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Abstract

Computations of the phase matrix elements for single water droplets and ice crystals
in fixed orientations are presented to determine if circular depolarization 6,¢ is more
accurate than linear depolarization for phase discrimination. T-matrix simulations were
performed to calculate right-handed and left-handed circular depolarization ratios & ¢,
respectively 6_c and to compare them with linear ones. Ice crystals are assumed to
have a circular cylindrical shape where their surface-equivalent diameters range up
to 5um. The circular depolarization ratios of ice particles were generally higher than
linear depolarization and depended mostly on the particle orientation as well as their
sizes. The fraction of non-detectable ice crystals (6 < 0.05) was smaller considering
a circular polarized light source, reaching 4.5 %. However, water droplets also depolar-
ized light circularly for scattering angles smaller than 179° and size parameters smaller
than 6 at side- and backscattering regions. Differentiation between ice crystals and
water droplets might be difficult for experiments performing at backscattering angles
which deviate from 180° unlike lidar applications. If the absence of the liquid phase is
confirmed, the use of circular depolarization in single particle detection is more sensi-
tive and less affected by particle orientation.

1 Introduction

Aerosol particles in the atmosphere are essential components for cloud formation
where they are known as cloud condensation nuclei (CCN) (Spurny, 2000). The pres-
ence of these particles influences the radiative properties of clouds and plays an im-
portant role in climate change (Lohmann and Feichter, 2005; Forster et al., 2007). The
formation of ice crystals is initiated in liquid droplets by homogeneous freezing or on
solid particles by heterogeneous ice nucleation mechanisms through condensation,
deposition, immersion and contact freezing (Vali, 1985). However, the level of scien-
tific understanding about the properties of aerosol particles that determine their ice
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nucleation efficiency is still low (Szyrmer and Zawadzki, 1997; Cantrell and Heyms-
field, 2005). One good approach to address this problem is to perform measurements
of these mechanisms in the laboratory.

Continuous flow diffusion chambers (CFDC) are excellent tools to increase our un-
derstanding in these ice formation processes. The Colorado State University (CSU)
instrument was the first successful device for ice nucleation studies (Rogers, 1988,
1993). The Zurich Ice Nucleation Chamber (ZINC) follows the design of the CSU
chamber but uses two parallel walls instead of two concentric cylinders (Stetzer et al.,
2008). It permits activation and growth of ice nuclei (IN) in an ice supersaturated en-
vironment to detectable ice crystal sizes (from 1 um in diameter). As both water and
liquid phases may be present during experiments, an optical detector (IODE) was built
to be able to distinguish between water droplets and ice crystals using linear backscat-
tering depolarization (Nicolet et al., 2008). It is based on the SIMONE detector that is
used in the AIDA chamber (Wagner et al., 2009). Whereas the SIMONE instrument
probes cloud particle ensembles inside the AIDA chamber, the IODE detector aims to
detect single particles as atmospheric IN concentrations are expected to be very low
(~ 1067 at -25°C) (Gotz et al., 1991) and because the detection volume of IODE is
much smaller. As fixed orientations have to be taken into account, previous simulation
studies of linear depolarization ratios of ice crystals showed that some orientations re-
trieve no depolarization. This proportion is on average between 30 and 40 % and can
reach up 60 % to in some specific orientation cases, leading to imperfect discrimination
of ice particles and water droplets (Nicolet et al., 2007).

It was suggested to use an alternative method to increase the efficiency of the phase
discrimination by using circular depolarization. This technique was proposed by Hu
et al. (2003) for lidar applications. This approach is based on the differences in the
P4, element of the scattering phase matrix P between spherical and non-spherical
particles at a scattering angle © of 180°. According to Monte Carlo simulations, the
phase distinction is more robust as circular depolarization is less sensitive to multiple
scattering. Right-handed circularly polarized light also leads to a better discrimination
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of bullets, aggregates and column-like ice crystals habits than does a linearly polarized
laser beam (You et al., 2006). The difference in the depolarization of scattered light
by ice crystals and water droplets (defined by the ratio P,,/P,4) is also used for the
Frankfurt Ice Nucleation Chamber (FINCH) where the detection is done between O =
100° and 130° (Bundke et al., 2008). However, spheres depolarize circularly polarized
light if the scattering angle is decreasing from © = 180° and depolarization occurs more
rapidly as we move off from perfect backscattering with increasing size parameters
(Zakharova and Mishchenko, 2000).

The main objective of this paper is to compute scattering phase matrix elements Z;;
to calculate circular depolarization ratios of single ice particles and water droplets. The
influence of size, aspect ratio, and particle orientation will be investigated to see if bet-
ter discrimination is still possible using circular depolarization considering the technical
configuration of the IODE detector (© = 175° or 177°). Calculations for randomly ori-
ented spheroids will also be made to see if the use of circular depolarization is also
possible for the SIMONE detector. Finally, the consequences of the fact that even
spherical particles cause substantial depolarization for scattering angles which deviate
from 180° is discussed.

2 Theory

The depolarization method is widely used in remote sensing applications such as li-
dars. This technique permits to distinguish between spherical and non-spherical par-
ticles. Liquid water droplets are assumed to be spherical, causing no depolarization
whereas ice crystals are considered to be non-spherical and therefore imply partial de-
polarization of the scattered light (Liou and Schottland, 1971; Liou and Lahore, 1974).
Devices using a polarized light source operating in the visible and near infrared wave-
lengths of the electromagnetic spectrum should be able to discriminate between liquid
water and ice particles (Sassen, 1995). The depolarization technique has been used in
lidar applications since the 1970s to detect ice crystals in clouds (Sassen, 1974, 1977;
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Sassen and Liou, 1979). In situ linear depolarization measurements from ice crystals
have also been done with a device coupled with the AIDA Chamber (Wagner et al.,
2009). This differentiation has also been performed using a circular-polarized incident
light (Bundke et al., 2008) and introduced by Hu et al. (2003).

For a standard linear-polarization device such as the present configuration of the
IODE detector (Nicolet et al., 2008), the indicent Stokes vector of the beam can be
defined as I = [1,1,O,O]T. Considering a single particle with a fixed orientation, the
Stokes vector of the scattered light is given by (Mishchenko, 2000; Nicolet et al., 2007):

I Zy Zip Ziz Zy| [ 1™

szz V2 Ze Zaz Zog| | Q™ ()
u r2 | a1 Zap Zaz Zaa|| O

Ze Zyy Zap Zag Zag 0

where Z;; are the elements of the phase matrix Z. This matrix takes into account the
scattering angle © and the Euler angles a and G that describe the particle orientation
Mishchenko (2000). The fact that the scattering matrix of spherical water droplets have
the symmetry relations Z,; = Z,, and Z,, = Z,; results in /5 = Q°%, and, thus, in an
non-depolarized scattering signal. For non-spherical ice crystals, in general Z,, # Z44
and thus /5 # Q°°®, which generate a depolarized backscattering return expressed by
the linear (LIDAR) depolarization ratio §; = (Z11—Z55)/(Z11 +Z5) (Mishchenko, 2009).

A linear polarized beam can be converted into a circular polarized one by placing
a quarter-wave plate in front of the laser source. Orienting the fast-axis of the retarder
in an angle ¢ = 45° with respect to the polarization vector of the incident linearly polar-
ized light generates right-handed circular polarized outgoing light that can be used in
light scattering applications. Hence, /" = V", @ = U"° = 0 and the following Stokes
vector becomes [1 ,0,0,1]T. To analyze the circular polarized fraction of the scattered
intensity, a combination of a quarter-wave retarder followed by a polarizing prism is
used in front of the detectors that probe the parallel (/) and the perpendicular (/,) lin-
ear polarization components of the scattered and transmitted intensity. The generalized
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Stokes vector expression of the scattered light is then given by:

1 .

Isca - _MZIInc (2)
r2

where M is the Muller matrix of the quarter-wave plate placed before the polarizing

beamsplitter and expressed as:

1 0 0 O
0O 0 0 -1

M= 001 O (3)
01 0 O

For ¢ = 45°, the Stokes vector elements /°°® and Q** follows as:

/sca — /sca +/sca = l(zﬂ +Z14) (4)
I L re

Osca - /sca _ /sca - l(_z41 _244) (5)

Il 1 r2

The depolarization ratio considering an incident right-handed circular polarization can
be determined from Egs. (2), (4) and (5) as:

sca
/J.

5. = =Z11+Z14+Z41+Z44

+C /”S"a+liCa 2(Z11+Z14)
Similarly, setting ¢ at 135° implies that —"™ and the Stokes vector for an incident
left-handed circular polarized beam is [1,0,0,—1]T. Consequently, the depolarization
ratio in this configuration can be written as:

(6)

/inc -

/SCH

I _Z11—Z14—Z41+Z44

6 _c= =
c l|f°a+/i°a 2(Z11-214)

(7)
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At perfect backscattering (© = 180°), Z44/Z11 = -1 and Z;4, = Z44 = 0 which gives
6,c =0 for spheres. For aspherical particles, Z,, # Z{1 assuming a collection of poly-
dispersed randomly oriented ice particles (Hu et al., 2003; Liu et al., 2006), causing
depolarization of circularly polarized light. The element Z,, can be substantially dif-
ferent from that of spheres depending on the particle size, aspect ratio, and surface
roughness (Hu et al., 2003). The fact that 5, < ¢ <26, makes the circular depolariza-
tion method attractive for LIDAR applications.

3 Computations

The depolarization ratio of non-spherical ice crystals in a fixed orientation was com-
puted with the efficient T-matrix code publicly available from Mishchenko (2000, 2011).
The major difference as compared with previous studies is that we have dealt with
single particles instead of a collection of randomly oriented ones. Therefore, the scat-
tering of particles having a given specific orientation has to be considered. The source
code calculates the amplitude and the phase matrices depending on the particle type
(size, shape, orientation and refractive index) and the direction of both the incident and
scattered light.

Ice crystals are assumed to be circular cylinders, which is an acceptable approxima-
tion for hexagonal columns (Baran et al., 2001). The particle orientation can be de-
fined by using only two Euler angles (a and ) instead of three as circular columns are
axis-symmetric. Nevertheless, hexagonal particles at fixed orientations can produce
complex interference effects that may not be resolved. The particle size parameters
x =7d /A (where d is the particle diameter and 1 the IODE laser beam wavelength of
407 nm (nominal 405 nm) used in the simulations ranges from 0 to 38.6, which corre-
sponds to particle diameters reaching an upper limit of 5um. No results can be ob-
tained beyond this limit as the model becomes unstable and no convergence is found
for larger diameters. The aspect ratio I' = d /h (where h is the particle height) was set
at 1 and 2. I =1 is the most realistic value, as ice crystals with d < 10 um) tend to
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grow almost isometrically (Young, 1993). Concerning the orientations, the computa-
tions were performed in 5°-steps for each a €[0,90°] and 3 € [0,180°] (Nicolet et al.,
2007). The refractive index of ice crystals in this study is n=1.319+2.61 x 107% (War-
ren, 1984).

4 Results
4.1 Single finite circular cylinders

The influence of particle orientation will first be discussed in this section. Following the
previous modeling study made by Nicolet et al. (2007) for linear depolarization ratios
of single ice crystals (Nicolet et al., 2007), the same representation is used for the
computed circular depolarization ratios. As all orientations obtained with a € [0,90°]
and B €[0,180°] correspond to a quarter sphere, the regular cylindrical projection used
for the contour plots exhibits overemphasized areas near the poles (3 ~0° and 180°).
The following results shows the linear depolarization ratios 6”, 6, (upper panels, taken
from Nicolet et al., 2007), and circular depolarization ratios 6 and &_¢ (bottom panels)
for a particle diameter of 2 um and an aspect ratio of 1. The scattering angle © is 175°,
which refers to the older configuration of the IODE detector.

Some specific orientations of non-spherical ice crystals do not generate linear depo-
larization, meaning that ice particles can behave like spherical water droplets in terms
of light scattering from a linearly polarized laser source. The areas where light depo-
larization does not occur is generally located at orientations of 8~ 0° and 180°, and
a ~90° for d until 4um and " between 0.3 and 3 (Nicolet et al., 2007). Circular depo-
larization also indicates values from 0 to 1 (= reversed rotational sense of polarization)
and orientations where (3 is close to 0° and 180° retrieve the lowest depolarization val-
ues. In contrast to linear depolarization, low circular depolarization values do not occur
for a close to 90°. Moreover, the circular depolarization ratios §; and 6_c are larger
than the linear ones 6”, 6, for most of the particle orientations. Therefore, detection of
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ice crystals can be done more reliably as regions with low circular depolarization are
less abundant than for linear depolarization. This feature is illustrated in Fig. 2 where
histograms of linear and circular depolarization ratios 6, and &¢ are given for several
particle sizes and aspect ratios.

Considering a depolarization limit of detectable ice particles of 0.05 is a good approx-
imation as background measurements with the SIMONE detector show values around
0.04 (Wagner et al., 2009). The fraction of non detectable ice crystals using linear
depolarization is within a range between 27.9 % and 44.1 %, declining with increasing
particle size. The occurrence also indicates a decreasing trend with rising 6. On the
other hand, the occurrence of ice particles producing & < 0.05 remains between 4.5 %
and 13.8%. Moreover, the distribution of circular depolarization ratios is more stable
and regular, except for a diameter of 1 um where two peaks occur at [0.1-0.15] and
[0.55-0.6]. In both linear and circular cases, ice plates (I = 2) have better chances
to be detected as ice crystals than isometrical ones considering a volume-equivalent
diameter of 2 um. These results confirm that circular depolarization is more sensitive
for ice particle detection alone.

4.2 Water droplets

It has been shown that spheres may depolarize light if the incident circular polarized
laser source is polarized. The ratio Z,4/Z,; differs from -1 if the scattering angle is
not close to 180° which may countervail if not exceed the higher depolarization ratios
for ice crystals discussed above under certain detection geometries. Scattering matrix
elements F;; for mineral dust polydispersed spheres were also investigated and the
ratio F,4/Fy4 calculated as a function of scattering angle and size parameter. Zero-
and low depolarization take place at backscattering regions with small size parameters
where the surface-equivalent-sphere radii are given by a modified power law distribu-
tion (Mishchenko et al., 2002). Figure 3 depicts the ratio Z,,/Z,; versus scattering
angle and size parameter for single water droplets. Simulations performed in this case
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used scattering-angle steps of 0.2° whereas particle diameters were considered with
steps of 0.2 um.

The inequality Z,4/Z1 = —1 does not hold for non-spherical particles, but also for
singles spheres. There are two negative regions at side- and backscattering angles,
separated by a narrow positive branch. One major difference with Mishchenko’s obser-
vations is that the side scattering region presents complex interference and resonance
structures. The reason is that averaging over size is not made as single particles
are considered. Therefore, there is no smoothing effect on the ratio Z,,/Z,, patterns
(Mishchenko et al., 2002) and this parameter is strongly size dependent. The sec-
ond negative region located close to © = 180° shows the same feature as observed by
Mishchenko where water particles at perfect backscattering do not depolarize light. For
forward scattering angles, the ratio is almost everywhere positive, expect for isolated
small regions where resonance occurs. Z,,/Z4; becomes equal to unity for © = 0°.
The artifacts occurring at low size parameters at side scattering regions result in the
intervals discontinuity between each steps of © and x.

Figure 4 illustrated the corresponding circular depolarization ratio 6 zoomed at scat-
tering angles from 170° to 180°. As mentioned earlier in Sect. 4.1, a depolarization ratio
of 0.05 is taken as a lower detection limit for ice crystals. & is determined straightfor-
ward from Eq. (6).

As expected, phase distinction between ice and water for lidar applications at © =
180° is not a problem. It is still the case for a 1°-shift, except for size parameters
between 30 to 35 but & still remains low. However, considering a scattering angle
of 177° for experimental use as it is the case with the IODE detector, differentiation
between water droplets and ice particles can not be made for size parameter x higher
than 8 (d ~ 1 um). For the previous configuration of IODE (© = 175°), the size limit
(x ~ 6) is even lower. Consequently, the problem for distinguishing the two particle
phases is the same for the SIMONE detector that is used with the AIDA chamber, as
well as other laboratory devices that use circular depolarization. However, note that the
SIMONE actually measures backscattering at © = 178° which gives a somewhat better
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response to spherical particles according to Fig. 4. Figure 5 summarizes the circular
depolarization ratio 6 at © = 175°, 177° and the averaged ratio calculated between
100° and 130° considered for the FINCH chamber detector (Bundke et al., 2008).

For a side-scattering angle as considered by Bundke et al. (2008), water droplets
can generate light depolarization already from x larger than 2. They assume that
the difference in the P,,/P;; ratio between a collection of spheres and a collection of
non-spherical particles, as published by Hu et al. (2003), is applicable also in case of
single particle detection with the FINCH detector resulting in a generally higher circular
depolarization ratio for droplets compared to aspherical ice particles.

5 Discussion

We have seen that using a right-handed circular polarized incident laser source leads
to a better detection accuracy of ice crystals, as the circular depolarization ratio con-
sidering all orientations is significantly higher than linear depolarization. In addition
to that, depolarization contour plots showed that ice crystals having an orientation of
B ~0° and 180°, and a ~ 90° were able to be detected, using §c and §_¢, considering
an isometric (I' = 1) particle of 2 um in diameter. Moreover, the non-detectable occur-
rence of ice crystals (depolarization ratio between 0 and 0.05) is much lower if circular
depolarization is used and this relative occurrence can be between 3 and 7 times lower.
Circular depolarization is therefore often used in lidar applications such as CALIPSO
(Winker and Wielicki, 1999) as it is less sensitive to multiple scattering (Hu et al., 2003)
and discrimination between spherical and non-spherical scatterers is possible for both
single and multiple scattering.

Despite the fact that circular depolarization can be used in remote sensing experi-
ments at a backscattering angle of @ = 180°, it becomes difficult to use this parameter
for in-situ measurements where discrimination between water droplets and ice particles
has to be done. Due to technical considerations, these instruments work at scattering
angles different from 180°. Spherical particles depolarize light for scattering angles
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smaller than approximately 179° and size parameters x larger than x ~ 8, decreasing
to 0 at © = 180°. The non-depolarizing areas are also shown by Mishchenko et al.
(2002) where mineral dust spherical particles are considered. Single water droplets
generate interference and resonance effects at side scattering angles, leading to small
regions oscillating between low- and high depolarizations and making the size depen-
dency very high. Another way to make the solid-liquid phase discrimination is to con-
sider the difference in the P,,/P;; ratio at scattering angle around 115° as suggested
by Hu et al. (2003) and used for laboratory experiments in the FINCH chamber (Bundke
et al., 2008). A discrimination between water and ice seems to be possible here if the
threshold value is set carefully. However, small droplets with size parameters between
5 and 10 do cause very high circular depolarizations which significantly constrains the
capabilities of this detector.

6 Conclusions

One common technique for the discrimination between spherical water droplets and
non-spherical ice particles is the measurement of the light depolarization of a linearly
polarized laser source. This has been done for remote sensing applications as well as
laboratory experiments. It was shown that the use of circular depolarization is more
sensitive than linear depolarization. Particularly, the detection efficiency in single par-
ticle applications, like the IODE detector, is much higher. However, it has been shown
that when using a circularly polarized light source only ice crystals should be present
in the detection volume, e.g. by evaporating the water droplets upstream of the de-
tector. Otherwise, water droplets with diameters larger than approx. 1 um lead to an
overestimation of the ice particle number concentration.

These simulation results showed that measurements performed using circular de-
polarization would involve detection errors as water droplets might be counted as ice
crystals. This problem could be counteracted by the opposite principle where ice par-
ticles are detected as water droplets due to their low depolarization ratios (6 < 0.05).
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However, all spherical particles significantly depolarize light for x > 8, making this so-
lution unfeasible. Therefore, the best solution is to stick with the older configuration
with a linearly polarized laser source even though the fraction of non-detectable ice
particles may reach almost 45 %.
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Fig. 1. Linear depolarization ratios 6”, 6, (upper panels) and circular depolarization ratios ¢
and 6_¢ (bottom panels) for particles with d =2pum and I = 1 at a scattering angle of 175° as
a function of the particle orientation given by the Euler angles a and . Note that the figure is

not area accurate due to the cylindrical projection.
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Fig. 3. Z,,/Z,4 ratio for spherical particles as a function of the scattering angle © and the size
parameter x. The refractive index nis 1.333 +0/.
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