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Abstract

Increasing interest in polarimetric characterization tha@spheric aerosols has led to the development of compéatmls-

measuring (Mueller) polarimeters that are capable of nréagthe entire backscattering phase matrix of a probedmeluThese
Mueller polarimeters consist of several moving parts, WwHimit measurement rates and complicate data analysishisrat-

ticle, we present the concept of a less complex polarizditar setup for detection of preferential orientation ofnaspheric
particulates. On the basis of theoretical consideratidrdata inversion stability and propagation of measuremegertainties,
an optimum optical configuration is established for two nsodeoperation (with either a linear or a circular polarizadident

laser beam). The conceptualized setup falls in the categfancomplete sample-measuring polarimeters and usegdifetection

channels for simultaneous measurement of the backsahtighe The expected performance characteristics areigssd through
an example of a typical aerosol with a small fraction of jmée8 oriented in a preferred direction. The theoreticalya@msuggests
that achievable accuracies in backscatter cross-seeiwhdepolarization ratios are similar to those with conesat two-channel
configurations, while in addition preferential orientatican be detected with the proposed four-channel systemwatearange of
conditions.
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1. Introduction [2-8], and serve as indicators for multiple scattering amdtie

. . . . .___presence and discrimination of nonspherical scatterers0p
Lidar techniques have been applied since the late 1960's angheferential orientation of nonspherical particles masutein

have become indispensable tools for characterizationeodth  gjgnificantly higher (or lower) fiective cross-sections for ex-
mosphere [1]. The laser light used to interrogate the atmognciion of incident radiation than expected from orieiuat
sphere leaves the dynamics of the probed fluid unperturbed aRyveraged cross-sections, and may thus cause significaotsy m
therefore enables characterization of conditions in timeoat (or less) participation in radiative energy exchange. An ex
sphere with high temporal and spatial resolution. Poléitea  5mpje reported in this paper shows that the scattering -cross
lidar systems provide information on changes in the paariz e ions for the studied particles vary over more two ordérs

tion state induced by the scatterers in the probed volume el‘?nagnitude depending on the particle orientation relativthe
ment, which are commonly quantified in terms of changes i’bropagation direction of the incident light.

the overall backscatter cigient and in the linear (or circular)
depolarization ratio [2]. The backscatter fii@ent quantifies Kaul et al. [11] showed with their measurements of the
the amount of light scattered into the backward directiod an backscatter phase matrix that large hexagonal faces ofyse ¢
thus characterizes the optical properties of a probed meigio tals in cirrus clouds tend to align with a horizontal planed a
the atmosphere [1]. Depolarization ratios have been udedex produce visually observable sundogs and light pillarsbéine
sively to discriminate between ice and water phases in sloudparticulates, mostly inorganic dust particles, biogeritiples,
and soot aggregates [12], are considerably smaller thamyse
c , tals (a few nanometers to several micrometers versus tens of
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dynamic, electric and magnetic forces have convenientnbe and temporal resolutions are limited by the maximum rotatio
assumed to be ifiiective in producing appreciable particle ori- speeds to maintain well-controlled alignment of retarders
entation, but the validity of that assumption has been dresd As an alternative to these Mueller polarimeters, we inves-
in recent years based on theoretical considerations aretiexp tigate a polarization lidar setup with stationary, staddap-
mental evidence [14, 15]. Whether caused by preferential oritical components in this study. The conceptualized sysem i
entation or by insfficient population size (when the number of free of moving parts and therefore more robust, and permits
particles of a kind is too small for each sampled particleaeeh  faster sampling rates than conventional Mueller polararget
a particle in reciprocal orientation present), an imbaéeingdhe It is, however, an incomplete sample-measuring polarimete
particulate orientation may lead to erroneous interpi@tadf  that provides information only for a subset of backscattar m
depolarization ratios. Measurements sensitive to deiggar-  trix elements. This solution is still adequate for approxien
ticle ordering therefore complement traditional depalation  characterization of the probed volume, and in addition has t
measurements and could provide valuable insight into atmgpotential of providing data with increased spatial and temp
spheric aerosol dynamics, enabling better, unbiasedpirgtr-  ral resolution. This new concept can thus be placed between
tion of lidar returns. the afore-mentioned complete Mueller polarimeters an#esto
Over the past forty years, the merits of measured depotarizgolarimeters. Accepting partial information on the baeltser
tion ratios in the characterization of atmospheric aembalve phase matrix enables reduction of the instrument complexit
led to wide-spread application of polarization lidar sys¢ein  that translates to increased reliability, which is patachy im-
various configurations. Early systems fall into the catggor portant for applications in extreme environments such as th
of Stokes polarimeters (or light-measuring polarimet&@]);  Arctic region. Application of high-quality lasers, detert
which measure the polarization states of the returnind.ligbr ~ and data acquisition equipment with the outlined system en-
instance, Pal and Carswell used a three-channel system to debles measurements with higher spatial and temporal tésolu
termine the first three Stokes parametei®, U [17]. A four-  than polarimeters with rotating optical components. Alsgen
channel Stokes polarimeter has been investigated by Houst@f moving parts facilitates processing of detected sigriads
and Carswell [18], who, based on their findings, concludeccause of the less-demanding need for component modeling to
that the increased complexity outweighs the benefits of-fourproperly account for imperfections and angular alignment u
component measurements and recommended two-channel meartainties. The design concept of the instrument featsires
surements as the modtieient lidar approach [18]. The system multaneous measurement of all pieces of information that ar
described in [3] uses two channels for detection, but it is caused in the data inversion. This eliminates uncertaintis®-a
pable of measuring the full Stokes vector of the backseadter ciated with temporal variabilities in the probed aerosod &-
light by utilizing three switchable ferroelectric cellsgether cilitates application of advanced denoising approachetheo
with a quarter-wave plate to vary the polarization statesiipp ~ recorded data stream.
nal generation and analysis. The instrument allows foriguas In this theoretical study, we explore the feasibility of kuc
simultaneous measurement of both linear and circular depol a polarization lidar system for the measurement of the @egre
ization ratio, and was proposed mainly for detection ofriiée  of preferential orientation, depolarization ratio, andhkscatter
ice platelets in clouds. A single-detector system with Bty codficient. Specifically, our focus lies on theoretical develop-
switched polarization states of the incident beam is dieedri ment of configurations that exhibit optimal measurement sta
in [19]. bility when the polarization state of the incident proberbaa
Mueller-matrix polarimetric lidar systems for measuremen held fixed. For the development, we first discuss the general
of the entire backscatter matrix have been described by Kaudtructure of the backscatter phase matrix and establishieom
et al. [11], and more recently by Haymaet al. [20] (these nations of matrix elements suitable for indication of prefe
systems are considered complete sample-measuring petlarintial orientation. We then determine the configuration of arfo
ters [16] for their ability to fully determine the backs@atma- channel system with either a linearly or a circularly paad
trix). Since preferential orientation can be detectedufgto incident beam that measures the desired quantities with min
evaluation of the magnitudes offaliagonal elements of the imum uncertainties. Finally, the expected performancehef t
backscatter phase matrix, these systems can provide iaformoptimum configuration is compared with the performance of
tion regarding the presence of oriented particles. Howevetraditional two-channel systems for measurement of depola
for the measurement of a scattering matrix it is necessary tzation ratios and backscatter ¢heients. The capabilities of
vary polarization states of both sounding beam and anayzerdetecting preferential orientation are discussed on tlsés
which is commonly achieved by means of rotating retarder&n aerosol consisting of prolate ellipsoidal particlesweiptical
[21]. The scattering matrix from these measurements is thugroperties of typical atmospheric inorganic dust.
determined by combining signals acquired ditedent sampling
times. The results are cor_lsequently only re_lie_lble if th_ebpd) 2. Theoretical Background
sample is temporally sficiently stable. Validity of this as-
sumption is clearly questionable in the light of inheremhte The assumption that the probed volume contains a large num-
poral and spatial variability of composition and charastears  ber of randomly oriented particles is valid in many pradtica
of atmospheric aerosols. Variation of the retardancesmsitir  situations, but may not be completely justified when ice crys
tion angle may produce additional systematic error, antadpa tal and other nonspherical hydrometeors and dust are fresen
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While for large preferentially oriented particles thfeet on

the measured depolarization ratio may be strong enoughsor d

crimination, it becomes increasinglyfficult to detect preferen-
tial orientation with conventional techniques when the bem
of particles or their size decreases. With the aim of imprgvi
the capabilities for detection of preferential orientatiove ex-
plore the feasibility of measuring some of th@&-diagonal ele-
ments (or combinations thereof) of the backscatter phas@ma

2.1. Structural dependence of backscatter phase matrix on ori-
entation angles

For the choice of an appropriate lidar configuration it is in-
structive to examine the orientation dependence of thedzatk
ter matrix for axisymmetric particles, which in many casps a
proximate reasonably well the shape of solid particulates o
aerodynamically distorted water droplets. As an example of
an axisymmetric particle, we use a prolate ellipsoidaliplert

that vanish when the probed aerosol consists of fully rangom e particle is assumed to be located in the origin of a lab co-

oriented particulates. Statistically significant nonzeatues in

ordinate system whoseaxis is aligned with the propagation

these d@-diagonal elements should thus reliably indicate pref-girection of the incident light. Adopting Mishchenko’s defi

erential orientation.

Light scattering characteristics of an individual padids
commonly described with the 4 4 scattering phase matrix
Z, which transforms the Stokes vector of incident li@ =
(1,Q U,V)! . to that of the scattered liglsa (we define all
vectors as column vectors and Us® indicate transposition).
For an ensemble of randomly positioned, independentlyeseat
ing particulates, the ensemble-averaged scattering phats
is given by the superposition of individual scattering ham-
trices,i.e. (Z) = Z,’Ll Z,. For single scattering in the exact
backward direction, the phase matrix of an individual feti

in fixed orientation is composed of nine independent element

[22]:
Z11 Zip iz Zig
Zip  Zyp Zpz Zoa
Z s 1
~Z13 ~Zoz 23z Zz @
Zis  Zoa ~Zzs Zaa

with Zy3 — Zos + Z33 — Z44 = 0. For a collection of indefinitely
many, randomly oriented particles of arbitrary shapesstia-
tering matrix simplifies to [22]

Zi1 O 0 Zu

1o z 0o o

2=l 0 0 -z» 0 | (2)
Ziy O 0 Zuy

where in general 0< Zpy < Zy1, Zyg = Zi1 — 275, and
Zyy — Z11 < Zasa < Zy1 — Zpp. If each particle has a plane of
symmetry,Zy4 = 0; in addition, for homogeneous, optically in-
active, spherical particled;; = Zy, = —Z44 [22]. Comparison
of Egs. (1) and (2) clearly reveals that the key to sensitie d
tection of preferentially oriented particles lies in thebsis of
off-diagonal elements other thah,. Although the gas back-
ground may contribute significantly to the diagonal elera@t
the overall ensemble-averaged scattering md#ix this con-

>

line of nodes

Figure 1: Euler angles of rotatiom, 8, andy. Laboratory reference frame:
{x,y, z}; particle reference framéx’,y’, Z}. Reproduction of Fig. 2 in [23].

nitions [23], we assume thg-axis of the particle coordinate
system is aligned with the particle symmetry axis (see Big. 1
The angles > [0, 180°] then measures the angle between prop-
agation direction and the particle symmetry axisy [0, 360°)
specifies the rotation angle about thaxis such that forx = 0

the particle symmetry axis lies in the-plane of the lab co-
ordinate system (the third Euler anghe, has no significance
for axisymmetric particles and is set equal to zero). Actayd

to the analysis by Het al. [24], axisymmetric particles fall
into Class ). The symmetry properties of any scatterer in that
class manifest themselves through regularities in the dzadtk
ter phase matrix with respect to the azimuthal orientation a
gle a: Z;, andZ34 are proportional to cos Z;3 and Zy4 to

sin 2v, andZy3 to sin 4v, with proportionality constants depen-
dent on the polar anglg. Z;1 andZy, are independent af,
whereasZ,, andZs3 havea-independent components with su-
perimposed cosédcomponents. The overall magnitudes of the
matrix elements are functions of the polar angjl@article size
and the refractive index. As an example, Fig. 2 shows theerie

tribution can be subtracted using complementary Raman-lid tation dependence of the backscatter phase matrix elethent
measurements, for instance [1]. But regardless of the bacland the other independent elemeftsrelative toZy for a pro-

ground correction, nonzero ratios off-@iagonal elements to
Z31 indicate preferential orientation (the strength of thei-ind
cation certainly improves, however, when contributioranir

late ellipsoid with an aspect ratio of 2 : Zy¢4 = Z4; = O for
particles in this class and is therefore omitted in Fig. 2).
Fig. 2 illustrates the sine-cosine dependences with réspec

randomly oriented scatters (such as the gas moleculesjlare s the azimuthal angle, but also shows the range in magnitude of
tracted). The ffect of molecular backscattering is therefore notthe backscatter cdigcientZ;;. While independent frory, Z;,

considered in the following development.

varies over more than two orders of magnitude over the entire
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2.2. Sgnal models and instrument matrix

For the development of a suitable configuration, we assume
a setup with a fully polarized incident beam with either &ine
(“L-setup”) or a circular polarization C-setup”), similar to the
time-proven configuration of conventional polarizatiaiali se-
tups. According to [18], polarization states are presedtegthg
transmission even through relatively dense cloudsysing the
scalar radiative transfer equation to represent the paijfmagof
incident and scattered light through the atmosphere isid val
approximation. The optimum configurations are determined
from the relative magnitudes of the signals in the four chan-
nels, expressed as comparabl@eaiential cross-sectiorys. We
assume that the lidar return light is collected with a sirigle-
L N L R T S scope and subsequently split into four beams for analysi$ s
o) o @eg) o) that signal ratios become independent of range-depenaent g
ometry factors. The optical trains for detection of the lsmeit-
Figure 2: Backscatter phase matrix elements relativé;fo(in cn?/sr) as a

function of the azimuthalk) and polar g) orientation angles for a prolate ellip- tered light are assumed to consist of beam splitters, Iy )

soid with aspect ratio 2 : 1 and a major axis size paramgter2rb/A = 49.6. 1zers, a_nd optlonal quarter-wave pIates, ?-S well as _ba_-s_d[bas

This size parameter corresponds to auh®long particle illuminated with vis-  ters, mirrors, fast detectors and electronic data acipnssys-

ible light at 6328 nm wavelength. The particle refractive indexns= 1.53 + tems. We assume each of the four sub-beams passes an optiona|

|0.008,_Wh_|ch is a typical value fpr mlnergl dust_ pa}rtlcles |na|lmosphere‘; the quarter-wave plate and a linear polarizer before arrivir@a

refractive index of the surrounding medium (air) is set . T'he calculations

were performed using the extended-precisiematrix code by Mishchenket dete_Ctor faC(-‘-T. The system thus employs four analyzer_ dtates

al. [25-27], downloaded from [28]. The angular resolutit = A8 = 1° ; provide four independent measurements for charactesizafi

Zij (180 < a < 360, 90° <B< 180°) = Z|J (- 180, 180° —B) due to the the probed aerosol.

particle symmetry The attenuation-corrected fiiirential cross sectiong (in
m?/sr) in each of the four analyzer channels: 1,...,4 are
given by
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range of polar angles. This translates to a root-mean-squareWherey; is the measured voltage divided by the respective cal-
(rms)-deviation of the backscattering beientZ;1(e, 8) from  ibration constante = (1,0,0,0)" selects the first component of
the value for randomly oriented particléZ;;) of about 67% the Stokes vector (which is the only one directly measurable
(rms? = f02ﬂf0" [Z11(a, B) — (Zu1)]? sinB dBda/4x). This large by a detector)p; is thg Mueller matrix for the linear polariz_er,
orientation-averaged rms value indicates that there istenpo Qi 1S the Mueller matrix for the quarter-wave plate. Assuming a
tial for massive over- or underestimation of the amount ofipa [1X€d reference plane defined by the direction of the propagat
cles if the particles are predominantly aligned in a pakicdi- laser beam and the electric field vector of the linear potariz

rection. As shown in Fig. 2,fbdiagonal elements can assume 'aS€r output (the field vector is parallel to the referenaag),
absolute values as large as the backscattdficmitZ;. Anal-  the normalized Stokes vectors are givenlpye = (1,1,0, 0)!

ysis for axisymmetric particles with large absorptionféogent ~ ©F !cinc = (1,0,0, 1)' for L- andC-setups, respectively.

(such as black carbon or soot [29]), reveals that the strect For estabhshmg 'ghe best configuration, ideal componamts a
the backscatter phase matrix is similar, but that the maximu COMplete polarization of the probe beam are assumed. The
absolute values of thefladiagonal elements are considerably Mueéller matrixP; = P(yi) for the linear polarizer with the trans-
smaller (less than 10%) thah; (results not shown here). The mission axis at an angjg relative to the_ reference plane is de-
inherent zero-crossings offediagonal elements at someg fined in [30]. The polarizer passes f|eld_ components parallel
combinations suggest that linear combinations Bfdiagonal ~ ©" Perpendicular to the reference plangif= 0 ory = 907,
elements produce zero values in some situations of prefaten '€SPectively. The quarter-wave plate is modeled as an ideal
orientation, thus falsely indicating randomness in theigar ~ 'etarder with retardancg and with the fast axis anglg rel-
orientation. It appears reasonable to combiffedtagonal el- ative to the reference plane. The Mueller matrix of an ideal
ements that are phase-shifted with respeat,teuch asZ;, or ~ rétarderQi = Q(di,£) can be found in [30]. ~ The retardance
Zs4 With Zy3 OF With Zsg, to increase the rate of correct indica- 'OF & quarter-wave plate equais- 90°; for detection channels

tion of preferential orientation, but there is no real adage of ~ Withouta quarter-wave platej = 0°. ,
one over the other combination. Configurations in whigh With eq. (3) and the elements of the backscatter phase matrix
combines with one of the diagonal elements, on the other,hand arrangt;ed into a vectar= (211, Z1o, Zu3, Z1a, Zo2, Z23, Zo4, Z3s,
seem beneficial since many types of atmospheric particles ha 234 Z44) [21], th‘f measured light intensitigs; for theL-setup,

a symmetry plane according to Clagy (24]. AsZi = 0 for  'Linc = (1,1,0,0)', are expressed in matrix form as

that symmetry class, the element that is combined &jthis 1 .

determined with little systematic error. YLi=35 (L,1+a,bi,di,a,b,d,000)-z=x;, ;2 (4)



where For theC-setup,lcinc = (1,0,0, 1)!, the configuration vector
is different, but structurally similar. Now, the measured light

& = cos %i + (1 - cosdi) sin Z;i sin 2(yi — &) intensitiesyc; are given by
bi = — coss; sin 2y — (1 — cos6;) sin 2 cos 2fi — &) 1
di = sing; sin 2y — &) Yei = 5 (La,b,1+d,00a,0-b,d) z=X,c;z (8)

Examination of the measurement vecigy ; in eq. (4) re-  ith a;, bi, andd; as defined earlier.
veals thaZzs, Z34, andZ44 cannot be determined since no com-

binatio_n of retardanc.e, fgst axis angle and polarizer awdle  po concluded thalp, Zo3, andZsz cannot be determined and
result in signal contributions from .thes'e elements. Moegpv elementZ;, andZ,s, as well asZ;3 andZs, are indistinguish-
elementsZi4 andZy4 cannot be distinguished because for anyapie - As for thel-setup, at most four independent parameters

choice ofé;, ¢i andy; the two elements contribute equally ©0 41 he determined, regardless of the numbgertint detection
the measured intensity. The same is true for elem&ptand  jines. To determine the full parameter vecterdefined as
Zy3. ElementsZ; 4, Z1, andZy; are linearly linked and any com-

By examining the measurement vectgys; in eq. (8) it can

bination 6, &, xi) provides information for only two out of the o1 Zi1+ Z1a
three. A configuration with four or more detection lines,leac o Zi» + Zoa
of which consisting of a linear retarder and a polarizer, and §c = & | Zi3-Zas ©)
linearly polarized probe beam thus enables determination o &ca Zia+ Zaa

at most four independent pieces of information. In our four-
channel configuration the four independent pieces of inferm we again use four detection lines, specified througl, . . ., 4.
tion, denoted as parameter vec§pr are fully resolved.£, is  The detected intensity in thieth channel follows from egs. (8)

naturally defined, based on the analysis above, as and (9):
1
fu1 Zi1 + Z1» yei =3 (La,bi,d) - €c = Xcj éc (10)
& = ?’2 = ?2 I 522 . (5) Similar to eq. (7), the vector of measured intensitigs=
L3 13 23

(Yei,---»Yca)t = Xc &c, with the row vectorsgtf’cyi (eq. (10))
stacked to obtain the measurement ma¥i By compar-
The equation for the detected intensity in thth channel, N9 €gs. (10) and (6) one can easily see Wat= Xc. With

eq. (4), can thus be rewritten as this, the task of finding an optimal configuration as discdsse
below simplifies since best-possible performance for bg#i s
tem configurations is achieved with the same set of parameter

ELa Zia+ Zo4

1
yui=5@ab.d) & = Xe i €L - (6)

The conventional two-channel system with,¢,x}1 =
{90°,90°,-45°} and {6,,x}, = {90°,90°,45°} results in
Xzca « (1,0,0,0,0,0,0,0,0,-1) andx,c> « (1,0,0,2,0,0,
0,0,0,1).. This gives the circular depolarization ratig =
Yea/Yer = (Za1 + 2Zy4 + Z4a) [(Z11 — Zag) OF dc = Yc2/(You +
yc’z) = (Zj_]_+ 2214+Z44)/2(Z]_1+Z]_4) [31] Due toZy4 # 0 also

The measurement matriX, for the four-channel system,
which relates the vector of the combination parameferso
the vector of measured intensitigs= (y_1,...,YL4)!, is com-
piled from the row vectorx;Li defined in eq. (6) according to

Xt - :
Xf»L’l for randomly oriented particulates, both elemesis and Z44
YL = Xf,L’Z E=X & . (7) are .biased unle;s the aerosol consists _of qasssjmmetric
¢L3 particles [24]. With the chosen parametrization §er the de-
XeLa polarization ratios follow aéc = (éc1 + éca)/(éc1 — éca) @and

dec = (1 + éca/éca)/2. As before, simple manipulation enables
direct comparison with traditional polarization lidar ués. Di-
rect interpretation of thgc; andy,; is, however, complicated
as the measured signals are linear combinations of sevaral ¢
ponents ofc or & .

The conventional two-channel system with,{,x}1 =
{0°,0°,0°} and {6,Z, x}2 = {0°,0°,90°} yields, according to
eq. (4),%;11 « (1,2,0,0,1,0,0,0,0,0) andx, > « (1,0,0,
0,-1,0,0,0,0,0)". This gives the linear depolarization ra-
tio 6. = Yio/Y1 = (Zu1 — Z22)/(Z11 + 2Z12 + Z3p) OF
du = Yo/ (Y1 +Yi2) = (Zu—2Z22) [2(Z1a + Z12) [31]. If
the probed aerosol truly consists of randomly orientedipart 3. Optimum system configuration
cles 12 = 0), both backscatter cross sectidfy and ele-
mentZ,, can be determined correctly, otherwigg and Zy» For the system design, specified in terms of the parame-
are biased. With the chosen parametrizationéigrthe depo-  ters{d, ¢, x}i=1...4, We use the ratio between the largest and the
larization ratios follow as, = (£L1 — éL2)/(éL1 + éL2) and  smallest singular values of the measurement matis the cri-

d. = (1 - &.2/£.1)/2, which shows that the measured, com-terion for the optimization of Mueller matrix polarimetdgdl].
bined parameterg, can be easily transformed into the tradi- Singular Value Decomposition (SVD) of yields X = UDV",
tional depolarization ratios. whereU andV are orthonormal matrices aibd= diag(us, ...u4)



is a diagonal matrix with the singular valuesXfas the diago- strumentation is envisioned to be similar to conventiora p
nal elements. If the measured cross-sectioasXé contain ad-  larization lidar systems. The generator side involves rsgpa
ditive, independent, identically distributed noise witiriance  conditioning of the pulsed laser beam to produce the desired
o, i.e. the covariance matrixy = o?diag(11,1,1), then the polarization state, beam expansion to reduce beam diveggen
covariance matrix of the desired quantitées X1y follows as ~ and steering of the beam to align it with the optical axis of
X = X1 X '= o2(X'X)™! [32] (the "is used to distinguish the receiver telescope. The analyser side consists of a tele
noisy estimates from the true, underlying quantities). hwit scope, optical components as shown in Fig. 3, detectorsqpho
the SVD ofX this expression simplifies tB; = ¢?VD2V'= counters or photomultiplier tubes), and electronics tousian
VAV!, which is the eigendecomposition Bf with the eigen-  neously record the signals in the four analyser channelsand
matrix A = diagE?/u2, . ..,0%/u3). The ratio of singular val-  optional channel to monitor the intensity of the laser bedm.
ues measures the degree of singularityX{smaller ratios are conventional two-channel polarization lidar system carsthe

the indicators for lower degree of singularity, or good dend upgraded in a straight-forward manner. Placing the fouampol
tioning [33]), and also relates to the amplification of ndise izer angles as specified in eq. (11) and calibrating the detec
the signal inversion (a well-conditioned design matrixssfa  tion side is somewhat more complicated, but could be based on
as possible from being singular and thus results in a batanceRayleigh-scattering from a gas with known scattering csess
distribution of noise over the derived quantities). In grtie  tion [30] to minimize systematic errors. As discussed inenor
determine the four unknown quantitiés ..., &4 with our four-  detail below, the measured signals follow trigonometria-re
channel system, the ¥ 4 matrix X must be full rank, which  tionships with respect to the polarizer angle, which maytbe u

implies that all four singular values must be non-zero. lized in that procedure.

The optimum configuration parameter vectésd, yti-1,.4
was determined numerically using a genetic algorithm [&4], BS Qs P D
lowed by a deterministic optimization routine [35], bothripaf o :|:[>
the R-code software package [36]. The first step was to find | |
the smallest possible ratio of singular values by varyind 2l

eral independent runs of the genetic algorithm convergéago

p
components of the configuration parameter vector in theasng BS M
0° <6 <180, 0° < ¢ <90°,and 0 < y; < 90°. Sev- 5

P

i - i BS Beam Splitter
one and t.he same Optlmum%/um,n = .\/I_’:, suggesting that pI i | @ Quanerwaveplare
the algorithm parameters (population size, number of gener K/I kj‘pearPolarizer

. P . O
tion, probabilities for mutation and cross-over, etc. j34gre W ﬁ D  Detection

chosen adequately. In the second step, the search spabe for t

configuration parameters was increasingly constrainedeby r Figure 3: Schematic of an optimum four-channel polarizatioarlsystem.
ducing the number of varied configuration parameters umgil t

singular value ratiov3 could not be achieved any longer. The Examination of eq. (11) shows that the optimum configura-
remaining parameters were fixed at convenient valug$ai0 tion is represented by a single characteristic agpglefining all

the angles of the fast axis orientatigin 0° or 90" for the re-  four polarizer angless, . . ., y4. With the waveplate retardances
tardancess;). The optimum configuration for four detection and orientation given in eq. (11), the measurement maxtifix

channels from this procedure is given by both configurations is given by
{0,&xh = {0°,0%y} 1 cos®y -—sin2 0
6,00} = {0°,0°,—y} X _1] 1 cosy sin2 0 (12)
{6’ {7)(}4 = {900’ 007 _(90D - ’)/)} (11)

For statistically independent measured cross-sectionish
equal variances the covariance maftix = o2diag(1 1,1, 1),
which yields the diagonal covariance matrix

wherey = (1/2) arccos (1V3) = 27.37°. Detection lines 1 and
2 thus consist of only linear polarizers with the transnassi
axis at an angle of:27.37° with respect to the reference
plane; each of the detection lines 3 and 4 have a quarter-wave - 2 2
plate with the fast axis aligned parallel to the referen@mel Le=0 d|ag(1, R nc et e ) - (13

. X : A cog 2y’ sirt 2y sir? 2y
and a linear polarizer with a polarization angi62.63°
relative to the reference plane. The four-channel system caln this case, the noise variances in the calculgteandé, are
thus be viewed as a combination of the two conventionakqual regardless of. For the optimaly, which yields highest
polarization lidar systems, but withftitrent polarizer angles possible fidelity in all four derived quantities, the vaigas of
to accessfi-diagonal elements of the backscatter phase matrixé,, &3, andé, coincide.

The schematic shown in Fig. 3 is an example of an optical For an ideal photon counting system for light detection, the
train of the analyser side for both setups.  The overall in-observed counting noise is proportional to the detectemnad
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flux, i.e. o « y;. Assuming channel-independent transmissionmatrix equals
characteristic, the covariance matily = Kdiagfy:,...,Ya).
Usingy = X& gives 1/V3 -v2/V3 0

1
111 yv3 +V2/3 0
1

1 (2/£61) (é3/&1) (é4/€1) X = = (15)
Ke | ©16) =32 L Gz 211 -1y \/«@ 0 \/\/E'/ «/5,_
_ 1 CO! cos cos 1 -1/V3 0 N2/ V3
Yigh = —=
0G| ey G 2ogmr g | .
(é4/€1) _%éé_le/) 0 24(6;{:213 ;052/ Interestingly, the four vectorg formed from the-th row vector

(14) of X such t_hat/i = (Xi2, X3, Xi.4) span a regular tetrahedrpn, a

result obtained also by Azzam [37] for the optimum configura-
tion of a quite diferent four-detector polarimeter. The inverse
of the design matrix for conversion of the measured intessit
y to produce estimates of the unknowns

In this case, correlations can be avoided only,ifé; and &,
are equal to zera.e. randomly oriented particles witf) = 1
or 6c = 1 for thelL- and C-setup, respectively). It is worth
noting that the variances in the calculatés are determined
by & andé,, apart fromy. For thelL-configuration, in which £=x1y (16)
& assumes nonzero values also for randomly oriented values,

the uncertainties in the determined orientation markersnd  follows as
&, are dependent on the depolarization characteristics of the

probed volume. In contrast, with circular polarized ligtite 1 1 1 1

variances of all four calculategls are only proportional t@; X1 = 1 V3 V3 -V3 -3 17)
when probing randomly oriented particulates (sigge= 0). 2| -v6 V6 0 o |’

This polarization-insensitivity suggests that Besetup is su- 0 0 V6 -6

perior with respect to the noise transmission charactesist
Fig. 3 illustrates the sensitivity of expected uncertaistic-
cording to egs. (13) and (14) as a function of the andiar the
two limit noise conditions discussed (assuming= Ké&;/2 =
1). As clearly seen, the optimumis given by the intersec-

which, for the case of independent, identically distriloLieea-
surement noise of varianee?, yields X, = o2diag(1 3,3, 3)
(see eq. (13). For an ideal shot-noise limited syst&m; fol-
lows from eq. (14) as

tion of the curves for the standard deviatian&), ..., o(£4) & & & &

for signal-independent measurement noise=( const). For K| & 34 \/553 V3,

the photon-counting case(é3) and o(44) increasingly devi- Yeeon = 20 & V3&s 38+ V3L 0

ate from the thick lines for- = const with increasingé,/é&;. 3 0 _\3

The optimumy, corresponding now to the intersection of the & ¥a ¥ 2 (18)

curves foro(&;) and for the larger of(£3) ando(&4), is there-

fore slightly larger (e.gyopt = 30° for &/ = +1). However, For conventional systems, for which the design matrices are

the increased uncertainty when usipng= 27.4° is small, jus- given by

tifying the optimization approach followed. Fig. 3 also siso 1/1 1 1/1 -1

that withy = 0 andy = 45°, which represent the conventional XL = §( 1 -1 ) ; Xe= é( 1 1 ) . (19
system configurationgz 4 or &, cannot be determined (as indi-

cated by enormous standard deviations). the corresponding covariance matrices are also diagooal, b

uncertainties are distributedffiirently: £ cony = o-?diag(2 2).

This suggests that, for comparable random error in the mea-
sured signals, the first combination elemént(either &, =

Zy1 + Z1p Or &1 = Z11 + Zy4 for both conventional and alter-
native systems) can be determined more accurately with the
0@, proposed four-channel systems. The variance in the second
combination elemengz = (212 + 222) or 64 = (214 + Z44),

in contrast, is 50% higher. Consequently, the proposed sys-
tem appears to have similar overall performance charaeteri

jo_sc(ig) for (§,/€,) = 1

+—0.6
0.4

02 O, 0(E,)
\ for (£,/8,) = 0
. or g = const.

N\

0(&,) for (§,/€) =1

0.2

a(®)

o(g,) for
(€,/8)=0.8

f )
Vo o&,)

. tics as the traditional systems. This analysis, howevejleaes
0 5 10 15 20 25 30 35 40 45 the fact that individual channels may havefelient levels of
Ve electronic noise and photon-shot noise. The latter is &t

with the finite number of detected photons in photomultiplie
Figure 4: Distribution of measurement noise in calculatechtitiesés,....&4  tubes or other photon-counting devices. Its variance ipqro
in dependence of the design angléor uncorrelated measurement noise with tional to the mean signal and becomes dominant when detect-
(a) equal, variance(y;) = 2, and (b) signal-proportional varianeé(y;) = . o > .
vi() for typical ratiosés/é1. ing low light intensities (corresponding to small photorxés)
[38]. A fair comparison must also account for the increased
For both operation modes (linearly polarized parallel andshot noise caused by the additional beam splitter in each pro

right-circularly polarized incident light) the optimum slgn  posed alternative system, and thé&eliences in the magnitudes



of the measured signals due to thé&eliences in the polarizer cross-sections can be expressey ayX —nx )& + 1+ €, where
angle settings. It is therefore largely dependent on thegmto #x represents the fierence between true and calibration de-
environment whether the proposed system out-performs-a traign matrix,£ is the underlying vector of unknows describing
ditional one or not, but undoubtedly itfers the advantage of the probed aerosoj is the direct bias in the measured cross
an extended capability for detection of preferential daéion.  section (typically a function of the underlying true signal
Apart from the full vectorg, linear combinations of the mea- represents the zero-mean random measurement noise. -Substi
sured cross-sections may be useful as crude indicatorsidor t tution into eq. (16) yields the expectatiod E £+X1 (-5 &)
presence of preferential orientation. For the system viribelr  (the covariance matrix; = X~1Z . X™). The systematic errors
incident polarizationd s + £L4) = V3/2(-YL1 + Y2+ Y3 F in measurements and system parameters thus result in abias i
yL4), and for circular polarized incident lightéd, + éc3) =  the estimated parameteys = X~ (n — nx £€). The magnitude
(V3/2)([1¥ V2lyc1+[1+ V2]yc2—Ycs—Yca). Inboth cases, of this bias strongly depends on the actual physical impteme
the calculated quantities are uncorrelated with variaBeésf ~ tation of the instrument, and should be evaluated in the quan
they;’s have identical, independent zero-mean noise with varitification of uncertainties of results derived from expegirtal
anceo?. data. Careful calibration.é. experimental determination of the
Finally, a feature dferent from conventional setups is that design matrixX) and, in certain cases, additional modeling of
all four measured lidar return cross-sections are grehsr t the optical transfer characteristics are necessary to biesgs
zero, regardless of the extent of depolarization or prefék at a minimum however. For the discussion of the instrument
particle orientation. As discussed in more detail in the-Dis concept in comparison with conventional systems (which, of
cussion section, the calculated paramegegsandé 4 (or &c2 course, are also susceptable to systematic errors) diaikd-
andéc3) provide independent estimates of the amount of noisgsis of the éects of systematic errors is of secondary impor-
in they; if the probed aerosol is composed of randomly ori-tance. In the following analysis we therefore focus on rando
ented particles. Specifically, the noise variances arenagéid ~ Nnoise, which in practice can be estimated using statigtiesh-
as#? = (553 + gﬁ 4)/6 or G2 = (Sc(Z:2 + 5(2:3)/6 if the mea- ods for time-series analysie.g. [39]) and ignore systematic
sured cross-sections contain identical independentmema errors in measured cross-sections and design matrix. We fur
noise with variancer2. With ideal photon-counting detection, ther concentrate only on an individual samplat some arbi-
(553 + 554)/6 and 5(2:2 + gés)/e give estimates of;. The trary time, since all information for signal inversion isjaired
two additional measurements thus provide information to assimultaneously in the four channels.
sess uncertainties in reported parameters when all pexiice Uncertainty estimates in derived ratios and functionst of
randomly oriented. are produced by applying the Gauss error propagation famul
(also known as Delta Method [40]). Expressed in matrix form,
the variance ing(¢) is approximated as-g = (Vo) Z¢ (V0),
4. Discussion wherevg(€) = (39/0&., . . ., d9/dé). This approximation pro-
vides adequate uncertainty estimates if the propagatesk noi
To illustrate the performance characteristics of the itives |evel is suficiently small. For the sake of the following discus-
gated lidar configurations we present examples of expeed s sjon we assume this assumption is valid, but point out thet th

nals and retrieved parameters. After some analysis of tberun  gptained uncertainties may be underestimated for largeat m
tainties associated with application of the proposed syst®a  syrement noise.

replacement of the traditional two-channel systems, tpécp
tion to ultra-short pulse lidar systems is discussed. Fopbt-  4.1. Randomly oriented particles
ity, we assume an artificial aerosol composed of monodispers |n this situation, two of the four retrieved quantitigsin

mineral particles. The particles have typical refractivéeX,  the proposed configuration are expected to be zero, but have
aspect ratio and size as listed in the caption of Fig. 2. Tle sy nonzero values due to noise in the signal vector. For the com-
tem performance is evaluated for two cases: (1) all pastiate  parison with the conventional systems, we assume a fixetl leve
randomly oriented, and (2) 10% of the particles are alignegf constant electronic noise and changing magnitudes nébig
in a preferential direction. For both scenarios, tiiie@ of  proportional shot noise, which simulates tteeet of decreas-
random noise (with signal-independent and signal-promeat  jng intensities in the lidar return with increasing probes-d
variances) on the uncertainties of the retrieved parameéser tgnces.
discussed. Fig. 5 shows a comparison of the estimated uncertainties of
To analyze the uncertainties in the retrieved parameters Whe backscatter cross-sectiag and depolarization ratios as
consider a generic model for the random variability in th@me obtained from the four-channel configuration. The backscat
sured cross-sections due to detection electronics noise and cross-sectiong;; determined in the two operation modes are
shot noise.  The random variability in tiyg o2, is thus ex-  virtually the same regardless of the noise level (the twoesir
pressed as the sum of a signal-independent variafc@nd a  |ie on top of each other). For the case of low noise, assumed
signal proportional varianczeﬁm = ki to consist of only electronic noise equal to 1%f, the four-
In addition to the random variability, systematiffisets may channel system estimat&s, with about 30% less uncertainty
reduce the quality of the quantities calculated from the -meathan the two-channel systems (the dashed line in the plat ind
sured data. Combined with the random noise, the measurezhtes equal uncertainties). This is due to the fact that thigh
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four-channel system a higher number of independent measurmeasurements provide poor estimates of depolarizatiéosrat
ments is &ectively used to determing;;. For situations with  for small and large underlying linear depolarization ratidhe
dominant shot noise, the uncertainty4gy is only marginally  four-channel system with circular incident light is les®agly
better in the four-channel system. (Note that the necesshry affected by shot noise for trug < 0.5, but performs poorly
ditional beam splitters were accounted for when calculgtie  for largers,, with up to five times higher uncertainties in the
shot noise in the four-channel systems (50 : 50 beam sglitterestimatedic relative to measurements with the traditional sys-
were assumed)). tem. In most practical cases, the linear depolarizatioio iat
The situation is dterent with respect to the uncertainties in less than (; using circular polarized incident light appears
the depolarization ratios: in the low-noise case, unoaigs  thus better suited for shot noise-dominated measureménts o
are comparable and slightly larger in both four-channefigen aerosols containing only randomly oriented particles.
urations than in the two-channel configurations (8% and 17%
for linear and circular depolarization ratios, respedyixewith 50
increasing shot-noise the performance of both operatiotesio 45
degrades relative to the corresponding traditional syshemw- 4.0
ever the relative uncertainties remain below a factor ofifitiee 35
amount of shot noise remains less than ten times the amount of 22
electronic noise. This degradation is associated with tieee

201
lations produced by the unequal measurement uncerta{ées 15

eg. (??)) due to shot noise (the samffext would be produced 1.0 ‘fﬁ

by variations in electronic noise, but the example of shaseo g; K Oal%a = 0.4 Outl0a = 1

is practically more relevant since electronic noise is dgfy o0 02 04 06 08 10

small and well-controlled). Overall, the larger uncertigg in 5

the depolarization ratios despite the larger number of kanu

neous measurements stem from the somewhat lower sensitivigure 6: Comparison of the two-channel with the four-charsystems:
iy 1o the determination of the depolarization ratios, fescm- (%" Ineeantes n neer and otcor sepoiimyatio fom s
figuration that enables access t-diagonal elements of the (z,, - 7,,)/(z11 + Z22). Equivalent electronic noiseq; = 0.01 with four

backscatter phase matrix. levels of shot noisersnj/og, = 0.1, 1, 10, and 18

L-setup
— C-setup

O /T = 10°
- 0g/0g = 10
/

O[Oy = 10°

0(8) 40 ()

Og/0g = 10

22
2.0
18
16

d,)4/0(d, f =0— . . . . .
OO 71l for o 4.2. Aerosols with preferential particle orientation

Fig. 7 depicts predictions of measured cross sectjpfiom
both four-channel configurations and for typical dust jotas,
assumed as 10m long prolate ellipsoids with aspectratio 2 : 1.

0(8c)(4y/0(3c) ) for 0y=0—=

1.4 0(8c) /0 z)

1.2 O(BL)@;)/G(BL)Q)

I - -0 =0
08— 0L D)iay/0CEL D2y
0.6 0(Ec )@/0Cc )
L PRI
2 3 4567 2 3 4567
0.1 1 10
O/l

a(from 4 chn. syst.)/o(from 2 chn. syst.)

The orientation of 10% of the particles is assumed to be intexa
alignment with a direction specified through the Euler asgle
andp as described earlier. Compared with aerosols with com-
pletely randomly oriented particles, for which the meablea
signals are by definition independent of orientation angles
magnitudes of the measureable signals vary consideralify wi

orientation. The perturbations in each channel amountdotab
Figure 5: Comparison of the two-channel and four-channdksys: relative  10% of the corresponding cross sections of completely ran-
uncert_ainties in the estimgtétil_and linear an_d circu_lar depolarizati_on ra_tios domly oriented particles (based on the calculated ori@mtat
from simulated cross-sectiong i = 1,..., 4 with equivalent electronic noise .. .
oq = 0.01Z;1 and various levels of shot noivsn?Shi = kiyi. Randomly oriented averaged (rms). dewanons?. In ther WOI‘.dS, if we knew that
particles with an ffective linear depolarization ratiy = 0.175. 10% of the particles are oriented in a particular, but unkmow

direction, it would be appropriate to include additionadtgyn-

Fig. 6 compares the four-channel and traditional systematic error on the order of 10% when interpreting the measured
in terms of uncertainties in the depolarization ratios foe t signals. (Note that it is a coincidence that the fraction f o
entire range of linear depolarization ratios (for randomityy  ented particles and the level of systematic error are rqughl
ented particulates). For this figure the non-zero elemdriteeo  the same; in general, particle shape, refractive inder, siad
backscatter phase matrix are calculated accordi4tZ;; = angular spread direction of preferred orientation deteentine
(1-60)/(A+6L), Zz3 = —Zo2, andZya/Zy1 = 1 — 2755/745 [22]. appropriate amount of systematic error.) The sigyakhow
The uncertainties in measured depolarization ratios andasi  some of the structure of the backscatter matrix elementghwh
for both four-channel operation modes for low and moderatés to be expected for the assumed preferential orientatialiri
levels of shot noise. In these situations, the depoladmata-  rections without angular spread. The structures are lggs re
tios from measurements with the four-channel system have &r and asymmetric with respect to the orientation anglew;h
most 20% higher uncertainties than those from the tradition ever, as a consequenceygé being weighted sums of fiierent
system. At higher shot-noise levels, however, the founokh backscatter phase matrix elements. From the ranges ofdlee sc
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bars, the expected signals in all channels are non-zerasiith
ilar relative ranges, but the orientation-averaged siyglare
somewhat more similar to each other thanyhe
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Figure 7: Calculated expected values of measured croseizeyt for 10%
oriented particles as specified through azimuthal and polgleaa and g,
respectively, mixed with 90% particles in random orientatid’article prop-
erties are the same as for Fig. 2. Top four images: system witizdm

tal linear incident polarization; bottom four images: systeith right circu-
lar incident polarization. For fully randomly oriented peutates the corre-
sponding orientation-averaged cross sectionyare (2.65,2.65,1.12, 1.12),
andyc = (1.89 1.89 1.27,2.51); orientation-averaged (rms) deviations are
s. = (0.24,0.24,0.12,0.12) andsc = (0.18,0.18,0.12,0.21).
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Figure 8: Retrieved parameter ratios for 10% oriented pestimixed with
90% particles in random orientation, corresponding to tRpeeted sig-
nals shown in Fig. 7. Top four images: system with horizonita¢dr in-
cident polarization; bottom four images: system with righttdar inci-

dent polarization. The orientation-averaged ratios ared{ 1,d. 2,d.3) =

(0.176,0.150,0,0), and §c, dc 1, dc 2. dc3) = (0.427,0.299 0,0); the respec-
tive orientation-averaged (rms) deviations ar®?@, 0.017,0.024 0.026) and
(0.041,0.020,0.032 0.032).

noise. The ranges for the combined ratios are essentialy th
same for the two systems, with up to.2%&nd 24 for the low
and high noise situations, respectively. As shown in Figréf-
erential orientation of prolate spheroids is increasirtifiicult

Fig. 8 shows the ratios derived from the expected cross sego detect for smaller polar anglgs(i.e. the axis of rotation is

tions depicted in Fig. 7. Preferential orientation cleatfligcts
the magnitude of depolarization ratios. Again from calteda
orientation-averaged rms deviations, 14% and 10% vaitiabil
relative to the ratios for completely randomly orientectijoées,
respectively, for the systems with linear and circular pgotd
incident light is indicated. Given the symmetry propertiéthe
particles, the circular depolarization ratios become frathelent
of the azimuthal angle. The relative ratiosl 3 = &3/2¢ 1,
dig = éL4/2611, anddcp = éc2/2c1, oz = Ec3/2c, Yield
values in the ranges0.09 and+0.11, respectively, indicating

that both systems are capable of flagging presence of prefere

tially oriented particles. Existence of “blind spots”, tiig false
reporting of absence of preferential orientation, is, hasvean

nearly aligned with the direction of light propagation).rFfoe
L-setup all backscatter matrix elements that enter the lealcu
tion of R_ vanish for particular azimuthal angles. This is not
the case for th€-setup, adding another reason to preferGhe
setup for a four-channel system. The excellent performahce
the low levels of noise suggests that both operation modes ca
provide information about particulate orientation, b Hbil-

ity to detect preferential orientation can be severely imgoh
when only noisy measurements are available.

4.3. Aerosol with small numbers of randomly oriented particles

Another example of the utility of information from the four-

consequence of the ranges spanning from negative to mositichannel system is the case of ifistiently large numbers of

values.
Since the &-diagonal ratiosd; », d. 3, dc2, anddcs are

particles. While in this case the particles are essentiadly- r
domly oriented, G-diagonal backscatter phase matrix elements

zero when all particles are oriented randomly, proper interare not completely nullified during the superposition ofiadl

pretation of the reported ratios requires proper estimatib
the uncertainties as outlined earlier. The ability of flaggi
the presence of preferentially oriented particles is ffated in

dividual phase matrices. For typical atmospheric lidar- sys
tems, which probe volumes on the order oflm size, this
situation might occur only with mm-sized objects becauge th

Fig. 9, which shows by what factor the combined parametersontribution from the gas background (and fine dust pas)cle

RL = (65 + &)Y andRe = (62, + £2,)"/ are larger than

dominates the lidar signals otherwise. However, when apply

the standard deviation of noise for two levels of measurémering short range lidar systems with ultra-short pulses (sdve
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" (for instance, the dlierence between the 10 and 90% quantiles
indicates that for ten or fewer particles, less than 80% ef th
observations lie between2¥ and 064, or about+40% from

the expected value for large populations). The increasbeof t
mean value towards smaller sizes indicates that the degpelar
tion ratio is on average over-estimated if fewer than tetiglas

s are sampled. The standard deviations from the 10000 samples
w0 per particle number further show that appropriate uncsiies

0s of measured depolarization ratios are larger than 35% iéfew
o0 than 100 patrticles are present in the lidar probed sampkedn
dition to the depolarization ratio, the four-channel sgsten-
ables evaluation of the magnitudes df-diagonal elements,
as shown in the bottom panel of Fig. 10. The relative mag-
nitudesRc/2¢c1 = (€2, + £&.3)"/?/24c decrease to zero with
increasing particle numbers, but in contrast to the dejzalar
tion ratio the decay is more gradual and the curves of con-
stant quantiles are monotonically decreasing functionthef
particle number. This behavior is useful for charactegzime
number concentration of particles, in particular when clemp
mentary information concerning the optical properties had t
particulates is available. For the simulated aerosol, aened
Rc/2éc1 = 0.1 translates to 3 50 particles as an 80% confi-
dence interval for the particle number, for example.
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Figure 9: Signal-to-noise ratios for the combinettdiagonal parameters for
10% oriented particles mixed with 90% particles in randonemtation, cor-
responding to the expected signals shown in Fig. 7. Top pang| equal to
1% of the orientation-averaged backscatterfitcoientZ; 1, negligible shot noise
o0& = 0.10¢; bottom panels: shot noise-dominated measurementgqual
to 1% of the orientation-averaged backscattelfiocientZ; 1, ¢, = 1007y.

picoseconds) [41, 42] ctrsized volumes are sampled (corre-
sponding to of a few millimeters spatial range resolutiame
might therefore encounter the small-statistical-sampbblem
more frequently even with dust-like particulates. To ithate
this aspect, we show simulation results for the limitingecas
of dominant signal contributions by particles in Fig. 10e(th .
backscattering from gas molecules is assumed to be ndgligib 5 €onclusions

. In this theoretical study we investigated a four-channel po
larization lidar system with particular focus on detection

201- preferentially oriented aerosol particles. The preserstesd
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tem concept facilitates temporally and spatially resolxrezh-
surements of combinations of backscattering phase mdtrix e
ements for quantification of aerosol particle orientatiorad-
dition to measurements of backscatter cross-sections end d
polarization ratios. The proposed system is free of moving
parts, which simplifies calibration as well as data procegsi
and eliminates systematic errors associated with asynohso
polarimetric measurements. The system, which yields mini-

mum condition numbers of the design matrix, performs bet-
ter with respect to backscatter cross-sections than ivadit
two-channel systems. While somewhat higher levels of un-
certainty have to be accepted for the measured depolanzati
ratios, the four-channel system is capable of providingrinf
mation on preferential orientation and the presence of Ismal
numbers of nonspherical particles. In particular, operatvith
circular polarized incident light appears advantageousoése
Figure 10: Hfect of the number of particles in the probed volume on depolar-tra"]_smlss’Ion charaf:terlstlgs and_ re“al?'“ty with reSrIeco!e-
ization ratio and combinedfibdiagonal parameter for the system with circular t€ction of preferential particle orientation are bettearttwith
polarized incident light. Particle properties are the saméoaFig. 2. Top  linear polarized light. Uncertainties analysis revealeat both
image: depolarization ratiéc; bottom image:rc = (&2, + &25)"/%/2ca. signal-independent noise and photon shot noise in the mea-
The orientation angles of the corresponding number of pastiwere chosen . . .
at random by sampling from a uniform distribution of orier@atdirections sureme_nts propagate thro“gh t_he Slgna_l _|nv_erS|on proeess t
(a ~ Unif(0, 27), (1 - cosB)/2 ~ Unif(0, 1)) for each of 10000 repetitions. the estimated parameters with little amplification. As asesn
quence, limitations for detection of preferential origitia are

As shown in the top panel of Fig. 10, the depolarization ra-directly related to the amount of measurement noise, amsl thu
tios converge to a constant value with increasing number ofan be minimized by application of high-quality system hard
particles in the probed volume. With less than 100 particlesvare and advanced signal-denoising techniques. Finaldy, t
in the probed volume, the range of observed depolarizaien r discussed four-channel system cdfencomplementary infor-
tios widens considerable as the number of particles dezseasmation about particle number counts in the probed volume ele
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ment, particularly in lidar applications with an ultra-shpulse  [19]
laser beam.
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