
Atmos. Chem. Phys., 12, 10465–10484, 2012
www.atmos-chem-phys.net/12/10465/2012/
doi:10.5194/acp-12-10465-2012
© Author(s) 2012. CC Attribution 3.0 License.

Atmospheric
Chemistry

and Physics

Influence of particle size and shape on the backscattering linear
depolarisation ratio of small ice crystals – cloud chamber
measurements in the context of contrail and cirrus microphysics
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Abstract. The article presents the laser scattering and depo-
larisation instrument SIMONE that is installed at the large
aerosol and cloud chamber facility AIDA of the Karlsruhe
Institute of Technology. SIMONE uses a 488 nm cw laser to
probe simulated atmospheric clouds by measuring the scat-
tered light from the 1.8◦ and 178.2◦ directions. At 178.2◦,
the scattered light is analysed for the linear polarisation state
to deduce the particle linear depolarisation ratioδp which is
a common measurement parameter of atmospheric lidar ap-
plications. The optical setup and the mathematical formalism
of the depolarisation detection concept are given. SIMONE
depolarisation measurements in spheroidal hematite aerosol
and supercooled liquid clouds are used to validate the instru-
ment.

SIMONE data from a series of AIDA ice nucleation exper-
iments at temperatures between 195 and 225 K were analysed
in terms of the impact of the ice particle microphysics onδp.
We found strong depolarisation values of up to 0.4 in case
of small growing and sublimating ice particles with volume
equivalent diameters of only a few micrometers.

Modelling runs with the T-matrix method showed that the
measured depolarisation ratios can be accurately reproduced
assuming spheroidal and cylindrical particles with a size dis-
tribution that has been constrained by IR extinction spec-
troscopy. Based on the T-matrix modelling runs, we demon-
strate that in case of small ice crystals the SIMONE depolar-
isation results are representative for the lidar depolarisation
ratio which is measured at exact backscattering direction of
180◦.

The relevance of our results for the interpretation of recent
lidar observations in cirrus and contrails is discussed. In view
of our results, the high depolarisation ratios observed by the
spaceborne lidar CALIOP in the tropical upper troposphere
might be a hint for the presence of small (sublimating) ice
particles in the outflows of deep convective systems.

1 Introduction

The importance of small ice crystals (< 50 µm) for cirrus
cloud radiative properties is a matter of controversial debate,
mainly because some measurements seemed to clearly over-
estimate the number concentrations of small ice particles due
to particle shattering on the instrument inlets (Field et al.,
2006; McFarquhar et al., 2007; Jensen et al., 2009; Lawson,
2011; Korolev et al., 2011). Yet, if present, small ice crys-
tals are important for the radiative properties of these clouds
(Garrett et al., 2003). Two recent studies byCooper and Gar-
rett (2010, 2011) used remote sensing observations by the
MODIS satellite as an independent method to constrain the
frequency of thin cirrus clouds composed of small ice parti-
cles with an effective radius below 20 µm. A very conserva-
tive assessment of their data resulted in a minimum fraction
of globally 15–20 % for such clouds. This value was even in-
creased to 35 % when the analysis was restricted to thin cir-
rus clouds observed in the tropics, with temperatures below
220 K.
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There is no doubt that small micrometer-sized ice crys-
tals dominate the particle size distributions of aircraft con-
densation trails (contrails) and young cirrus (Schr̈oder et al.,
2000; Voigt et al., 2010). Small ice crystals are nucleated
immediately in the moisty particulate emissions of aircraft
engines if the ambient temperature is cold enough. This re-
sults in the formation of line-shaped visible ice clouds, so-
called contrails. Under ambient ice supersaturated humidity
conditions, the contrails do not dissipate as under dry condi-
tions but persist and spread out to form more extended cirrus
clouds. In this way, an aviation-induced cloudiness, i.e. con-
trail cirrus, is added to the natural cirrus field. Whereas the
mean global climate impact of persistent line-shaped con-
trails tends to be weak, the impact of contrail cirrus and
other aviation-induced cirrus is still rather unknown. How-
ever,Mannstein and Schumann(2005) concluded from a di-
rect correlation of satellite observations of cirrus cloud cover
with aviation flight density data that the radiative effect of
aviation-induced cirrus clouds may be more than 10 times
larger than the effect of line-shaped contrails. In their anal-
ysis, the observed increase of cirrus coverage with air traffic
density is mainly attributed to spreading contrails, i.e. con-
trail cirrus. A similar conclusion, but on a global scale, was
drawn byBurkhardt and K̈archer(2011) based on results of
a global climate model that was extended by a contrail cirrus
module to simulate the life cycle of this anthropogenic cloud
type.

The polarisation Light Detection and Ranging (lidar) tech-
nique is widely used to investigate the microphysical proper-
ties of cirrus clouds and contrails remotely. With the Cloud-
Aerosol lidar with Orthogonal Polarisation (CALIOP) on-
board the CALIPSO satellite, these depolarisation data are
now available on a global scale. A recent global survey of
CALIPSO particle linear depolarisation ratiosδp for tro-
pospheric ice clouds bySassen and Zhu(2009) has re-
vealed depolarisation ratios that (i) increase with increasing
height/decreasing temperature and (ii) tend to decrease with
increasing latitude. Maximum depolarisation values up to 0.4
and between 0.45 and 0.55 were found in tropical upper tro-
pospheric clouds and in orographically driven lower strato-
spheric “nacreous” clouds at high latitudes, respectively. In
a more recent study,Martins et al.(2011) have evaluated
2.5 yr of CALIOP measurements, yielding average depo-
larisation ratios of tropical cirrus and subvisible cirrus of
0.43± 0.08 and 0.41± 0.08, respectively. Similar to the re-
sults bySassen and Zhu(2009), they also found that the de-
polarisation ratios in the midlatidudes are in general about
0.08 lower than in the tropics. Ground-based polarisation li-
dar is also frequently used to investigate the microphysics of
contrails and contrail cirrus remotely (Freudenthaler et al.,
1996; Sassen and Hsueh, 1998; Sussmann, 1999; Langford
et al., 2005). These investigations reveal unusually high max-
imum depolarisation ratiosδp of 0.5–0.7. In a few cases,
Del Guasta and Niranjan(2001) observed maximumδp val-
ues of even larger than 0.8.

The knowledge of the link betweenδp of the cirrus ice
crystals and their size and shape is a prerequisite for the in-
terpretation of these lidar observations. The scattering matrix
of small non-spherical ice crystals with sizes less than about
10 µm can be calculated by the T-matrix method. Maximum
depolarisation ratios that are comparable to the above lidar
observations were found for prolate and oblate spheroidal as
well as for oblate cylindrical ice particles with sizes of only
a few micrometer (Mishchenko and Sassen, 1998).

In order to investigate the relation between the linear
backscattering depolarisation ratioδp and the microphysical
properties of small ice particles that might closely resemble
those in contrails and cirrus, we have started to perform ded-
icated ice crystal nucleation and growth experiments at the
large cloud simulation chamber Aerosol Interaction and Dy-
namics in the Atmosphere (AIDA) of the Karlsruhe Institute
of Technology. Such studies became feasible after the instal-
lation of the new laser scattering and depolarisation setup
SIMONE1 at the chamber in 2006. SIMONE has been suc-
cessfully employed in several AIDA campaigns on the homo-
geneous and heterogeneous nucleation of ice particles (Wag-
ner et al., 2007; Saunders et al., 2010; Steinke et al., 2011),
in studies on the depolarisation characteristics of ice clouds
generated under defined temperature and humidity condi-
tions (Amsler et al., 2009; Scḧon et al., 2011; Abdelmonem
et al., 2011), as well as for probing phase transitions in inor-
ganic and organic aerosols (Wagner et al., 2010, 2011).

The purpose of the present paper is twofold: we first give
a detailed description of the SIMONE instrument including
the validation of the measurement set up with water droplet
clouds and model aerosol particles. Thereafter, we discuss
the depolarisation data measured by SIMONE in simulated
ice clouds consisting of small ice particles with sizes in the
range from about 1 to 15 µm. The light scattering data are
analysed in the context of the microphysical properties of the
clouds measured by single particle light scattering and in-
frared extinction spectroscopy. We compare our experimen-
tal results with theoretical results computed by the T-matrix
method for spheroidal particles and finite cylinders in the
φ = 0.25 to 4.0 aspect ratio range and give conclusions for
the interpretation of atmospheric lidar measurements in up-
per tropospheric ice clouds.

A detailed description of the light scattering instrument
SIMONE is given in Sect.2 together with a brief outline of
the cloud simulation chamber AIDA and its instrumentation.
The theoretical formalism and the optical model used to com-
pare our experimental results with the T-matrix method is
described in Sect.3. Results of experiments on the growth
of supercooled water droplets and the light scattering and
depolarisation properties of spheroidal iron oxide particles

1SIMONE is the acronym for the German project titleStreulicht-
intensiẗatsmessungen zum optischen Nachweis von Eispartikeln
which means Scattering Intensity Measurements for the Optical De-
tection of Ice Particles.

Atmos. Chem. Phys., 12, 10465–10484, 2012 www.atmos-chem-phys.net/12/10465/2012/



M. Schnaiter et al.: Backscattering linear depolarisation ratio of small ice crystals 10467

are presented in Sect.4 in conjunction with three ice cloud
growth experiments. Implications for atmospheric studies are
discused in Sect.5 followed by a conclusion and outlook in
Sect.6.

2 Experimental methods

2.1 The laser scattering and depolarisation instrument
SIMONE

The laser light scattering and depolarisation instrument SI-
MONE is installed at the first level of the aerosol and cloud
simulation chamber AIDA. Optical boards are mounted out-
side the insulated housing of the chamber on two flanges
facing each other (Fig.1). The optical boards are encapsu-
lated by light-tight housings and are divided in two light-tight
sections for the laser beam path and the detection apertures.
Separate anti-reflecting windows are used for the laser beam
and detection paths in order to minimize back-reflection and
cross talk by multi-reflection and scattering on the surfaces
of the windows. Moreover, the laser exit window is tilted
by 30◦ in order to eliminate the residual back-reflected light
in a specifically designed light dump which is attached to
tube of the window flange (Fig.2). The transmitted light is
eliminated in a second, commercial beam dump. Since the
windows are located outside the insulated housing of the
chamber, the window flanges can be heated by foil heaters
to avoid the condensation of water from ambient air in situa-
tions when the chamber is operated at cold temperatures.

SIMONE uses a cw semiconductor laser (Sapphire 488LP,
Coherent Inc., USA) with an emission wavelength ofλ =

488nm to generate a polarised and collimated light beam
which is directed horizontally along the 4 m diameter of the
cylindrically shaped AIDA chamber. The polarisation vector
of the light beam can be arbitrarily changed by using a liquid
crystal polarisation rotator (LPR-100-λ, Meadowlark Optics)
in front of the laser head. Usually, it is aligned either paral-
lel or perpendicular to the scattering plane. The latter is de-
fined by the light beam and the overlapping detection aper-
tures of two telescope optics that probe scattered light from
the centre of the chamber from the 2◦ and 178◦ directions. It
is important to note here that the mechanical setup constrains
these detection angles to an accuracy range of about±0.5◦.
The actual detection angles, however, are depending on the
final optical alignment of the telescopes and the laser beam
and has to be deduced in a specific droplet experiment (see
Sect.4.1). The telescope optics are composed of an objec-
tive/ocular lens pair with apertures of 24 mm and 11.5 mm,
respectively. The lens pairs of the forward and backward de-
tection set up have focal length ratios of 230 mm/50 mm and
200 mm/50 mm, respectively. The distance of the lenses is
aligned in a way that their focal points are coinciding at the
position of a pinhole (Fig.3). In order to confine the ac-
ceptance angle of the telescope detection apertures to values

≤ 1.5 mrad, a pinhole diameter of 0.3 mm was chosen. The
intersection between the laser beam and the detection aper-
tures defines a detection volume of approximately 7 cm3 in
the centre of the chamber. The backscattered light is decom-
posed by a Glan-Laser prism according to the parallel and
perpendicular components with respect to the incident laser
polarisation. The corresponding intensity componentsI⊥ and
I‖ are measured by two photomultiplier modules R1 and R2
(MP-1383, Perkin Elmer), each equipped with an interfer-
ence filter to reduce stray light noise. A motor-driven filter
wheel equipped with different neutral filters with transmis-
sions down to 1 % is installed in front of the R2 detector to
prevent detector saturation in cases of high particle concen-
trations in the chamber. From these measurements the near-
backscattering particle linear depolarisation ratioδH,V is de-
termined by

δH,V =
I⊥ − I

bg
⊥

I‖ − I
bg
‖

, (1)

with I
bg
‖

andI
bg
⊥

denoting the background intensities of the
particle-free chamber. For the sake of simplicity, we have
omitted the subscript p in Eq. (1) and, in accordance with the
literature (e.g.,Takano and Jayaweera, 1985), the subscript
H or V indicates that the incident light is polarised parallel
or perpendicular to the scattering plane.

The intensityIf of light scattered in the 2◦ direction is de-
tected in exactly the same way apart from the Glan-Laser
prism that is useless in case of small scattering angles since
light scattering in near-forward direction is not depolarising.
The corresponding photomultiplier VR is also equipped with
a motorised filter wheel with the same set of neutral filters as
in case of the R2 detector, but has an additional fixed neutral
filter with 0.5 % transmission, i.e. the minimum applicable
transmission is 0.005 %. From the three intensity measure-
mentsIf , I‖, andI⊥ the scattering ratio

ρ =
If

I‖ + I⊥

(2)

is then calculated.
The fact that the 2◦ and 178◦ detection apertures are fac-

ing each other can be used to align the detection geometry
of the instrument. In order to align the two detection direc-
tions, the aperture of the forward telescope can be visualised
by illuminating its ocular lens from the detector side with the
collimated emission of a HeNe Laser. Then the viewing di-
rections of the two telescopes are varied until the HeNe light
emitted through the forward telescope passes completely the
entrance pupille and the pinhole of the backward telescope,
i.e. until the optical axes of the two telescopes are congruent.
After the detection apertures have been adjusted, the laser
direction is aligned to overlap with the detection apertures in
the center of the chamber. In order to visualise this alignment,
a scattering target (Spectralon diffuser, Labsphere, USA) can
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Fig. 1. Horizontal cross section view of the first AIDA level showing the scattering plane of the SIMONE instrument. The SIMONE instal-
lation boards are directly mounted on two opposite AIDA flanges that were extended to beyond the insulating housing of the chamber. Note
that the scattering target is not moving horizontally as indicated in the scheme, but vertically with respect to the scattering plane.

laser exit window

reflection dump

transmission dump

Fig. 2. Home-made laser exit port equipped with anti-reflection
window and back-reflection dump. See text for details.

be vertically moved into the scattering centre, so that the op-
tical axes of the telescopes and the laser beam are penetrating
the target at near-normal angles. The laser direction is then
aligned to get an overlap between the bright spots of the laser
beam and the HeNe laser illuminated detection apertures on
the scattering target (Fig.4). Since the Spectralon diffuser is
highly depolarising, the scattering target is also used to align
the gains of the two backward photomultipliers. The polar-
isation characteristic of Spectralon was measured byHaner
et al. (1999). These measurements clearly show the diffu-

sional scattering characteristic of the Spectralon surface with
an angular dependent depolarisation ratio larger than about
0.9. At near-normal incidence and at small detection angles
a remaining retroreflectance peak confines the depolarisation
ratio to about 0.92. An example of such a photomultiplier
adjustment cycle is shown in Fig.4. It was found that the ad-
justment factor is changing slightly from experiment to ex-
periment within the range from about 0.91 to 0.97 but with
most of the values centered around 0.92. It is noteworthy that
the depolarisation ratio after the adjustment procedure gives
exactly the value measured byHaner et al.(1999) for Spec-
tralon at near-normal incidence.

The adjustment cycles are also used to deduce the relative
uncertainties1I = 1.3% and1δ = 1.4% of the backscatter-
ing signals and depolarisation ratios.

2.2 The cloud simulation chamber AIDA

The experiments were conducted at the cloud simulation
chamber AIDA (Aerosol Interactions and Dynamics in the
Atmosphere) of the Karlsruhe Institute of Technology which
can be operated as a moderate cloud expansion chamber to
simulate the adiabatic cooling conditions of ascending air
parcels in the atmosphere (Benz et al., 2005; Möhler et al.,
2005). A detailed description of the chamber preparation, the
chamber instrumentation, and the expansion cooling tech-
nique for ice cloud studies is given in the recent papers by
Wagner et al.(2010, 2011). In the following, we therefore
only give a brief introduction to the chamber and its intru-
mentation.
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Fig. 3. Backward detection setup composed of telescope optics, Glan-Laser prism, neutral filter (wheel), and two photomultiplier detectors
(R1, R2).

Fig. 4.Left: adjustment cycle for the backscattering photomultiplier signals using a Spectralon scattering target. A tuning factor of 0.92 was
utilised in the R1 signal in order to get the same depolarisation ratio of 0.92 for parallel (H) and perpendicular (V) incident polarisation.
Note that the R1 photomultiplier detectsI⊥ in case of parallel andI‖ in case of perpendicular incident polarisation. Right: overlap between
the SIMONE laser beam (small bright spot) and the illuminated detection aperture on the scattering target. Note that this photo was taken
by a CCD camera equipped with a zoom objective that is permanently installed at the AIDA chamber for routine checks of the SIMONE
alignment.

Figure 5 shows a schematic of the cloud chamber facil-
ity consisting of a 84 m3 aluminum vessel that is located in-
side an insulated housing. The interior of the housing can be
cooled to any temperature down to 183 K by means of two
heat exchangers operated either by a refrigerating machine or
by liquid nitrogen. Homogeneous temperature, humidity, and
particle concentrations inside the vessel are achieved by the
continuous operation of a mixing fan, located at the bottom
of the chamber. In this way the spatial temperature variabil-
ity, measured by a set of horizontally and vertically arranged
temperature sensors, is reduced to values less than 0.3 K.
The expansion cooling cycles are conducted by reducing the
chamber pressure by means of a vacuum pump, which has
a maximum pumping speed of 240 m3h−1. By controlling

the pumping speed, different initial adiabatic cooling rates in
the range of 0.1 to 4 Kmin−1 can be achieved.

The chamber is equipped with a variety of measurement
devices including in situ water vapour measurements by tun-
able diode laser (TDL) absorption spectroscopy as well as
aerosol and cloud particle characterisation by optical parti-
cle counters and size analysers (WELAS, SID3), cloud par-
ticle imaging (PHIPS), size distribution retrieval by in situ
FTIR extinction spectroscopy, and laser scattering and de-
polarisation measurements (SIMONE). An overview of this
optical instrumentation can be found in the recent review
by Wagner et al.(2009). The Small Ice Detector Mark 3
(SID3) is a relatively novel aircraft cloud probe that measures
highly resolved 2-D forward scattering patterns of individual
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Fig. 5.Scheme of the aerosol and cloud simulation chamber AIDA including the instrumentation used in the present study.

particles. The instrument is currently prepared for the op-
eration onboard the new German research aircraft HALO.
SID3 scattering patterns contain detailed information about
the particle size, shape, and surface properties (Kaye et al.,
2008). In the present work, the SID3 data sets were analysed
to derive the cloud particle size distributions. In case of the
ice cloud experiments discussed in Sect.4.3, the SID3 parti-
cle size analysis is based on the scattering intensity while for
the supercooled droplet experiment (Sect.4.1) a Mie analysis
of the Airy diffraction patterns was conducted.

The cloud expansion experiments of this study were con-
ducted at initial temperatures between 254 K and 188 K start-
ing from ambient pressure. The chamber was humidified to
near ice saturated conditions prior to the experiments. In-
terstitial water vapour concentration within the chamber is
determined by the TDL spectrometer. A chilled mirror frost
point hygrometer equipped with a heated stainless steel sam-
pling tube is used to determine the total (cloud particle and
vapour) water concentration.

3 Modeling of the light scattering properties by means
of the T-matrix method

3.1 The Mueller-Stokes calculus

For the theoretical analysis of the measurements at the AIDA
chamber, we need to express the depolarisation defined in
Eq. (1) by the elementsSij of the 4× 4 Mueller scattering
matrix S. By means of the definition of the Stokes vector
(I,Q,U,V ) (van de Hulst, 1981), the intensities in Eq. (1)
can be written as follows:

I⊥ − I
bg
⊥

=
Isca− Qsca

2
(3)

I‖ − I
bg
‖

=
Isca+ Qsca

2
(4)

for a incident laser polarisation that is parallel to the scatter-
ing plane, and

I⊥ − I
bg
⊥

=
Isca+ Qsca

2
(5)

I‖ − I
bg
‖

=
Isca− Qsca

2
(6)

for perpendicular polarised incident light. In Eqs. (3)–(6)
Isca, andQsca are the elements of the Stokes vector of the
scattered light. Please note thatI⊥ andI‖ are defined with
respect to the polarisation of the incident light, but not with
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respect to the scattering plane (cf. Sect.2.1). The Stokes vec-
tor of the incident light has the componentsIinc, Qinc = Iinc,
Uinc = Vinc = 0 for parallel andIinc, Qinc = −Iinc, Uinc =

Vinc = 0 for perpendicular polarisation.IscaandQscaare ob-
tained by applying the Mueller matrix to the incident Stokes
vector

Isca=
S11+ S12

k2R2
Iinc (7)

Qsca=
S12+ S22

k2R2
Iinc (8)

for parallel polarisation and

Isca=
S11− S12

k2R2
Iinc (9)

Qsca=
S12− S22

k2R2
Iinc (10)

for perpendicular incident laser polarisation. The constantR

is the distance from the scatterer andk is the wavenumber.
For deriving Eqs. (8) and (10), use has been made of the re-
lation S21 = S12. This is valid for random particle orienta-
tion (Mishchenko, 2009). Inserting Eqs. (3)–(10) into Eq. (1)
gives

δH =
S11− S22

S11+ 2S12+ S22
(11)

and

δV =
S11− S22

S11− 2S12+ S22
. (12)

Equations (11) and (12) are identical to the equations for
the linear depolarisation ratiosδH and δV in Takano and
Jayaweera(1985).

In contrast to the SIMONE scattering geometry, at-
mospheric lidar applications detect backscattered light at
180◦. According toMishchenko(2009) the elementS12 in
Eqs. (11) and (12) is zero for the scattering anglesθ = 0◦

andθ = 180◦ and, thus, the depolarisation ratio atθ = 180◦

is independent of the incident laser polarisation and depends
only on the ratioS22/S11

δlidar =
S11− S22

S11+ S22
. (13)

The ratio S22/S11 can also be deduced from SIMONE
measurements provided that depolarisation measurements
have been performed for both incident laser polarisations
(Eqs.11and12)

S22

S11
=

1+ δH/δV − δH

1+ δH/δV + δH
. (14)

It is important to note here that the ratio given in Eq.14 is
only valid for the SIMONE detection angle, i.e. 178◦, and
can be different from the ratio at 180◦.

The question whether the SIMONE depolarisation mea-
surements are useful for the interpretation of atmospheric li-
dar data will be addressed in Sect.5 when discussing the T-
matrix modelling results for spheroidal particles and finite
cylinders. The methodology of these computations is out-
lined in the following section.

3.2 T-matrix calculations

We have performed T-matrix calculations for spheroidal
and cylindrical particles using the publicly available FOR-
TRAN T-matrix code byMishchenko and Travis(1998). We
used this method because it was applied in the study by
Mishchenko and Sassen(1998) for the interpretation of lidar
measurements of small ice particles in contrails and contrail
cirrus. We are aware of the fact that spheroidal and cylin-
drical particle shapes are only rough approximations of the
hexagonal morphology of natural ice particles. However, the
aim of this modelling study was to deduce the general de-
pendency of the SIMONE depolarisation ratio on the particle
size and aspect ratio and to provide a basis for the interpre-
tation of our AIDA ice cloud experiments at cirrus tempera-
tures.

For this purpose, we have first calculated the Mueller ma-
trices of randomly oriented spheroidal and cylindrical par-
ticles for different size parametersx = πDv/λ (with Dv
the equal-volume sphere diameter andλ = 488 nm the laser
wavelength), aspect ratiosφ, and for a fixed complex re-
fractive index ofm = 1.31+ i10−9. We have calculated the
Mueller matrices for 29 lognormally spacedφ values in the
φ = 0.25–4 range and for 88x values on a combined lin-
ear/logarithmic grid in thex = 0.02–50 range. Note that for
size parameters larger than about 20, due to convergence rea-
sons, the calculations are restricted to theφ = 0.45–2.22 and
φ = 0.5–2.0 ranges for spheroidal and cylindrical particles,
respectively.

These Mueller matrix look-up tables were then used to
model the SIMONE measurement results of our AIDA ice
cloud experiments presented in Sect.4.3. In these modelling
runs, the size distribution retrieval of the FTIR extinction
measurements was used to calculate the Mueller matrix el-
ements〈S11〉, 〈S12〉 and〈S22〉 of the ice particle ensemble by
solving the integral

〈
Sij

〉
=

1

〈Csca〉

Dmax
v∫

Dmin
v

dDvn(Dv)Csca(Dv)Sij (Dv) (15)

numerically (Mishchenko, 1993). In Eq. (15) 〈Csca〉 is the
ensemble-averaged scattering cross section:

〈Csca〉 =

Dmax
v∫

Dmin
v

dDvn(Dv)Csca(Dv) (16)
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andn(Dv) the lognormal size distribution given by the FTIR
retrieval

n(Dv) =
N

√
2π ln10Dv logσg

exp

[
−

log2(Dv/Dv)

2log2σg

]
(17)

with N the particle number concentration,Dv the count me-
dian equal-volume sphere diameter, andσg the mode width.
n(Dv)dDv represents the fraction of particles per unit vol-
ume having diameters betweenDv andDv + dDv. Finally,
the ensemble-averaged Mueller matrix elements of Eq. (15)
were used in Eqs. (7) and (9) to calculate the SIMONE scat-
tering signals:

Isca(2
◦) = b(〈S11〉2◦ ± 〈S12〉2◦) 〈Csca〉 N (18)

for the forward direction and

Isca(178◦) = b(〈S11〉178◦ ± 〈S12〉178◦) 〈Csca〉 N (19)

for the backward direction with the prefactorb defined by
the scattering distance, the detection aperture, and the laser
intensity. The prefactorb was deduced in a droplet experi-
ment that will be discussed in Sect.4.1. Inserting Eq. (15) in
Eqs. (11) and (12) gives the modelling results for the linear
depolarisation ratios, accordingly.

The FTIR retrieval strategy that has been developed by
Wagner et al.(2006) is also based on the FORTRAN T-
matrix code for randomly oriented particles byMishchenko
and Travis(1998). Initially, look-up tables of extinction cross
section spectra were calculated for finite cylinders with di-
ameter to length ratios ofφ = 0.5, 0.7, 1.0, 2.0, and 3.0. The
spectra were calculated on a grid of discrete equal-volume
sphere diameters from 0.1 to 25.0 µm at equidistant size steps
of 0.15 µm. A lognormal size distribution was assumed in
the least square fitting procedure retrieving the count median
equal-volume sphere diameter (Dv) and the mode widthσg.
For the small ice particle ensembles discussed in Sect.4.3,
the FTIR retrieval results are only slightly dependent on the
assumed aspect ratio and the measured FTIR extinction spec-
tra can be well reproduced by assuming a single compact
cylindrical particle shape withφ = 0.7. Thus, there is no
evidence for strongly aspherical ice particles in our exper-
iments in contrast toWagner et al.(2006) who sometimes
had to assume ice particle shape distributions to match the
FTIR extinction spectra, especially for larger ice particles
with Dv > 6 µm.

4 Results

In the following sections, the capabilities of SIMONE in
terms of measuring the absolute linear depolarisation ra-
tio are presented for supercooled cloud droplets, spheroidal
hematite particles, and ice clouds consisting of small ice par-
ticles with sizes in the range from about 1 to 15 µm.

4.1 Supercooled water droplets

Supercooled water droplet experiments are ideally suited to
deduce the adjustment factor that corrects the gain differ-
ences between the forward and backward photomultipliers
VR and R2, to deduce the prefactorb of Eqs. (18) and (19),
and to determine the exact detection angles of the SIMONE
telescopes. It has been shown in previous chamber expan-
sion experiments that graphitic soot is an appropriate seed
aerosol type for the generation of supercooled water clouds
in the AIDA chamber. These soot particles are activated to
water droplets with a narrow size distribution when achiev-
ing water saturated conditions during the expansion cooling.
Furthermore, graphitic soot particles do not nucleate ice at
temperatures above−30◦C, neither by deposition nucleation
nor by immersion freezing.

The HALO062 experiment was conducted with soot par-
ticles generated with a commercial graphite spark generator
(GFG 1000, Palas, Germany) as seed aerosol particles. The
generator was operated at its maximum spark frequency set-
ting and with purified Argon as carrier gas, which was set
at a flow rate of 5 lmin−1. After passing a coagulation tube
of 0.5 m length and 40 mm i.d., the soot aerosol was directly
added to the AIDA chamber, which was preconditioned to
a temperature of 254 K and a relative humidity with respect
to water of 78 %. Due to the high particle production rate of
the spark generator, the AIDA chamber was filled within 2 s
with soot aerosol particles to a final number concentration
of about 40 cm−3. The soot aerosol size distribution, which
was characterised with a commercial scanning mobility par-
ticle sizer (SMPS, TSI), exhibited a count median mobility
diameter of about 150 nm.

Figure6a and b shows the temporal evolution of the pres-
sure, the mean wall and gas temperatures, and the total and
interstitial relative humidities with respect to liquid water
during the expansion cooling experiment. FTIR extinction
spectra were continuously acquired at an acquisition rate of
6 min−1 throughout the experiment. These spectra were used
in a Mie fitting procedure to retrieve a lognormal represen-
tation of the cloud droplet size distribution. The reader is re-
ferred toWagner et al.(2005) for details of the FTIR retrieval
procedure. The time evolution of the FTIR retrieved droplet
diameter is depicted in Fig.6c togther with the size distribu-
tion deduced from the single particle measurements by SID3.
After the soot particles had been activated at about 100 s ex-
periment time, when reaching 100 % RH with respect to su-
percooled water, the droplets continuously grew to diameters
of about 30 µm within the expansion cooling period which
lasted until 570 s experiment time. During this period the
FTIR retrieved median diameter and width of the droplet size
distribution are in excellent agreement with the SID3 single
particle diameter distribution, denoting the accuracy of both
methods to infer the size of spherical particles based on Mie
scattering computations. Both methods reveal a very narrow
droplet diameter distribution throughout the growth period,
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Fig. 6. Supercooled liquid cloud activation experiment HALO062. (a) Time evolution of the pressure and the mean gas and wall tempera-
tures.(b) Relative humidities with respect to liquid water of the interstitial water vapour and the total (interstitial+ condensed) water mass.
(c) Comparison of the droplet size distributions retrieved from the FTIR extinction spectroscopy and deduced from SID3 single particle
scattering patterns.(d–f) Comparison of the SIMONE measurement results with the results of the Mie analysis of the FTIR retrieved size
distribution shown in(c). Note that the modelled depolarisation value is zero throughout the cloud period and is, therefore, not depicted in(f).

which is also reflected by the Mie interference maxima and
minima observed in the SIMONE scattering intensities and
the scattering ratio plotted in Fig.6d, e. During the cloud pe-
riod, the linear depolarisation ratio stayed at its background
value between 0.02 and 0.03 (Fig.6f). This residual depolar-
isation even in the presence of only spherical cloud droplets
is due to a combination of the finite polarisation ratio of the
laser (approximately 100:1), minor misalignments of the op-
tical components, and a small cross talk between the paral-
lel and perpendicularly polarised intensity components in the
Glan-Laser prism.

In order to quantify a possible gain difference between the
forward and backward scattering detectors and to deduce the
prefactorb of Eqs. (18) and (19), the time evolution of the
droplet distribution from Fig.6c was used in a forward Mie
calculation to simulate the expected SIMONE scattering in-
tensities of the supercooled droplet cloud. The complex re-
fractive index ofm = 1.34+ i10−9 measured bySegelstein
(1981) for liquid water at 25◦C andλ = 490 nm was used

as anchor point for calculating the temperature dependent re-
fractive index of the supercooled water droplets. This was
achieved by applying the Lorentz-Lorenz relation together
with a parameterisation of the temperature dependence of the
water density given byHare and Sorensen(1987). As already
mentioned in Sect.2.1the exact detection angles of SIMONE
are not known and have to be deduced in a droplet exper-
iment. Therefore, the scattering angles were varied in 0.1◦

steps around 2◦ and 178◦ in our simulations to determine the
actual detection angles by the best fit simulation. The results
of this simulation are compared in Fig.6d and e with the
measured SIMONE data. Here it turned out that (i) the ex-
act scattering angles are 1.8◦ and 178.2◦ rather than 2.0◦ and
178.0◦, (ii) the forward and backward photomultiplier gains
agree within 10 %, and (iii) the prefactorb is around 264.
The precise determination of the scattering angles was possi-
ble because of the narrow droplet distribution which induced
a distinct angular Mie interference pattern.
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Fig. 7. Left: electron micrograph of the synthetic hematite particle sample used in this study. The aspect ratio of the prolate spheroidal
particles was found to be very uniform with a mean value of 0.37. Right: size distribution of the aerosol sample after dispersion into the
AIDA chamber. The narrow mode can be attributed to the primary hematite spheroids while the broad mode is likely induced by residual
akaganeit particles and particle agglomerates.

4.2 Spheroidal iron oxide particles

Experiments with spheroidal iron oxide (hematite) particles
were aimed at the validation of the adjustment factor for the
gains of the the two backward photomultipliers R1 and R2.
As already mentioned in Sect.2.1, an adjustment factor of
0.92 was determined exploiding the strong depolarising scat-
tering behaviour of the Spectralon target.

Prolate spheroidal hematite particles with a defined as-
pect ratio and a narrow size distribution were synthesized in
the laboratory according to the procedure described inOzaki
et al.(1984); Morales et al.(1992); Ocana et al.(1995). The
procedure is based on the forced hydrolysis of ferric chlo-
ride solutions at a temperature of 100◦C in the precence of
sodium dihydrogen phosphate. The first precipitation phase
is akaganeit which slowly transforms to hematite particles
on an aging time of up to 6 days (Morales et al., 1992). The
aerosol sample that has been used in the chamber experi-
ment described here was investigated by scanning electron
microscopy to deduce the aspect ratio of the particles (Fig.7).
The aspect ratio of the particles was found to be very uniform
with a variation between 0.35 and 0.39 and with a mean value
of 0.37.

A dry powder disperser (TSI, Model 3433) was used to
disperse and add the hematite particles to the AIDA chamber
that had been conditioned to 249 K and near-ice saturated
conditions. The size distribution of the hematite aerosol in
the chamber was measured with a scanning mobility particle
sizer (SMPS, TSI). According toZelenyuk and Imre(2007),
a shape factor of 1.3 was applied for the hematite particles to
convert the measured mobility equivalent diameters to vol-
ume equivalent diameters. The size distribution depicted in
Fig. 7 shows a narrow mode of the primary spheroidal par-
ticles superimposed on a much broader background mode
that is likely due to residual akaganeit particles and par-
ticle agglomerates. The measured size distribution was fit-

ted by a bimodal log-normal function resulting in the log-
normal parameters number densityN , median diameterDm

p

and standard deviationσg of N = 579cm−3, Dm
p = 185nm,

σg = 1.1 andN = 989cm−3, Dm
p = 187 nm,σg = 1.4 for the

“primaries” and “agglomerates” modes, respectively. The
two modes of the model size distribution were used as in-
put to Mishchenko’s T-matrix code mentioned in Sect.3.2
to calculate the depolarisation ratio of the hematite aerosol
for a fixed aspect ratio of 0.37. A complex refractive index
of 3.15+ i0.712 was used in the calculations which corre-
sponds to the 2/3 to 1/3 mixture of the ordinary and ex-
traordinary refractive indices as tabulated inQuerry(1987)
for λ = 490 nm. The applicability of this refractive index for
the synthetic hematite aerosol was proved by analysing UV-
VIS-NIR extinction and absorption spectra that have been
measured for the spheroidal particles in a separate work. Ex-
amples are given inWagner et al.(2009) and the complete
results of this laboratory work will be the subject of an up-
coming paper.

For both linear depolarisation ratiosδH andδV , almost the
same value of 0.22 was calculated. This indicates that the
matrix elementS12 in Eqs. (11) and (12) is very low. Fig-
ure 8 shows the temporal evolution of the measured depo-
larisation ratio together with the temperature and humidity
conditions in the chamber. After the addition of the hematite
particles to the chamber the light scattering and depolari-
sation ratio of the aerosol was measured over a period of
more than one hour. During this time, SIMONE measured
a constant depolarisation ratio of 0.225±0.006 for both par-
allel and perpendicular incident laser polarisation, which is
in very good agreement with the modelling result. At time
zero, the aerosol was probed in an expansion cooling cycle
on its ability to act as cloud condensation or ice nuclei. The
aerosol activation and the formation of supercooled droplets
is nicely reflected by the sudden drop of the linear depolarisa-
tion ratio when the liquid saturation line is surpassed (Fig.8,
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Fig. 8. SIMONE depolarisation evaluation experiment with syn-
thetic hematite aerosol particles. Att = 0s, the spheroidal particles
were activated to form spherical cloud droplets. A constant linear
depolarisation ratio of 0.225± 0.006 was found forδH andδV out-
side the cloud period which is in very good agreement with the mod-
elled value of 0.22.

vertical line). At about 500 s experiment time the expansion
was stopped which resulted in a decrease of the relative hu-
midity, the evaporation of the cloud droplets, the release of
the hematite particles and, consequently, the recover of the
depolarisation ratio.

4.3 Small ice crystals

In this section, we describe three ice cloud experiments con-
ducted during the AIDA campaigns ICE01 and HALO06 at
initial temperatures of 202, 204, and 224 K. Further exam-
ples can be found inWagner et al.(2009) andMishchenko
(2009). The basic experimental parameters are given in Ta-
ble 1. We selected two experiments that were conducted at
roughly the same low initial temperature of∼ 204 K but with
sulphuric acid solution droplets and GSG soot particles as ice
nuclei. These experiments contrast the depolarisation prop-
erties of ice particles that have been formed via the homo-
geneous and heterogeneous ice nucleation process. The third
experiment with GSG soot particles at a higher initial tem-
perature of 224 K was selected because the impact of ice par-

Table 1. Overview of the AIDA ice cloud nucleation experiments
with small ice particles.Tgas andNae represent initial conditions
of the mean gas temperature and the aerosol number concentration,
respectively.Dv gives the median particle diameter at maximum
depolarisation ratioδmax

H detected by SIMONE. Note that in case of
HALO06 30 the maximum depolarisation ratio was detected during
ice particle sublimation.

experiment nucleation Tgas Nae Dv δmax
H

mode (K) (cm−3) (µm)

ICE01 14 homogeneous 201.6 2790 2.1 0.31
HALO06 25 heterogeneous 224.3 320≤ 2.6 0.35
HALO06 30 heterogeneous 203.6 490 2.1 0.4

ticle growth and sublimation on the depolarisation ratio was
systematically investigated in this experiment.

Due to the low water vapour content available at tem-
peratures below 224 K, the generated ice particles gener-
ally remain small in these experiments, with sizes below
10 µm for typical ice clouds with particle number concen-
trations of about 10–100 cm−3 (Cotton et al., 2007; Wagner
et al., 2007). Therefore, these low temperature experiments
also represent an extension of the ice particle depolarisation
studies conducted at warmer temperatures in the context of
the characterisation of new ice particle imaging instruments
(Amsler et al., 2009; Scḧon et al., 2011; Abdelmonem et al.,
2011).

4.3.1 Homogeneous nucleation atTinitial = 202 K
(ICE01 14)

The ICE0114 experiment was conducted with submicron-
sized sulphuric acid solution droplets at an initial number
concentration of about 2800 cm−3 and with a count median
diameter around 120 nm. The reader is referred toWagner
et al.(2008) for details of the aerosol generation.

The temporal evolution of the pressure, the mean wall and
gas temperatures, and the ice saturation ratios for interstitial
and total water vapour during the AIDA experiment is shown
in Fig. 9a, b. Starting from near ice saturated conditions at
t = 0s, the chamber gas was adiabatically cooled from 201.6
to 194.5 K within 630 s which at first resulted in a continuous
increase of the saturation ratio until the threshold for the ho-
mogeneous nucleation of ice in the H2SO4 solution droplets
was reached at aboutt = 300s. A threshold saturation ratio
for the onset of ice nucleation around 1.68 was determined
which is in good agreement with the results of the homoge-
neous ice nucleation study byMöhler et al.(2003). After the
onset of ice nucleation, the saturation ratio further increased
to a peak value of 1.75 att = 330s before the growing ice
particles started to deplete the water vapour. This short nu-
cleation period resulted in the formation of about 60 ice par-
ticles per cm3 chamber volume corresponding to an activated
aerosol fraction of∼ 2 %. Figure9c depicts the temporal
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Fig. 9. Homogeneous ice nucleation experiment ICE0114. The individual panels show the same measurements as in Fig.6, with the
exception of(b) that shows the evolution of the humidity as ice saturation ratio instead of relative humidity. The onset time of ice nucleation
is indicated by the dashed vertical lines in the panels. The SIMONE measurement results depicted in(d–f) were modelled by T-matrix
calculations for finite cylinders and spheroids. Note that the SID3 instrument was not available for this experiment. See text for details.

evolution of the count median equal-volume sphere diame-
ter (Dv) of the ice cloud particle ensemble retrieved from
the measured FTIR extinction spectra. During the expansion
cooling phase of the experiment, i.e. untilt = 630s, the me-
dian particle diameter continuously increased to a maximum
value ofDv = 4 µm. After the expansion had been stopped,
the temperature difference between the chamber gas and the
warmer chamber walls started to balance and the existing ice
particle surface confined the water vapour saturation ratio to
ice saturated conditions. With increasing gas temperature, the
ice particles eventually started to sublimate which resulted in
a gradual decrease ofDv with time as depicted in Fig.9c.

The sublimating ice particles were then forced to grow
again by starting a second expansion cycle att = 1530s with
a faster pumping speed of 90 % of full capacity. At that time,
the ice particle number concentration was already reduced to
about 50 cm−3. The growing ice particles were observed for
further 300 s by the FTIR and WELAS instruments. Unfor-
tunately, the TDL interstitial water vapour measurement is

not very stable at those low temperatures and high pumping
speeds and, therefore, the data are disregarded fort > 1647s.
Therefore, it is not clear whether the ice nucleation threshold
was again reached within the subsequent 200 s observation
time. However, there are no indications for a second ice nu-
cleation event neither from the WELAS nor from the FTIR
data and, thus, it is very likely that the growing ice particles
effectively depleted the interstitial water vapour and confined
the ice saturation ratio below the homogeneous nucleation
threshold. A median equivalent diameter ofDv = 5 µm had
been reached by the growing ice particles before the FTIR
measurement was stopped.

The SIMONE measurement data and the results of the T-
matrix calculations are depicted in Fig.9d–f. The forward
and backward scattering intensities in Fig.9d show a rapid
increase after the ice nucleation has been initiated, reflecting
the fast growth of the ice particles during the initial growth
phase when the saturation ratio was still high. For the remain-
ing experiment time, the scattering signals nicely follow the

Atmos. Chem. Phys., 12, 10465–10484, 2012 www.atmos-chem-phys.net/12/10465/2012/



M. Schnaiter et al.: Backscattering linear depolarisation ratio of small ice crystals 10477

trend of the retrieved median equivalent diameterDv shown
in Fig. 9c, i.e. a moderate increase when the supersatura-
tion was depleting, a moderate decrease during the subli-
mation period and a second rapid increase when the cham-
ber was again expanded. For the period after the start of the
expansion and before the ice nucleation has been initiated,
the forward scattering intensity and the scattering ratioρ in
Fig. 9e show a continuous but small increase due to the up-
take of water vapour by the diluting H2SO4 solution droplets.
The linear depolarisation ratioδ in Fig. 9f stays at its back-
ground value until ice starts to nucleate, followed by a strong
increase to a peak value ofδ = 0.33 at t = 393s. At this
time, the ice crystals have grown to an equivalent diameter of
Dv = 2.0 µm. During further growth of the ice particles un-
til the expansion was stopped att = 630s, the depolarisation
ratio strongly decreases to a value ofδ = 0.13 although the
scattering intensities in Fig.9d still increase and the scatter-
ing ratio in Fig.9e stays rather constant. This is evidence for
the strong non-linear size dependence of the linear deporisa-
tion ratio for small micrometer-sized ice crystals as it was
theoretically predicted byMishchenko and Sassen(1998).
The subsequent behaviour of the depolarisation ratio during
the sublimation and second growth phases, namely a continu-
ous increase (decrease) with decreasing (increasing) particle
size, is yet another observation of this non-linear size depen-
dence.

The change of the incident laser polarisation to the per-
pendicular orientation betweent = 725s andt = 805s has
no effect on the measured depolarisation ratio (i.e.δV = δH,
cf. the red open squares in Fig.9f). As in the experiments
with iron oxide particles presented in Sect.4.2, this indicates
that for the generated small ice particles the elementS12 of
the Mueller matrix is already small for our detection angle
of 178.2◦. This is crucial for the atmospheric relevance of
our data because for a smallS12 the SIMONE depolarisation
ratio measured at 178.2◦ will be close to the value at 180◦,
i.e. δlidar of Eq. (13), which is the detection angle of atmo-
spheric lidar applications.

According to the procedure described in Sect.3.2, the SI-
MONE measurement data were modelled by T-matrix calcu-
lations. In doing so, we made several runs using the same
FTIR retrieved size distribution but assuming different par-
ticle habits (i.e. cylinders and spheroids) and aspect ratiosφ

in order to get the best match with the measured depolarisa-
tion data. These best match results are shown as black circles
and squares in Fig.9d–f. The modelled depolarisation ratios
of prolate spheroids withφ = 0.67 and of compact cylin-
ders withφ = 1.1, which are plotted in Fig.9f, nicely mimic
the trend of the measured depolarisation ratio. The absolute
value of the measured depolarisation ratio, however, is not
exactly reproduced over the whole experiment period which
might be due to the simplified model assumptions, i.e. cylin-
drical and spheroidal particle shapes with fixed aspect ratios.
Interestingly, we also observe the equivalence ofδV andδH

for the modelling results which seems to be a general feature
of small ice particles.

Comparing the modelled scattering intensities of the ice
cloud in Fig.9d, we have applied the same prefactor and ad-
justment factor for the modelled intensities of the ice cloud
that were deduced in the supercooled droplet experiment dis-
cussed in Sect.4.1. Whereas the modelled forward scatter-
ing intensity matches the measurement data of Fig.9d very
well, the measured backward scattering signal is underesti-
mated by the modelling result. Consequently, the modelled
forward-to-backward scattering ratio shown in Fig.9e over-
estimates the ratio deduced from the SIMONE measurements
by up to about 50 %.

4.3.2 Heterogeneous nucleation atTinitial = 204 K
(HALO06 30)

In contrast to the previous experiment where we used sul-
phuric acid solution droplets to nucleate ice homogeneously,
we used soot particles from the graphite spark generator in
experiment HALO0630 to investigate heterogeneous ice nu-
cleation. The experiment was conducted at a comparable ini-
tial temperature of 203.6 K and with an initial soot particle
number concentration of about 490 cm−3. Figure10 depicts
the course of HALO0630 in the same manner as presented
in Fig. 9 for the sulphuric acid experiment ICE0114.

In contrast to the homogeneous nucleation of ice, the soot
aerosol initiated ice formation via heterogeneous nucleation
in the deposition mode at a significantly lower supersatura-
tion of only about 28 % att = 95s experiment time. At the
time of maximum saturation ratio, about 70 ice particles per
cm3 had been nucleated which then grew to a volume equiva-
lent diameter ofDv = 3.8 µm untilt = 500s when the pump-
ing speed was reduced. The correspondingly reduced cooling
rate did not counterbalance the heat flux from the warmer
chamber walls. Therefore, the chamber temperature gradu-
ally increased, resulting in a slow sublimation of the ice par-
ticles and a confinement of the saturation ratio to ice satu-
rated conditions. The fact that the median volume equivalent
diameter of the ice particle ensemble depicted in Fig.10c
was rather constant during this period indicates that the mass
loss rate was indeed slow. This could be confirmed by an
analysis of the ice water content that was deduced by two in-
dependent methods; the FTIR size distribution retrieval and
the MBW-TDL closure. This analysis revealed a mass loss
of only 9 % betweent = 600s andt = 1200s. The mass loss
rate by sublimation was increased aftert = 1200s when the
gas in the chamber was compressed by a controlled flow of
dry synthetic air into the volume. In this way, the ice cloud
was subjected to a significant subsaturation with respect to
ice of about 5 to 7 %, resulting in a complete sublimation of
the ice particles within 900 s.

As in Fig. 9, the scattering intensities measured during
the growth, maintenance, and sublimation periods of the ice
cloud are nicely mimicked by the model results assuming
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Fig. 10.As Fig.9 but for the heterogeneous ice nucleation experiment HALO0630.

oblate ice cylinders with an aspect ratio of 1.1 (Fig.10d).
Also in this experiment the forward scattering intensity is
matched very well by the modelling result whereas the
backscattering measurement is slightly underestimated. This
discrepancy between the quality of the forward and backward
simulations is even more pronounced for the modelling re-
sults for prolate spheroidal ice particles with an aspect ratio
of 0.67.

The measured depolarisation ratioδH, plotted in Fig.10f,
shows a similar size dependence as it was observed in the
homogeneous ice nucleation experiment ICE0114, namely
a maximum value of 0.33 during the initial growth at a me-
dian diameter aroundDv = 2.0 µm, a decrease to values
around 0.22 during the remaining growth and stabilisation
periods, and an increase to values around 0.4 during the fi-
nal sublimation phase. The growth and stabilisation periods
of the experiment, i.e. untilt = 1200s, are excellently repro-
duced by the assumption of slightly oblate cylinders and pro-
late spheroids withφ = 1.1 and 0.67, respectively. However,
the rapid increase of the depolarisation ratio observed during
the forced sublimation period is not as closely matched by

these two particle models as the initial experimental phases.
This indicates that a different particle shape has to be as-
sumed for the sublimating ice crystals. A much better simu-
lation of the temporal evolution ofδH during the sublimation
period is achieved by assuming prolate spheroidal particles
with a somewhat higher aspect ratio of 0.74 (shown as red
line in Fig. 10f). As shown byNelson(1998), spheroids are
indeed a realistic proxy for sublimating ice particles.

4.3.3 Heterogeneous nucleation atTinitial = 224 K
(HALO06 25)

The last experiment discussed here was again conducted
with soot particles from the graphite spark generator but at
a higher initial temperature of 224.3 K (Fig.11). In contrast
to HALO06 30 where the ice nucleation started at a super-
saturation of about 28 %, an even lower supersaturation of
only about 15 % (reached att = 40s) was sufficient to trig-
ger ice nucleation in this experiment. An ice particle number
concentration of 77 cm−3 was nucleated until the peak sat-
uration ratio was reached. Due to the higher water vapour
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Fig. 11.As Figs.9 and10 but for the heterogeneous ice nucleation experiment HALO0625 conducted at a higher temperature ofTinitial =

224.3 K. Note the larger sizes of the ice particles grown in this experiment compared to the experiments ICE0114 and HALO0630. Starting
at aboutt = 500s experiment time, the ice cloud particles were repeatedly forced to sublimate and grow.

concentration available at warmer temperatures, the ice par-
ticle ensemble grew to a larger volume equivalent median
diameter of aboutDv = 9 µm (compared toDv = 3.8 µm in
HALO06 30) before the expansion was stopped att = 350s.
After a short maintenance period of about 150 s, the ice cloud
was forced to sublimate by the addition of a controlled flow
of dry synthetic air resulting in a continuous decrease ofDv
(Fig. 11c). Before the ice cloud was completely sublimated,
the ice particles were forced to grow again by starting an-
other expansion cooling cycle att = 960s when the cloud
was already subsaturated by about 9 %. At this time, the ice
particle ensemble had been sublimated to an equivalent di-
ameter ofDv = 4.8 µm and a number concentration of about
22 cm−3. This second expansion cooling cycle was stopped
at a supersaturation of 9 %, i.e. well below the nucleation
threshold observed in the initial expansion. In this way, the
formation of new ice particles by heterogeneous nucleation
on the interstitial aerosol particles was avoided. As can be

seen in Fig.11, this procedure was repeated for another two
times.

The growth and sublimation cycles are nicely reflected
by the measured SIMONE scattering intensities depicted in
Fig. 11d. As in the previous experiments, the measured scat-
tering intensities can be reproduced by the T-matrix model
assuming cylindrical ice particles, with a prolate aspect ratio
of 0.82 in this case. The assumption of spheroidal ice parti-
cles, here with the same aspect ratio of 0.82, again leads to
significantly lower backscattering signals and, consequently,
to an overestimation of the scattering ratio in Fig.11e. How-
ever, the course of the measured depolarisation ratio depicted
in Fig. 11f can only be reproduced by the spheroidal particle
assumption. Such behaviour was not clearly observed in the
previous experiments at colder temperatures except the very
end of ICE0114 (Fig.9) when the ice particles grew to a me-
dian diameter slightly above 5 µm. A possible explanation for
this discrepancy is given in the next section.
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a b 

Fig. 12.Representative selection of SID3 single particle scattering patterns recorded in HALO0625 during a growth period(a) and a subli-
mation period(b). A statistical analysis of the images revealed that more than 60 % of the ice particles had a columnar shape with a two-fold
or four-fold symmetric pattern. The sublimation of ice particles results in roundish particle shapes inducing oval scattering patterns(b).

We now give an example of SID3 measurements to
demonstrate that the spheroidal particle shape is a realistic
assumption for sublimating ice particles. The SID3 single
particle scattering patterns of Fig.12 clearly show a transi-
tion from the cross-like patterns observed during the ice par-
ticle growth and cloud maintenance periods to oval patterns
observed during the sublimation periods. While the former
indicate (hexagonal) columnar ice particles with sharp edges
the latter clearly reflect columnar particles with rounded
edges provoked by the faster sublimation near the edges of
the ice facets (Nelson, 1998).

5 Atmospheric implications

The presented cirrus cloud simulation experiments show that
high backscattering particle linear depolarisation ratiosδp are
a common feature of small ice particles with sizes well be-
low 10 µm. Since the SIMONE depolarisation measurement
is roughly 2◦ off the exact backscattering direction, we first
have to quantify the differences betweenδSIMONE andδlidar
expected in exact backscattering direction before we can dis-
cuss the implications for atmospheric lidar measurements.
For this purpose, we used the Mueller matrix look-up ta-
bles to calculate the backscattering depolarisation ratios at
178◦ and 180◦ for randomly oriented spheroidal particle en-
sembles with different aspect ratios and size parameters at
a fixed mode width ofσg = 1.2. The results are depicted in
Fig. 13. According to Eq. (13), atmospheric lidar depolarisa-
tion measurementsδp depend only on the ratioS22/S11 of the
Mueller matrix. This ratio can be deduced from the SIMONE
measurements ofδH andδV by application of Eq. (14). The
difference1δp betweenδp at the SIMONE detection angle of
178◦ and at the lidar angle of 180◦ is plotted in the lower right
panel of Fig.13. According to this plot, SIMONE underesti-
mates the lidar depolarisation ratio by less than 0.1 for small
prolate and oblate ice particles. Moreover, the difference be-
tweenδV andδH shown in the upper right panel is typically
below 0.05 for size parameters below 20, but can be signif-

icantly higher for larger size parameters and especially for
particles that deviate only slightly from the spherical shape.
This means that for small ice particles with sizes below about
3.1 µm, the SIMONE depolarisation ratios of Eqs. (11) and
(12) are equal and representative forδlidar (with a maximum
negative offset of 0.1) even without changing the incident
laser polarisation direction.

Within these limitations, the SIMONE depolarisation data
measured during the ice particle growth and sublimation
phases of the above experiments are representative forδlidar.
Therefore, the high lidar depolarisation values above 0.4 that
are observed in contrails and natural upper tropospheric cir-
rus clouds as reviewed in Sect.1 might be indications for the
presence of small micrometer-sized ice particles. Note that
the maximumδH ratios given in Table1 have to be corrected
by a positive offset of about 0.1 to estimate the lidar depolar-
isation ratio. The fact that we have measured strong depolar-
isation values especially in sublimating cold ice clouds (e.g.
experiment HALO0630, Fig.10) could be of atmospheric
relevance in the context of the detrainment of convective
anvil clouds in the tropical tropopause layer (TTL). Recent
analyses of satellite data show that at least 30 % of cirrus in
the TTL are of convective origin (Wang and Dessler, 2012).
In situ measurements of the ice particle size distribution in
the vicinity of and within the outflows of such convective
systems clearly show that the ice particle sizes decrease with
increasing altitude and decreasing temperature (Frey et al.,
2011). In the TTL the number size distributions peak be-
tween 6 and 15 µm, and sometimes even a monotonic de-
crease of the number concentration with size was observed,
indicating a maximum of the size distribution below 3 µm
(de Reus et al., 2009). Sublimation of larger ice particles was
identified as a possible explanation for these very small parti-
cles. In conclusion, our experimental findings of highδH val-
ues in case of small (sublimating) ice particles and the strong
decrease ofδH with increasing particle size could serve as
a link that connects the CALIOPδlidar observations in trop-
ical ice clouds with the in situ microphysical measurements
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Fig. 13. Results of T-matrix calculations for spheroidal ice particles with different aspect ratios and size parameters. Upper left: linear
depolarisation ratioδH for a detection angle of 178◦. Upper right: difference between the linear depolarisation ratios for parallel (H) and
perpendicular (V) incident laser polarisation. Lower left: normalised Mueller matrix elementS22/S11 for a detection angle of 178◦. Lower
right: difference inδp for the detection angles 178◦ (SIMONE) and 180◦ (lidar) using Eq. (13). Negative values indicate higherδp ratios at
180◦.

of convective outflows in the TTL. However, further in situ
investigations aiming at assessing the prevalence of small ice
particles in upper tropospheric cirrus clouds and discriminat-
ing sublimating ice particles are necessary to substantiate this
link.

At this point, we want to briefly note that in contrast to the
presented chamber experiments large ice crystals often coex-
ist with small ice particles in cirrus clouds. According to our
chamber studies with large ice crystals (Amsler et al., 2009;
Scḧon et al., 2011; Abdelmonem et al., 2011), these particles
show a broad range ofδH values from 0.04 to 0.4 depending
on the particle size and shape. Therefore, the depolarization
from small cirrus ice particles might be significantly masked
by the presence of a few large ice particles.

Another relevant finding of our study is the applicability
of the T-matrix model for prolate spheroidal particles (and
partly also for slightly oblate cylindrical particles) for mod-
elling the depolarisation ratio of cold ice clouds composed
of small micrometer-sized ice crystals. The T-matrix method
was previously proposed as a useful tool for interpreting li-
dar depolarisation data measured in contrails (Mishchenko
and Sassen, 1998). Especially the predicted strong decrease
of δlidar with a gradual increase of the particle size from about
2 to 4 µm was nicely confirmed by our experiments. Interest-
ingly, the measured depolarisation ratios could be mimicked
by assuming a single shape for the ice particle ensemble,
whose total ice volume and number size distribution was con-
strained by FTIR spectroscopy and SID3 particle sizing. Yet,
the use of a shape distribution, as constrained from e.g. SID3

single particle measurements, will likely further improve the
fit result. In contrast to this finding, the backscattering inten-
sity was always underestimated when assuming spheroidal
particles and could only be matched assuming cylindrical
particles. This finding highlights the importance of retrore-
flections at rectangular crystal troughs for the backscatter-
ing intensity (Macke and Mishchenko, 1996) also in case of
small ice crystals. The fact that the modelled forward scatter-
ing intensity was almost independent on the assumed particle
shape shows that small angle light scattering is dominated by
diffraction. Based on these results, it can be speculated that
an optical particle model assuming a size and shape distribu-
tion of hexagonal ice particles is necessary in order to match
both the observed depolarisation ratios and the scattering in-
tensities at the same time.

6 Conclusion and outlook

The main purpose of this work was to introduce the laser
scattering and depolarisation instrument SIMONE which is
in routine operation at the large aerosol and cloud simula-
tion chamber AIDA. The detection concept of the instrument
closely resembles that of polarisation lidar instruments which
are widely used for remote sensing of atmospheric aerosols
and clouds by the analysis of backscattered laser radia-
tion. In addition to the near-backscattering channel, the SI-
MONE setup also comprises a near-forward scattering chan-
nel, which was proven to be very sensitive to the size distribu-
tion of the particle ensemble under consideration. A specific
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focus of the work was to evaluate the capabilities of the in-
strument for measuring the backscattering particle linear de-
polarisation ratiosδH and δV of artificially generated cold
ice clouds that might closely resemble those in contrails and
natural cirrus. In addition to the SIMONE measurements, the
ice clouds were also probed by in situ FTIR extinction spec-
troscopy and the single particle optical detectors WELAS
and SID3.

Ice clouds generated in AIDA below 225 K are typically
composed of small ice particles with equivalent diameters
significantly below 20 µm. The experiments presented in this
work clearly showed that these ice clouds induce a strong
backscattering linear depolarisation signal especially during
the initial growth and final sublimation periods. It could be
shown that these findings are consistent with the results of
T-matrix calculations for spheroidal and cylindrical parti-
cles. In this way, the T-matrix method has proven as a valu-
able tool for interpreting lidar depolarisation data measured
in contrails and young cirrus as previously proposed by
Mishchenko and Sassen(1998). Further implications for the
interpretation of the strong depolarisation ratios recently ob-
served in tropical ice clouds by the CALIOP spaceborne
instrument are possible (Martins et al., 2011). In particu-
lar, the high depolarisation ratios observed by SIMONE in
sublimating ice clouds might be of atmospheric relevance in
the context of deep convective detrainment processes in the
TTL.

Sublimation of ice clouds at cold temperatures and its im-
pact on the microphysical and optical properties of the ice
crystals will be the subject of forthcoming chamber stud-
ies. The SID3 scattering patterns will be analysed in a way
to deduce reliable shape distributions of the generated ice
particle ensembles. It is envisaged to use these shape distri-
butions in modeling studies with the finite-difference time-
domain (FDTD) method. This method allows the calculation
of the scattering properties of hexagonal ice columns which
is likely the better ice particle model that simultaneously rep-
resents the backscattering intensity as well as the linear de-
polarisation ratio.

Acknowledgements.The authors are grateful to all members of
the AIDA staff for their continuous support during the chamber
experiments. Steffen Vogt is thanked for the mechanical design of
the SIMONE setup. The work has been funded by the Deutsche
Forschungsgemeinschaft within the HALO priority program 1294
(DFG contracts SCHN 1140/1-2 and MOEH 668/1-2) and the
Helmholtz-Gemeinschaft Deutscher Forschungszentren as part of
the program “Atmosphere and Climate”. We acknowledge support
by Deutsche Forschungsgemeinschaft and Open Access Publishing
Fund of Karlsruhe Institute of Technology.

The service charges for this open access publication
have been covered by a Research Centre of the
Helmholtz Association.

Edited by: D. Baumgardner

References

Abdelmonem, A., Schnaiter, M., Amsler, P., Hesse, E., Meyer, J.,
and Leisner, T.: First correlated measurements of the shape and
light scattering properties of cloud particles using the new Par-
ticle Habit Imaging and Polar Scattering (PHIPS) probe, At-
mos. Meas. Tech., 4, 2125–2142,doi:10.5194/amt-4-2125-2011,
2011.

Amsler, P., Stetzer, O., Schnaiter, M., Hesse, E., Benz, S.,
Möhler, O., and Lohmann, U.: Ice crystal habits from cloud
chamber studies obtained by in-line holographic microscopy re-
lated to depolarization measurements, Appl. Optics, 48, 5811–
5822, 2009.

Benz, S., Megahed, K., M̈ohler, O., Saathoff, H., Wagner, R., and
Schurath, U.:T -dependent rate measurements of homogeneous
ice nucleation in cloud droplets using a large atmospheric simu-
lation chamber, J. Photoch. Photobio. A, 176, 208–217, 2005.

Burkhardt, U. and K̈archer, B.: Global radiative forcing from con-
trail cirrus, Nat. Clim. Change, 1, 54–58, 2011.

Cooper, S. J. and Garrett, T. J.: Identification of small ice cloud par-
ticles using passive radiometric observations, J. Appl. Meteorol.
Climatol., 49, 2334–2347, 2010.

Cooper, S. J. and Garrett, T. J.: Application of infrared remote sens-
ing to constrain in-situ estimates of ice crystal particle size during
SPartICus, Atmos. Meas. Tech., 4, 1593–1602,doi:10.5194/amt-
4-1593-2011, 2011.

Cotton, R. J., Benz, S., Field, P. R., Möhler, O., and Schnaiter, M.:
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zer, O., Wagner, R., Krämer, M., Mangold, A., Ebert, V., and
Schurath, U.: Effect of sulfuric acid coating on heterogeneous
ice nucleation by soot aerosol particles, J. Geophys. Res.-Atmos.,
110, D11210,doi:10.1029/2004jd005169, 2005.

Morales, M. P., Gonzalezcarreno, T., and Serna, C. J.: The for-
mation of alpha-Fe2O3 monodispersed particles in solution, J.
Mater. Res., 7, 2538–2545, 1992.

Nelson, J.: Sublimation of ice crystals, J. Atmos. Sci., 55, 910–919,
1998.

Ocana, M., Morales, M. P., and Serna, C. J.: The growth-mechanism
of alpha-Fe2O3 ellipsoidal particles in solution, J. Colloid Interf.
Sci., 171, 85–91, 1995.

Ozaki, M., Kratohvil, S., and Matijevic, E.: Formation of monodis-
persed spindle-type hematite particles, J. Colloid Interf. Sci.,
102, 146–151, 1984.

Querry, M. R.: Optical Constants of Minerals and Other Materi-
als from the Millimeter to the UV, Rep. CRDEC-CR-88009, US
Army, Aberdeen, MD, 1987.

Sassen, K. and Hsueh, C. Y.: Contrail properties derived from high-
resolution polarization lidar studies during SUCCESS, Geophys.
Res. Lett., 25, 1165–1168, 1998.

Sassen, K. and Zhu, J.: A global survey of CALIPSO linear depo-
larization ratios in ice clouds: initial findings, J. Geophys. Res.-
Atmos., 114, D00h07,doi:10.1029/2009jd012279, 2009.

Saunders, R. W., M̈ohler, O., Schnaiter, M., Benz, S., Wagner, R.,
Saathoff, H., Connolly, P. J., Burgess, R., Murray, B. J., Gal-
lagher, M., Wills, R., and Plane, J. M. C.: An aerosol cham-
ber investigation of the heterogeneous ice nucleating potential of
refractory nanoparticles, Atmos. Chem. Phys., 10, 1227–1247,
doi:10.5194/acp-10-1227-2010, 2010.
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