard input for the lidarrisie® using non-spherical kernelgselovskii et al.2010, 2016).

In this paper, we investigate if this input is sufficient fetrieving (some of) the microphysical parameters or if iayed
results can be obtained by adding depolarization inforwnadi 355 and/or 1064 nn@steiger and Freudenthalg?2014).

Inversion calculations have been performed with eight hasetions and by varying the minimum and maximum patrticle
radius of the inversion window between 0.075 and 04%0and 0.1 and 10.0m, respectively. The real part of the refractive
index was varied between 1.3 and 1.6 with steps of 0.05 widlénhaginary part of the refractive index was set to covengea
from 0 to 0.03 in steps of 0.005. The non-spherical fractias waried between 0% and 100% in steps of 10%. A non-spherical
fraction of 100% means that calculations are performedguesiclusively non-spherical kernels (i.e. the Dubovik nipdile
a value of 0% refers to using Mie kernels. This setup leadsotehof 3675 solutions per inversion run. In the analysithef
inversion calculations, we have averaged those 140 to 206@s that revealed the smallest discrepancy to the algtiput
data.

Standard inversion outputs are particle number, surfawbtyalume concentration, effective radius derived fronsthpa-
rameters, complex refractive index, and single-scatjesibedo (SSA). The inversion with spheroid kernels als@iges us
with an estimate of the contribution of non-spherical gées to the values we obtain for each of the parameters.

For the measurements listed in Table 1, inversion runs haga performed with depolarization input ranging from zero t
three wavelengths. We obtain eight runs per measuremegtiti@n. An overview of the various combinations and the name
of each data set is given in Table 2. The current standard B¥®idata sets do not account for depolarization infornma(&et

).

3 Results

We present selected measurement cases that illustratietbieod the choice of inversion input data set on the re&teaerosol
microphysical properties. These case studies descrilmasos of varying concentration of non-spherical par§cM/e then
discuss the results for the entire data set outlined in Thble

3.1 Example: pure dust

A 3+2+3 measurement conducted with BERTHA on 20 June 201hgl8ALTRACE, BarbadosHaarig et al, 2017a;
Weinzierl et al. 2017) has been chosen. This case represents nearly pareoddgions, i.e. a situation dominated by non-
spherical particles, and has previously been decribé&diaimouri and Ansman(R017). The profiles of}, «, andd are shown
in Figure 1. High values of of about 0.26 at 532 nm and 0.24 at 355 and 1064 nm and wavhlamigpendent values of
(extinction-related Angstrém exponent of zero, not shoamy lidar ratios of 40 to 55 sr (not shown) are indicative cdrhe
pure dust conditions Similar values were observed durinylBM (Tesche et al.2009b, 2011a). The circles in the plots of
the backscatter and extinction coefficients mark the datwiere used as input for the inversion, i.e. 11 sets at 1ihheig
levels between 1.0 and 4.0 km height. The méap for this height range is 0.26. This value results in a dusttioa of 0.83
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with regard to the backscatter coefficient at 532 nm, acogrth the method described Bgsche et al(2009b). While higher
dust fractions would be desirable to properly represent{olust conditions (see, elgreudenthaler et al2009), the general
scarcity of suitable measurement data means that this fptimest" 3+2+3 dust case available to us at the time of thidyst
Figure 2 shows the results we obtained from the inversioheéight depolarization-related variations of input datse(Ta-
ble 2). We show the results for the effective radius, the BBRSSA, the non-spherical fraction, and the volume conaéatr.
The inversion of all input data sets shows a decrease oftefeadius and volume concentration with height. Littl&#etience
is visible in the inversion results for these parameterstdpam the slight variation of Set I. We obtain a much cleaep-
aration between the inversion results for Set 1 (the trawmtti 3+2 data set) and Sets Il to VIII (which include depdation
information) for the SSA and the non-spherical fractioneTtigh values obs3, lead to a dust fraction above 80% (dashed
line in Figure 2c). Unsurprisingly, Set | is the only one thaes not result in a very large fraction of non-sphericatipas.
In fact, non-spherical particle fractions were never fotmexceed 40% when using the traditional 3+2 input regasd)éthe
dust content in the mixed pollution plumes. A similar notapcal fraction of on average 35% has previously been tegor
for the inversion of 3+2 data sets obtained for Saharan dfeste{ovskii et al.2010). The unrealistic values of non-spherical
particles obtained for Set | coincide with SSA values of asds 0.82. That value is much lower than the values we obtain fo
the other sets. SSA is slightly lower for measurement cdssricludedsss (Sets 11, V, VI, and VIII), compared to cases that
do not include depolarization information at 355 nm (SdtdV, and VII). Overall, input data sets that include dep@ation
information give similar output data for the case of puretdosditions.

3.2 Example: mixed dust

Figure 3 shows a measurement taken with HSRL-2 on 25 Septe20ti8 in the framework of DISCOVER-AQ Texas. The
data present the average of eight minutes of measuremeat iten between 2057 and 2105 UTC. This measurement case
provides more insight on the sensitivity of data productptical input data that were taken under mixed dust conitio
i.e. a situation in which mineral dust is mixed with sphelrjgarticles and depolarization values are below the onesrgén
observed for pure dust. The column aerosol load during tleiasurement was rather low as indicated by an aerosol optical
thickness (AOT) of 0.16 at 532 nm (see Table 1).

The 3+2+3 profiles in Figure 3 show aerosols in a well-mixgétaip to a height of 2.4 km. The mean value g, is 0.099.
This number translates to a dust mixing ratio of 0.346 (TdhlBurton et al.(2012)). The strong wavelength dependence
of the backscatter and extinction coefficients suggestptésence of small particles caused by combustion proceBses
Houston area is influenced by the oil industry and high volafigaffic. The increased values &3, are an indicator for the
presence of mineral dust. Consequently, dusty mix and {pb#ution were identified as most abundant aerosol typesgu
the measuremenB(rton et al, 2012). However, Figure 3 also shows a strong wavelengtardignce of the values 6f, i.e.
we find lower (higher) values at 355 nm (1064 nm) compared @nB3. This indicates that the choice of wavelength of the
depolarization ratio could potentially influence the etail.

Figure 4 shows the result of the inversion of the optical dafaesented by the colored circles in Figure 3. As for the
case of pure dust, the volume-concentration profile folltvesshape (profile) of the extensive parameters, i.e. battks@nd



10

15

20

25

30

Atmos. Meas. Tech. Discuss., https://doi.org/10.5194/amt-2019-71 Atmospheric
Manuscript under review for journal Atmos. Meas. Tech. Measurement
Discussion started: 20 March 2019 Techniques
© Author(s) 2019. CC BY 4.0 License.

Discussions

extinction coefficient. The lowest values of volume concatitin are obtained for the case in whigi, is used as additional
information in data inversion. The highest values are fofandnversions that make use of the full set&yf, i.e. the 3+2+3
data set. Taking into consideration the profiles from alheigversion runs, however, reveals that the choice of degjzation
input seems to have no major effect on particle volume cdanagon — particularly not on the shape of the profile. In fagt
find comparably small differences of the values of volumecemitration for the different input data sets that are defimed
variable number of depolarization information.

In contrast, the use of a different number of depolarizatibormation results in a much stronger spread of the noresgdl
fraction. If we use no depolarization information we obtapheroid fractions that vary between 20% and 30% and change
erratically from height bin to height bin. The sets Ill, \j@&VII (i.e. those withdsso, 01064, @aNdds32 + d1064) result in rather
high non-spherical fractions between 75% and 90%. Thisltresems to be a clear overestimate as such conditions would
refer to the dominance of mineral dust. This predominangedssagreement with the dust fraction presented in Figuiiehg
most plausible spheroid fractions of around 40% combineld strong vertical homogeneity are found for input data &t
containdsss, i.e. sets I, V, VI, and VIII. These values are also closeghe mean dust ratio of 0.35 that has been determined
from the optical data (see Table 1). The profile follows thefifer of the dust ratio (dashed line in Figure 4) quite closely

The separation of the results for different input data cap &k seen in the profiles of SSA at 532 nm, see Figure 4b. Data
sets that show higher non-spherical fractions also coineith SSA values that are up to 0.02 higher than values addain
from optical data sets that include information &p5. This study mainly targets the comparison of results weinkitam
using different combinations of depolarization infornoati We consider the values of the non-spherical fractioremealistic

and consider data sets that bgg;, as more trustworthy than data sets that do not include depati@n information at 355 nm.
3.3 General findings

Figure 5 presents two cases for which the choice of depal@wiz input has a profound effect on the retrieved non-spaler
fraction. In the case of 13 July 2014, the steady decreasgwith height translates to a similar decrease of the non+sgdie
fraction, but only for data sets that includlgs. In fact, this decrease closely follows the decrease offdastion with height.
As for the previous cases, no variation with height is fourtevusing the traditional 3+2 data set. Sets I, IV, and ¥l of
which are lacking depolarization information at 355 nm, dbnesult in non-spherical fractions smaller than 80%. Tdmewmf
17 July 2014 is even more striking as — in contrast to the ptesexamples ¢ is low at all wavelengths and the dust fraction
obtained from the optical data is actually zero. Despite thear pattern of the optical data, the inversion of theedffit input
data sets gives a wide range of non-spherical fractionsmb20% for Sets Il, V, VI, and VIII; slightly higher values opuo
30% in the lower half of the aerosol layer for Set I; valuesaeetn 40% and 70% for Sets Il and VII; and more than 70% for
Set IV. This outcome suggests that usings, does not improve the performance of our particular inversi@thod using the
spheroid Dubovik model. This result is in contrast to theiltspresented b@asteiger and Freudenthal¢2014). Whiled;gg4
certainly does provide additional informational contéhis cannot be exploited when combining the Dubovik modéhwhe
inversion algorithm used in this study.
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A more complete picture of the effect of the choicegfon the retrieved non-spherical fraction is provided in Fe&g. The
figure includes all 156 data points obtained from the castediin Table 1. The results we obtain from the eight inversims
is split according to data sets that include, respectivelyat includedsss. As in the case of the examples shown before, we
consider the retrieved non-spherical fraction as the rpitysical manifestation of the optically-derived dustogliesche et a.
2009hb). Figure 6 clearly shows that only input data setsitttdtdedsss lead to any meaningful correlation between dust ratio
and non-spherical fraction. The parameters of the linegiressions presented in Figure 6 are listed in the bottomdifalf
Table 2. The steepest slope and largest values of the squamethtion coefficients are found for Sets V and VI, ilee sets
that either use input values féx at 355 and 532 nm or alli3, respectively. Figure 6b confirms that (i) non-sphericatfions
above 40% are impossible to obtain from traditional 3+2 dats, (ii) the data sets with g4 give non-spherical fractions
that are poorly correlated to the obtained dust ratios, aidléta sets that includésss but notdsss result in increased non-
spherical fractions that increase with increasing dust fatt rarely stay below 40%. We therefore conclude from Féduthat
0355 has a regulating effect on the inversion output and thatskttathat includéss; are generally more trustworthy (certainly
with respect to the non-spherical fraction) than thosedbatot include)sss.

In the following, we are hence contrasting the results feritblume concentration, the effective radius, and the SSA ac
cording to the two sub-sets of Figure 6a and b. We want to findfdbese parameters differ within and between these two
groups. The difference between using 3+2+1 and 3+2+2 inatat sets from the two groups (i.e. with and withdgHs) is
shown in Figure 7 for volume concentration, effective radiand 532-nm SSA. The correlation between Sets Il and Il and
between Sets V and VIl shows little difference for the effectradius. The use of 3+2+2 input data generally gives farge
volume concentration but again little difference is fouradvizeen the data sets considered in this work. The stronest e
with regard to the choice of input data is found for the SSAulrdata that includésss tend to give lower values of SSA; see
for example Figures 2 and 4. Figure 7c shows a range betw8érafid 0.98 for Sets Il and V whereas we find a considerably
narrower range from 0.96 to 0.98 for Sets Ill and VII.

Figure 8 is analogous to Figure 7 but now compares volumeerdration, effective radius, and SSA within the two groups
identified in Figure 6. Again, the choice of input data settha@ssmallest effect on effective radius and volume conegiotr,
though the latter is systematically lower for Set Il comphi@Sets V, VI, and VIII. We don't find a similar effect in cagbat
excludedsss but still include information on particle depolarizatidfor the SSA, any inversion that considéss; seems to
give similar results. We find the same pattern for data settsetkcludeiss; as long as any depolarization input is considered.
Allinversion input that include some depolarization infa@tion generally give higher SSA values than the traditiBra data
set.

4 Discussion

The non-spherical model ddubovik et al.(2006) has been developed for application to sun photorme¢arsurements in
the framework of AERONET. This model marks a considerableaade when compared to treating light-scattering by non-
spherical particles with Mie theory. However, this ligltagtering model considers rather simplified particle skape. ro-
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tational symmetric spheroids with a defined axis-ratioritigtion which might not be suitable to reproduce all of thght-
scattering properties of non-spherical particles in tmeosphere. Indeed, comparisons to independent in-situurerasnts
and lidar observations of Saharan dust during SAMUM haveaked discrepancies for the retrieved complex refractidex
and single-scattering albedbl{ller et al, 2013). In addition, the intensive lidar parameters liddiorand particle linear de-
polarization ratio, which can be calculated from the irderscattering matrix, do not agree with coincident measeantsmat
the 355- and 532-nm lidar wavelengtidi(ler et al,, 2013).

Shin et al.(2018) present spectral lidar ratios and particle linegrothrization ratios representative for mineral dust from
different source regions. The authors used the AERONET lekta of level 2.0 sun photometer inversions. They find the bes
agreement to lidar observations of both parameters attigeetavavelengths of 870 and 1020 nm. Towards shorter waytklen
the AERONET-derived values show an increase of the lid& eaitd a decrease of the particle linear depolarization.rBth
spectral behaviours are not found in lidar measurementsrgnal dust Freudenthaler et a).2009;Shin et al, 2018). Other
models that employ more realistic geometries of non-symmebtn-spherical particles have been developed for usielam |
applications Gasteiger et al.2011). These models suggest improvements in inferringsaémicrophysical properties from
lidar data by using measurementsigfs, in the inversion Gasteiger and Freudenthale014). However, such alternatives
generally lack the flexibility of the Dubovik model when itroes to their implementation for new applications. In adifi
there are still enormous challenges involved in testingeatedternatives in view of the complexity of particle shaped the
computational resources required for running simulattodiss.

The results we obtain from our study are somewhat cont@agido the findings ofGasteiger and Freudenthald¢014)
andShin et al.(2018) who attribute the greatest informational value aptesentativeness to observations@f,. We have
performed the first systematic investigation of the efféetigpossible combinations of depolarization-relatectirsion input at
the wavelengths of 355, 532, and 1064 nm on the retrievedalemticrophysical properties. Particularly the retriefedttion
of non-spherical particles needed to reproduce the medhsytecal properties leads us to the conclusion that meammts
of eitherdss; only or depolarization-ratio measurements at several lsagéhs in which one of the parameters4s; provide
the most useful addition to the 3+2 data set for the inversiblidar data using this methodology that have been coltecte
in the presence of non-spherical particles. We emphasii@ #luat this finding refers to using Dubovik’'s model of randyp
oriented spheroids for the description of light-scattgtiy non-spherical particles in this inversion algorithm.

Our findings provide insights that go beyond previous studie the effect of adding depolarization information to the

inversion of multiwavelength lidar data:

1. Previous studies focused exclusively on pure-dusttsitus, i.e. values o532 of 0.30 Meselovskii et al.2010, 2016;
Miiller et al,, 2013). These studies showed that the depolarization satold not be used as input for the inversion
of dust particle parameters. Instead, the inversion shbelgerformed with 3+2 input and the non-spherical fraction
manually set to 100%. Our results show that this conclusiay have been driven by usirgss. Our study shows that
0532 Mmay not be an ideal input parameter.
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2. We present the first inversion results for lidar obseovetiof mixtures of spherical and non-spherical particlesofing
degree and varying spectral behaviour of the particle fideaolarization ratio. Considering such conditions rathan
only pure-dust cases allows for using the retrieved norespdl particle fraction as an additional indicator for thelity

of the inversion results.

3. We present the first systematic (though relational) swidihe effect of the choice of depolarization input based on
actual atmospheric triple-depolarization-ratio measumets. Previous investigations of the effect of depoléinnanput
on the inversion results have been restricted to usingredtfze (Di Girolamo et al, 2012) ords32 (Veselovskii et a).
2010, 2016Papayannis et a).2012;Miller et al, 2013), and thus, could relate the findings only to the resaflusing
the conventional 3+2 input data set. The lack of spectrabldejzation-ratio measurements under dusty conditions
neither allowed for investigating how the choice of inputgraeters affects the quality of inversion results compé&red
benchmark data nor test if the choice is ideal.

4. Following in the footsteps of AERONET, microphysical fiee properties mark the next logical data product level in
the analysis of multiwavelength aerosol lidar data. It ex#fore of vital importance to define the minimum informatio
needed for this purpose (i.e. the best choice of input dat#)is decision relates directly to the optimum setup faarid
instruments whose measurements can provide this dataqirddhis study represents an important step for determining
that information. The main issue in that regard is weightimg benefits of using instrument setups which are already
highly challenging over the added information provided bhyse measurements. This decision-making is of particular
importance in light of future spaceborne lidar missiong thitl focus on aerosol profiling as well as their airborne

demonstrators.

Veselovskii et al(2010, 2016) use the complex refractive index in their argotation of their preference of rejecting the
depolarization input in the inversion. They retrieve reaitp of about 1.45 for pure dust, which are comparable to AKRD
results. They conclude that imaginary parts obtained froenitiversion of 3+2 input data lead to more realistic estiomst
of this parameter because values below 0.005 (derived fingB+2+1) are below the findings from in-situ measurements
(Muller et al, 2013). Our preliminary analysis of the refractive inderwh real parts of 1.50 to 1.55 for all combinations of
depolarization input for both mixed- as well as pure-dustditions (not shown). This result is more in line with indagent
measurements of this paramet®tifler et al,, 2013). For pure dust conditions we obtain imaginary pafrtgdo 0.020 from
the inversion of 3+2 data sets. All other sets lead to sicamfily lower values. For mixed-dust cases in whigy < 0.25, we
find significantly larger imaginary parts that show littiéfelience to the results of using the 3+2 input data set.

5 Summary and conclusions

We have performed a first systematic relational investigatif the effect of using different combinations of depdaation
information in the context of using it as additional inputtt@ inversion of optical lidar data into aerosol microplogsi
properties. In this work, we use 3+2+3 measurements olataiith the NASA LaRC HSRL-2 during DISCOVER-AQ and the
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TROPOS BERTHA during SALTRACE — two out of just three instrembs currently capable of measurifigsimultaneously
at all three wavelengths generally used in aerosol profiliitg lidar.

We have selected eleven observations. Increased valugsg.ofan be used as a proxy for the presence of an increased
concentration of mineral dust in atmospheric layers. Eggis of optical data have been created for each of the ingiVid
measurements. Depolarization input ranged from zero &etlhwavelengths. We focused on a relational study in view @f th
challenges connected to (i) using the AERONET light-sciattemodel that currently provides the best possible outgsilts
for sun photometer observations and (ii) the lack of ligtattering models that are proven to work for the special itmmd
of observing non-spherical particles at 180-degree obsiervangle (lidar configuration). We are comparing the ougf the
different inversion runs to each other and to the dust rdti@ioed from the optical data. In that way we want to identify
most plausible results.

We find that inversion without depolarization informatidre( the traditional 3+2 data set) cannot lead to non-sphkri
particle fractions larger than 40% even if non-sphericahkés, i.e. the spheroid Dubovik model, are used. We alsotfiat
the use of depolarization ratios at 532 or 1064 nm in comlmnawith the Dubovik model give unrealistically high non-
spherical particle fractions. These fractions generatlyeed the dust ratio inferred from the measurement$gf andds3.
following the procedure described Bgsche et al(2009a). While it needs to be emphasized that the non-spthédction as
inferred from the inversion is an artificial, non-physicak@ameter, it might be considered as the ratio of the coragorr of
dust to total particle concentration. The most realistin-spherical fractions is found when using depolarizatidorimation
at 355 nm.

The choice of depolarization input was found to have litffe@ on the retrieval of extensive parameters such as thane®
concentration and the effective radius that can be derrad this extensive parameter. The use of depolarizatiout iapany
wavelength, i.e. 355nm or 532 nm or 1064 nm, generally irs@edhe retrieved values of the 532-nm SSA compared to the
3+2 input. Our hypothesis is that the use of depolarizatiborimation leads to a lower value of the imaginary part cormgo
the inversion in which the traditional 3+2 data set is usathgequently SSA increases. We conclude that any choicgof in
data to microphysical inversion using the Dubovik modeldseptable as long as it contaifig;. However, we do not find a
significant advantage of using thréever using) at fewer wavelengths. This result leads us to conclude lieatiost suitable
input data set for lidar inversion using spheroid kerne®t2+1 in which we usésss.

We investigated the connection between output of invessiondifferent sets of input data. Definite conclusions caly be
drawn if coincident independent in-situ data were avaddbt the considered cases. An alternative approach toroireat any
reliance on the accuracy of the non-spherical fraction ditwel to separate the optical input data according to theibatitns
of spherical and non-spherical particl&egche et al2009a, 2011b) before running the inversion with non-siphéfractions
setto zero and unity, respectively. In any case, the usehefrefls for approximating light-scattering by non-spbarparticles
is limited for lidar applicationsNliller et al., 2013) and new models with more realistic particle georastélahnert et al,
2014;Nousiainen and Kandle2015) will be needed to accurately link microphysical fdies to the optical parameters mea-
sured with advanced aerosol lidaGasteiger et al.2011). It is quite possible that such improved light-seré@tig models will
show better skill in extracting the informational contentyided by particle linear depolarisation ratios at 532 4064 nm.
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Figure 1. BERTHA measurement from 2310 to 0210 UTC on 20-21 June 2014gi®ALTRACE. The measurement is representative for
pure mineral dust conditionsi@arig et al, 2017a). The colored circles mark the data points we used to compile titevargations of input

data sets for our data inversion (Table 2). Error bars refer to theathdeviation of the height average. Further details on this measurement
are given in Table 1.
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Figure 2. Inversion results of effective radius (a), 532-nm SSA (b), ndmesigal fraction (c), and volume concentration (d) for eight inversion
runs using the input data presented in Figure 1. The dashed line in the pietmon-spherical fraction refers to the contribution of dust to
the 532-nm backscatter coefficient that can be obtained accordingpodtedure described Biesche et al2009b).
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Figure 3. Same as Figure 2 but for an HSRL-2 measurement performed dinéngecond DISCOVER-AQ Texas flight on 25 September
2013 in the vicinity of Deer Park (29.678, 95.128W). The colored circles mark the data points we used to compile the invargah

data sets (Table 2). Details on the time of flight, and dust mixing ratio and@dypes are given in Table 1.
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Figure 4. Same as Figure 2 but for the input data presented in Figure 3. Theddasheefers to the profile of the dust mixing ratio obtained
according tdBurton et al.(2012).

20



Atmos. Meas. Tech. Discuss., https://doi.org/10.5194/amt-2019-71 Atmospheric
Manuscript under review for journal Atmos. Meas. Tech. Measurement
Discussion started: 20 March 2019 Techniques
© Author(s) 2019. CC BY 4.0 License.

Discussions

6 T T
13 July 2014 1 :I,II,III,IV, , VI, VII, 1
5F 355n0m 4 F ¢ O]
L 532nm 4 |
[ 1064 nm ]
—~ 4 4 F
E I
x [
£ of 1F
2
o F
I 7F d E
1- — -
0 FEETEr S I AT AN A AT R AT S IR :||||I|||I 1 1
5 e [ AT AR
I 1 1L, IV, Vv, Vi, VI 1
17 July 2014 ] |
4F 355 nm
b 532 nm B
- % 1064 nm A
sy
- = -
<
o)
S 2
) %
) 1t 4
c - d
fY I I PP I R IO [ N T
0.0 0.1 0.2 0.3 0 20 40 60 80 100

Part. Lin. Dep. Ratio  Non-spherical Fraction

Figure 5. Profiles of (a and ¢y, and (b and d) the retrieved non-spherical fraction for DISCOVER&@®brado flights on 13 and 17 July
2014. Note that values differ from Figure SBurton et al.(2015) as we have used a longer averaging period of 23 minutes inaski(see
Table 1).

21



Atmos. Meas. Tech. Discuss., https://doi.org/10.5194/amt-2019-71 Atmospheric
Manuscript under review for journal Atmos. Meas. Tech. Measurement
Discussion started: 20 March 2019 Techniques
© Author(s) 2019. CC BY 4.0 License.

Discussions

1.0
0.8
0.6

04

Non-spherical Fraction

. setll,V, VI, Vi
b a5 X B

0.0

c

)

=

0

©

}

T

©

Q

=

o

_: “

o

(/2]

1

5

=z o é.o'o ’3..° ‘o. .

L s L. .
. .. Sbtll, I, I\(',VII
%0 0.2 0.4 0.6 0.8 1.0
Dust Ratio
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Table 1.Overview of the 3+2+3 lidar measurements taken with BERTHA and HSRheRused in this study. The HSRL-2 aerosol type was
determined following the procedure outlinedBarton et al.(2012). Note that HSRL-2 measurements include transit flights.

date time (UTC) height (km) meaiss dust ratio aerosol type

HSRL-2: DISCOVER-AQ California (2013), Texas (2013), Coloradq2014)

20130130 1656-1712 0.3-1.0 0.668.055 0.26-0.17 urban/pollution, fresh smoke
10-1.2 0.286:0.025 0.84:0.07  dusty mix

20130208 1737-1802 2.0-24 0.380.039 0.95-0.09 dusty mix
3.8-4.2 0.113-0.005 0.320.02 dusty mix, urban/pollution

20130925 2057-2105 0.3-24 0.G80.009 0.35-0.03  dusty mix, urban/pollution
20130926 2036-2041 0.3-21 0.196.048 0.37A0.10 dusty mix, urban/pollution
20130928 1612-1617 0.3-1.9 0.046.007 0.1A0.03 urban/pollution

20140713 1435-1446 0.4-3.0 0.G8@.033 0.34-0.11  dusty mix, urban/pollution
1713-1736 0.5-5.1 0.240.053  0.64-0.14  dusty mix
20140717 1917-1919 2.0-4.0 0.043.004 0.00 urban/pollution, polluted marine
20140722 2009 -2036 2.0-3.0 0.183.010 0.59-0.03  dusty mix
3.0-55 0.10£0.029 0.3Z&0.09 urban/pollution, dusty mix

BERTHA: SALTRACE, Barbados

20140303 2230-2330 1.0-2.8 0.128.041 0.320.17  dusty mix
20140620 2310-0210 1.0-4.0 0.250.018 0.830.06 mineral dust
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Table 2. Combinations ob that were used as inversion input in addition to the conventional 3+2 dgt8edd). The lower part of the table

provides the slope, intercept, and squared correlation coefficientisefdinear fits between dust ratio and non-spherical fraction presented

in Figure 6.
data set # I 1 \% \Y VI Vil Vi
355nm - X - - X X - X
532nm - - X - X - X X
1064 nm - - - X - X X X

Slope 0.13 0.85 040 0.09 091 0.88 041 0.93
Intercept 18 8 58 80 8 11 62 13
R* 016 068 0.33 003 0.73 068 046 0.73
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