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Abstract. We report on the development and test results
of the new optical particle counter TOPS-Ice (Thermo-
stabilized Optical Particle Spectrometer for the detection
of Ice). The instrument uses measurements of the cross-
polarized scattered light by single particles into the near-
forward direction (42.5◦ ± 12.7◦) to distinguish between
spherical and non-spherical particles. This approach allows
the differentiation between liquid water droplets (spheri-
cal) and ice particles (non-spherical) having similar volume-
equivalent sizes and therefore can be used to determine the
fraction of frozen droplets in a typical immersion freezing
experiment. We show that the numerical simulation of the
light scattered on non-spherical particles (spheroids in ran-
dom orientation) considering the actual scattering geometry
used in the instrument supports the validity of the approach,
even though the cross-polarized component of the light scat-
tered by spherical droplets does not vanish in this scattering
angle. For the separation of the ice particle mode from the
liquid droplet mode, we use the width of the pulse detected
in the depolarization channel instead of the pulse height. Ex-
ploiting the intrinsic relationship between pulse height and
pulse width for Gaussian pulses allows us to calculate the
fraction of frozen droplets even if the liquid droplet mode
dominates the particle ensemble. We present test results ob-
tained with TOPS-Ice in the immersion freezing experiments
at the laminar diffusion chamber LACIS (Leipzig Aerosol
Cloud Interaction Simulator) and demonstrate the excellent
agreement with the data obtained in similar experiments with
a different optical instrument. Finally, the advantages of us-
ing the cross-polarized light measurements for the differenti-
ation of liquid and frozen droplets in the realistic immersion
freezing experiments are discussed.

1 Introduction

Ice particles in clouds strongly affect the cloud dynam-
ics and radiative properties and therefore the Earth’s cli-
mate (Cantrell and Heymsfield, 2005). Whereas in high-
tropospheric clouds ice forms mostly by direct deposition
from the vapor phase onto solid aerosol particles, ice par-
ticles in mixed-phase tropospheric clouds tend to form by
freezing of liquid droplets condensed on the preexisting solid
particles called ice nuclei (IN). In this context, an impor-
tant freezing mechanism under atmospheric conditions is im-
mersion freezing (Ansmann et al., 2008; Prenni et al., 2009;
Wiacek et al., 2010; de Boer et al., 2011), where supercooled
droplets with immersed insoluble particles freeze. These par-
ticles lower the free-energy barrier associated with the for-
mation of an ice germ of critical size in the supercooled
liquid water and therefore dramatically enhance the rate of
supercooled droplet freezing, leading to higher onset tem-
perature of ice formation (which is approximately−38◦C
for homogeneous freezing of supercooled water droplets;
Pruppacher and Klett, 1997).

However, the physical and chemical properties of aerosol
particles that are responsible for their ability to serve as het-
erogeneous ice nuclei are not entirely understood. Among
other qualities, the affinity of the crystalline structure of min-
eral dust to the crystalline structure of ice, the presence of
OH radicals on the surface of organic IN, and a special pro-
tein on the surface of biological particles are considered. To
elucidate these unknowns, laboratory studies involving well-
characterized reference IN are required.

Among others, the ongoing research in this field is done in
the ice nucleation chambers of the continuous flow diffusion
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type (e.g., LACIS,Stratmann et al., 2004; Hartmann et al.,
2011; CFDC, Rogers, 1988; FINCH, Bundke et al., 2008;
ZINC, Stetzer et al., 2008) and in the expansion cloud cham-
bers (e.g., AIDA,Wagner et al., 2009), where liquid droplets
with immersed IN are cooled down to a temperature where
some fraction of them freezes.

The majority of modern ice nucleation instruments mea-
sure the ice fractionfice, i.e., the number of ice particles
divided by the total number of particles (ice particles and
droplets), as a function of temperature, size, and microphys-
ical properties of IN. The value office is a measure of the
freezing ability of supercooled droplets. The ability to mea-
sure this property correctly depends strongly on the ability of
a particle-counting instrument to distinguish between liquid
droplets and ice particles. This is typically done by optical
means, exploiting the fact that at water saturation ice crys-
tals grow faster than liquid droplets, thus making a simple
size-threshold-based segregation of detected particles possi-
ble (Rogers, 1988; Wagner et al., 2009).

In recent immersion freezing measurements with the
Leipzig Aerosol Cloud Interaction Simulator (LACIS) de-
scribed in Niedermeier et al.(2010, 2011), the commer-
cial white light optical particle spectrometer (WELAS 1000,
Palas, Karlsruhe, Germany) was used for the determination
of the ice fraction. In these experiments, LACIS was oper-
ated in a mode where the non-frozen supercooled droplets
evaporated, leaving ice and dry particles at the outlet of the
flow tube. If the dry aerosol particles are much smaller than
the ice particles, the latter can be clearly distinguished from
the dry particles, and sofice can be calculated. In certain sit-
uations, however, the dry aerosol particles have a broad size
distribution overlapping with the size distribution of ice par-
ticles. The only way to resolve such a mixture is to allow the
coexistence of ice particles and water droplets and to apply
a different method to separate both populations of particles.
This is a challenging task when both water droplets and ice
particles have approximately the same optical size, making
the size-based separation impossible.

In this case, the geometrical difference between the highly
spherical liquid droplets and the non-spherical ice particles
has to be exploited. The most common approach is based on
the fact that light scattered by spherical particles in the near-
backward direction preserves its polarization state, while
non-spherical particles change the state of polarization de-
pending on the particle shape and orientation. This technique
has been successfully used in remote sensing applications,
for example, in lidar polarimetric measurements of ice and
mixed-phase clouds, e.g., inSassen(1991), Ansmann et al.
(2009), andSeifert et al.(2010).

Studying the scattering of polarized light on non-spherical
particles (spheroids),Mishchenko and Sassen(1998) and
Zakharova and Mishchenko(2000) have shown that even a
small increase of the aspect ratio and, therefore, a small de-
viation of the particle from the spherical shape can lead to a
significantly large increase of the depolarization ratio. At the

same time, no systematic dependence of the depolarization
ratio on the degree of non-sphericity has been found. Tak-
ing into account the variability of ice crystal habits in atmo-
spheric clouds (Bailey and Hallett, 2009), the applicability of
the polarimetric approach has to be demonstrated in practice.
Until now, only few in-situ instruments exist using the mea-
surement of the polarization state of the scattered light for the
discrimination of spherical and non-spherical particles (dust)
(Glen and Brooks, 2013) or the discrimination of ice and wa-
ter in laboratory and field experiments (Bundke et al., 2008;
Krämer et al., 2009; Nicolet et al., 2010; Schnaiter et al.,
2012).

From different prototype stages of the Thermo-stabilized
Optical Particle Spectrometer for the detection of Ice (TOPS-
Ice) development, we decided not to use the scattering in the
backward direction, first, to avoid the different fields of view
of the three detectors used in TOPS-Ice (two for the size dis-
crimination in the forward direction, and one for the water-
ice discrimination) and, second, to increase the scattering in-
tensity. Motivated by the need to build an optical instrument
capable of counting ice particles in a system containing both
liquid and frozen droplets of similar sizes, and trying to avoid
the complications connected with the measuring of light scat-
tered into the near-backward direction, we have investigated,
both experimentally and theoretically by numerical calcula-
tions, the possibility of using the polarimetric measurements
of light scattered in the near-forward direction.

In the following, we show the development of TOPS-Ice
coupled with LACIS. The differentiation algorithm, which
uses the pulse width of the cross-polarized scattering pulse
of a particle streaming out of LACIS, will be explained and
verified with theoretical calculations of the scattering inten-
sity for different particle types.

2 Experimental setup

In the following section, the experimental setup for the im-
mersion freezing experiments is described. The particle con-
ditioning, i.e., the generation of droplets with a single im-
mersed solid particle and the freezing of these droplets, takes
place in the cloud simulator LACIS, which is described in
Sect.2.1. The optical particle spectrometer, TOPS-Ice, which
was developed to detect the particles at the outlet of LACIS,
is described in Sect.2.2.

2.1 LACIS

The heterogeneous ice nucleation experiments are performed
in the laminar flow diffusion chamber LACIS, which is ex-
plicitly described inStratmann et al.(2004) andHartmann
et al. (2011). LACIS is a 7 m long vertical flow tube with
an internal diameter of 15 mm. Mobility-selected aerosol
particles are fed into LACIS through the inlet located on
top of the flow tube. The humidified aerosol flow streams
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into the tube with a flow velocity of 0.4 m s−1 forming an
aerosol stream of 2 mm in diameter in the center of the tube,
which is surrounded by particle-free humidified sheath air.
LACIS consists of seven 1 m long separate sections. By ad-
justing the wall temperatures of the sections, a precise tem-
perature and saturation profile can be established along the
tube axis. As a result, all particles moving along the axis
of the LACIS flow tube experience the same humidity and
temperature conditions. In the experiments described in this
section, LACIS was operated in immersion freezing mode
(Niedermeier et al., 2010); i.e., the seed particles were first
activated to supercooled droplets, and then the droplets were
cooled down to the temperature where some of them freeze.
For a certain amount of these supercooled droplets, the im-
mersed particles act as IN, leading to heterogeneous ice nu-
cleation and hence freezing of the droplet. The number of
frozen droplets divided by the number of frozen and liquid
droplets yields the ice fractionfice, which can be considered
as the probability of heterogeneous freezing as a function of
temperature, particle type, particle size, and time.

2.2 TOPS-Ice

To determine the fraction of ice particles in the presence
of liquid droplets in LACIS, we have developed TOPS-Ice
(Thermo-Stabilized Optical Particle Spectrometer for the de-
tection of Ice). The layout of the instrument is shown in
Fig. 1. TOPS-Ice uses a diode-pumped solid state continu-
ous wave laser (LasNova 50 green GLK 3220 T01, LASOS
Lasertechnik GmbH, Jena, Germany) with a wavelength of
532 nm and an output power of 20 mW as a light source. The
laser beam has a Gaussian profile with a width of 0.7 mm
(FWHM) and emits linearly polarized light, vertically polar-
ized (200 : 1) (normal to the drawing plane in Fig.1). The
beam is enlarged to a width of 2 mm and flattened by a cylin-
drical lens to intensify the illumination within the sensitive
volume; thus the resulting beam is 2 mm in width and about
24 µm in height (see the discussion in Sect.4.1). The purity
in terms of linear polarization of the laser beam is ensured
by means of a Glan-Thompson calcite polarizer (extinction
ratio: 100 000 : 1). The laser beam is focused on the parti-
cles streaming out of LACIS. The particles move through the
illuminated volume and scatter the light into all directions;
the transmitted laser beam is intercepted by a beam trap.
The light scattered by individual particles is coupled into
three optical fibers (with a light acceptance cone of 25.4◦)
into the solid angle of 0.15 sr located around the scattering
angleϑ = 42.5◦. The optical fibers are used to deliver the
scattered light to three different photomultiplier tubes (PMT,
Hamamatsu H6780-04). PMT A detects light at a scatter-
ing angle of(ϑ = 42.5◦,ϕ = 180◦), and PMT B and PMT C
detect the scattered light at an angle of(ϑ = 42.5◦,ϕ = 0),
whereϑ is the scattering angle andϕ is the azimuth angle.
The core diameter of the fibers is 400 µm and 200 µm for
PMT A and PMT B/C, respectively. A non-polarizing beam

PMT A PMT B

PMT A

PMT B

LASER (532 nm)

sensitive
volume

PMT C

analyzer

polarizer

beam splitter cube

air tight
optical cell

beam trap

optical fiber (200 µm)

optical fiber (400 µm)

optical fiber (200 µm)

Fig. 1.Optical layout of TOPS-Ice (top view).

splitter cube (1 : 1) within the optical pathway of PMT B al-
lows the detection of light by a third detector, PMT C, within
the same angular range. The three detectors therefore pos-
sess the same detector geometry. In front of PMT C, another
Glan-Thompson polarizer transmits only the horizontally po-
larized component (parallel to the drawing plane) of the scat-
tered light. Around the outlet of LACIS, an air-tight opti-
cal cell is built, so that the laser light and the scattered light
are coupled out and in, respectively, through glass windows.
The cooling jacket of LACIS protrudes inside the optical cell,
ensuring that the temperature of the gas flow stays constant
down to the sensitive volume (and explaining the “thermo-
stabilized” in the name of the instrument). The larger core
diameter of the optical fiber for PMT A allows for a larger
field of view for PMT A as compared to PMT B/C, so that
the sensitive volume, shaped by the intersection of the illumi-
nation beam and the field of view of PMT B/C, is embedded
into the sensitive volume of PMT A. This is done to minimize
edge zone errors. A particle is only counted as being “valid”
if all detectors receive a signal at the same time to ensure
that the particle is situated completely within the sensitive
volume caused by the intersection of the illumination beam
and PMT A. To record and analyze the scattering pulses by
the three detectors and to provide an almost real-time vali-
dation of the measured signal, we use a fast data acquisition
unit together with a LabVIEW-based program package, as
described inKiselev et al.(2005).

The validated pulse amplitudes received from PMT A can
then be used to retrieve the size distribution of the droplets.
This is achieved by means of the instrument response func-
tion that is first calculated theoretically for the TOPS-Ice
scattering geometry and then calibrated with monodisperse
polystyrene latex microspheres (PSL, Duke Scientific Corp.,
Palo Alto, CA, USA) within a size range of 250 nm and
1600 nm as described inKiselev et al.(2005). An exam-
ple of the response curve for TOPS-Ice is shown in Fig.4.
Although the curve is ambiguous and oscillates strongly, the
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uncertainty in the size determination is less than 0.5 µm for
spherical particles. The differentiation of water droplets and
ice particles was tested for sizes larger than 1000 nm.

The scattered light detected with PMT C is used to distin-
guish between frozen and unfrozen droplets. To discriminate
between the spherical and the non-spherical particles, we ex-
ploit the property of light scattered by spherical droplets to
preserve the original polarization state within the scattering
plane. This is generally not true for the non-spherical par-
ticles. The measurement of the cross-polarized component
can therefore be exploited for distinguishing between spher-
ical and non-spherical particles. The theoretical background
is given in Sect.3, while the applied differentiation algorithm
based on the measurement of the pulse width of the scattered
pulse is explained in Sect.4.

3 Theory

Different approaches for the theoretical investigation of the
scattering of ice particles with different habits have been de-
veloped; the most widely used being geometric ray-tracing
methods (e.g.,Takano and Jayaweera, 1985; Macke et al.,
1996), the finite difference time domain method (FDTD)
(e.g., Yang and Liou, 1996; Baran et al., 2001), the T-
matrix approach (e.g.,Mishchenko and Hovenier, 1995;
Mishchenko and Sassen, 1998; Rother, 2009) and the dis-
crete dipole approximation (DDA) (e.g.,Draine and Flatau,
1994). Meanwhile, a wide database of computational pro-
grams exists for the theoretical investigation of the scattering
behavior for diverse particle shapes (Wriedt and Hellmers,
2008). An application of the T-matrix code fromMishchenko
and Sassen(1998) for orientated cylindrical ice particles was
published recently byNicolet et al.(2012).

The purpose of the following calculations is to show the
scattered intensity for spheres and for spheroids, as an exam-
ple of non-spherical particles, for the exact detector geome-
try of TOPS-Ice. For the calculations, we used orientation-
averaged spheroids. This is possible as the conditions in
LACIS do not change over time and allow, therefore, an in-
terpretation of many single particles in random orientation.
Thus, the average amplitude of the cross-polarized scattering
component can be calculated for an ensemble of orientation-
averaged non-spherical particles and can be considered as the
expected value.

For the following considerations, the componentsPi,j (ϑ)

of the Mueller matrix (van de Hulst, 1982; Bohren and
Huffmann, 1983) with a resolution of1ϑ = 1◦ were calcu-
lated: for randomly oriented spheroids, the T-matrix method
from the work package mieschka (Rother, 2009) was used;
for spherical particles, as a special case of the spheroids,
Lorenz-Mie theory also from the work package mieschka
was used. To be able to compare the results for particles with
different shape, the volume-equivalent size parameterxve is
chosen as the characteristic size of the particles.

All data were calculated with a refractive index ofn = 1.33,
which corresponds to the refractive index of water at
λ = 532 nm. We neglect the difference of the refractive in-
dexes of water and ice (n = 1.31) since it is irrelevant for the
main purpose of our examination.

We use linearly, vertically polarized light, so that the
Stokes vector for the incident light has the following form:
S i = (Ii,Qi,Ui,Vi)

T
= (1,−1,0,0)T . To calculate the scat-

tered light at an arbitrary observation point on the detec-
tor, which is rotated into 42.5◦ scattering angle, the effective
Mueller matrixF (ϑ,ϕ) has to be examined as described in
Yang et al.(2003). The parameterϑ describes the scattering
angle andϕ is the azimuth angle. The evaluation ofF (ϑ,ϕ)

is done for discrete points in steps of1ϑ = 1◦ and1ϕ = 1◦.
The resulting Stokes vector for the scattered lightSs as a
function ofϑ andϕ can then be calculated by the following
equation:

Ss(ϑ,ϕ) =


Is(ϑ,ϕ)

Qs(ϑ,ϕ)

Us(ϑ,ϕ)

Vs(ϑ,ϕ)

= F(ϑ,ϕ)S i . (1)

The total scattering intensity as measured by PMT A and
PMT B equals toIs(ϑ,ϕ). The horizontal component of the
scattered intensity as measured by PMT C, which has a po-
larizer in front, is given by

Ix(ϑ,ϕ) =
1

2
(Is(ϑ,ϕ) + Qs(ϑ,ϕ)) . (2)

To derive the total measured intensity in the
angular range of the detector PMT CId

C at
ϑ = 42.5◦ ± 12.7◦, the calculated intensityIx(ϑ,ϕ) is
integrated over the detector area. A similar approach can be
taken to derive the intensity measured by the other detectors
Id
A,B by integratingIs(ϑ,ϕ) over the detector area.

The spherical detector area is defined by a solid angle with
half-opening angle ofβ = 12.7◦. The center of the detector
area is located atϑd = 42.5◦ andϕ = 0. To formulate a con-
dition for a point(ϑ,ϕ) lying within the detector areaAd, the
coordinate system is rotated so that the point(ϑ ′

= 0,ϕ′
= 0)

in the new coordinate system describes the center of the de-
tector area, and the conditionϑ ′

≤ β describes a point within
the detector area. Consequently, the condition for a point
(ϑ,ϕ) in the original coordinate system lying within the solid
angle of the detector yields

arccos(−sinϑdsinϑ cosϕ + cosϑdcosϑ) ≤ β. (3)

As we use discrete values forϑ andϕ (1ϑ = 1◦, 1ϕ = 1◦),
the integral over the detector area has to be replaced with the
summation over discretized valuesIx for every(ϑ,ϕ) lying
within the field of view of the detector (condition from Eq.3),
leading to the intensityId

C measured by PMT C:

Atmos. Meas. Tech., 6, 1041–1052, 2013 www.atmos-meas-tech.net/6/1041/2013/



T. Clauss et al.: The discrimination of frozen and liquid droplets 1045

Id
C = 1ϑ1ϕ

∑
(ϑ,ϕ)⊂Ad

Ix(ϑ,ϕ)sinϑ. (4)

To compare the actual signal detected by PMT C for
spheres and spheroid particles with different aspect ratiosε,
the intensityId

C from Eqs. (3) and (4) is calculated, shown
in Fig. 2 for different volume-equivalent size parameters
xve. The considered spheroids have two axes of the same
lengtha and one axis of lengthb. The aspect ratioε is de-
fined as the ratiob/a, so that aspect ratios ofε < 1 repre-
sent oblate spheroids and aspect ratios ofε > 1 represent
prolate spheroids. The axis on top allows for conversion
of the volume-equivalent size parameterxve to the volume-
equivalent particle diameterdve for the used wavelength of
532 nm. The axis on the right shows what the calculated rel-
ative intensity on the detector approximately means in terms
of the voltage signal measured by PMT C. The conversion
to the detector voltage signal is performed by a compari-
son of PMT A and PMT C with signals from water droplets,
and PMT A was calibrated with spherical PSL particles with
known diameter and refractive index. The figure reveals two
main features: first, the cross-polarized component of light
scattered by spherical particles is nonzero, and, therefore, the
presence of a signal in channel C cannot be used as a single
criteria for detecting the non-spherical particle; and second,
the calculated detector response is significantly higher for
the randomly oriented spheroids with an aspect ratioε 6= 1
than for a spherical particles (ε = 1) of the same volume-
equivalent size. Besides, the figure shows a general increase
of the signal for larger particles. In brief, assuming compara-
ble sizes and no preferred orientation, a signal-strength-based
differentiation between spherical and non-spherical particles
is possible. Both assumptions (size similarity of the particle
population and the absence of preferential orientation) used
for this simulation are realistic for LACIS: the conditions in-
side the flow tube are well defined; thus, every particle expe-
riences the same saturation and temperature conditions, re-
sulting in similar droplet sizes at the outlet of LACIS, and,
assuming the ice particles have only a short time to grow
and freeze at approximately the same time, similar ice parti-
cle sizes can be assumed; furthermore, for a flow velocity of
0.7 m s−1 no preferred orientation can be expected.

The difference between spherical and non-spherical parti-
cles is further demonstrated in Fig.3. Here, the intensityId

C
on PMT C normalized byId

C of the sphere is plotted over
the volume-equivalent size parameterxve for different aspect
ratios ε. The signal of the spheroid particles is on average
about a factor of 5 higher than for the spherical particles.
Therefore, a clear differentiation between the spherical and
non-spherical particles in random orientation is possible.

We have to admit, however, that calculating the
orientation-averaged scattering signal does not provide ul-
timate proof that no particle in anyfixed orientation would
produce a signal comparable to that of a spherical particle

 

In
te

n
si

ty
 a

t 
P

M
T

 C
 [

a
rb

. 
u

n
it

]

0

0 .1

0 .2

0 .3

0 .4

0 .5

0 .6

v o lu m e  e q u iv a le n t  s iz e  p a r a m e t e r  x v e

0 5 10 15 20

ε= 0 .5
ε= 0 .67
ε= 1 .0
ε= 1 .15
ε= 1 .5
ε= 2 .0

 
S

ig
n

a
l in

 P
M

T
 C

 [V
]

0

1

2

p a r t ic le  d ia m e t e r  d  [ µ m ]
0 1 2 3

Fig. 2. Intensity integrated over the detector area (PMT C)Id
C ver-

sus volume-equivalent size parameterxve for randomly oriented
spheroids with different aspect ratiosε. Here and in the follow-
ing figures, the axis on top shows particle diameter correspond-
ing to xve (bottom axis) and the wavelength of the TOPS-Ice laser
(λ=532 nm). The axis at the right shows the measured signal voltage
in PMT C.

having the samedve. Calculations of the response functions
of spheroid particles in allfixed orientations were not per-
formed and would not provide ultimate applicability proof
either, considering that the actual ice particles never exhibit
rotational symmetry and that the depolarization factor is non-
linearly dependent on the degree of deviation from an ideal
sphere (Mishchenko and Sassen, 1998). Note also that a dis-
tinction of particle shape (in terms ofε) is not possible with
our ice droplet differentiation method.

In Fig. 4, the relative intensity integrated over the detec-
tor area that has no polarizer (PMT A/B) within the opti-
cal pathway is shown. In contrast to Fig.2, the detector re-
sponse hardly differs for different particle shapes. However,
the close resemblance of the response functions for small
(xve < 20) spherical and non-spherical particles suggests that
the response function averaged overε might be used for the
determination of the particle size without introducing a too
strongly shape-dependent error.

4 Ice fraction determination with TOPS-Ice

Even if TOPS-Ice detects the signal of a single particle, ei-
ther a droplet or an ice particle, for the data evaluation, the
measured values of signal height and width from many single
particles are combined in histograms. During the first mea-
surements office conducted with TOPS-Ice at LACIS, we
have discovered that it is beneficial to use the signal width
distribution and not the signal height distribution of pulses
recorded by PMT C for the droplet and ice particle size range
investigated.

www.atmos-meas-tech.net/6/1041/2013/ Atmos. Meas. Tech., 6, 1041–1052, 2013
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In addition, it can not be excluded that the size of the
ice particles differs from the size of the droplets. Even if
the time from the nucleation event until the detection within
TOPS-Ice is quite short (<1.6 s as the absolute maximum,
most ice particles have much less time to grow), the size of
the ice particles can be at maximum about double the size
of the droplets, depending on the experiment. Additionally,
the ice particles have a much broader optical size distribu-
tion, measured with PMT A, than the droplets. This is due
to the different orientations and depends on the time of the
individual nucleation event within LACIS. Depending on the
time of nucleation event, the size of the droplets at the nu-
cleation event and the time the ice particles have to grow
differs. Therefore, the size of the ice particles also differs
in different experiments. However, we can be sure that the
ice particles are not smaller than the droplets, and this is al-
ways the case within every LACIS freezing experiment with
a monodisperse droplet population.

In the following sections, we will discuss the reason for
the use of the pulse width distribution and describe the real-
ization of this approach for the retrieval of ice fractions. We
also compare the values office measured with two different
instruments, TOPS-Ice and WELAS, for immersion freezing
on Arizona Test Dust (ATD).

4.1 Using the pulse width of the scattering signal for the
discrimination of droplets and ice particles

The analogue voltage signals from the three PMTs are digi-
tized by a 14-bit high-speed waveform digitizer (USB3000,
R-Technology Ltd) with a sampling rate of 1 MHz per de-
tection channel and are recorded by the measurement com-
puter. The digital signal is then smoothed by applying a dig-
ital filter with a Gaussian kernel to reduce the RMS noise
level from 0.06 V to about 0.01 V. The validation conditions
(seeKiselev et al., 2005) are then applied to the recorded
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izer within the optical pathway (PMT A/B)Id
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sequence of pulses. The raw pulse waveforms, i.e., the
recorded voltage signal from the detector versus time, gen-
erated by a scattering particle moving through the illumi-
nated measurement volume, have an approximately Gaussian
shape, reflecting the profile of the laser beam in the vertical
direction.

If the smoothed signal exceeds a preset trigger threshold
L (usually we use a trigger threshold of 0.03 V) for the du-
ration of some minimum time interval for all three detectors,
the waveform is considered as a pulse and its parameters (en-
try time stamp, height, width, maximum signal position) are
stored if the validation conditions are fulfilled. The shape of
a pulse waveform depends on the spatial distribution of the
illumination intensity within the sensitive volume, the veloc-
ity and size of the particle, and the delay time of the elec-
tronics. For every valid signal pulse, the signal pulse height
H and the signal pulse widthW from all three detectors are
stored. From these data, a pulse height distribution (PHD)
and a pulse width distribution (PWD) for an ensemble of par-
ticles is recorded. The PHD of PMT A (henceforth PHDA) is
used to derive a size distribution of the particle ensemble.
The PWD of PMT C (PWDC) is used for the water–ice dis-
crimination; this will be explained below.

To characterize the spatial distribution of the laser inten-
sity in the sensitive volume of TOPS-Ice, we have placed a
pinhole into the measurement volume (Fig.5). The diffrac-
tion on the pinhole simulates the scattering of a particle. By
displacing the pinhole along the x-, y- and z-axis, the illumi-
nation intensity within the measurement volume was deter-
mined by measuring the response on the different detectors
as a function of the pinhole position. Following the method
suggested bySchmidt et al.(2004), we recorded the three-
dimensional response signal distributions across the mea-
surement volume for different pinhole diameters (from 50 µm
to 200 µm) and extrapolated these intensity distributions
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Detector A Detector B/C

LASER

pin hole

y

z

x

Fig. 5. The experimental setup for the measuring of the sensitive
volume. The diffraction on the pinhole simulates the scattering on a
particle. The pinhole can be displaced precisely along the x-, y- or
z-axis.

towards the zero pinhole diameter. Summarizing, the signal
profile across the sensitive volume in the y-direction was
found to have a Gaussian shape with a constant standard
deviation. Additional, the illumination profile was analyzed
with a beam profiler and showed a 2σ -width of 24 µm.

The usage of the signal pulse widthW as a measurement
parameter instead of the signal pulse heightH turned out to
have some advantages in our special measurement regime.
Consider a signal pulse that has a Gaussian shape and hence
can be described with the following formula:

P(t) = H · exp

(
−

(t − t0)
2

2σ 2
p

)
, (5)

whereH is the signal pulse height,t0 is the position of signal
maximum on the timescale, andσp is the standard deviation
in units of the timescale (µs). In Fig.6, an ideal pulse wave-
form is shown. The valuest1 andt2 are the solutions of the
equationP(t) − L = 0, whereL is the trigger threshold, and
are given by the following equation:

t1,2 = ±

√
2σ 2

p log
H

L
+ t0. (6)

The pulse widthW is defined asW = t2 − t1 and can be ex-
pressed as a function of pulse heightH :

WL,σ (H) = 2

√
2σ 2

p log
H

L
, (7)

which is equivalent to

HL,σ (W) = L exp
1

2σ 2

(
W

2

)2

. (8)

t
2

t
1

W= t2 - t1

L

P
(t

)

H

t
0

Fig. 6. Waveform of an ideal signal pulse. Parameter described in
text.

Substituting the typical valuesσp = 28 µs andL = 0.03 V,
the relation betweenH andW can be explicitly calculated
(the blue line in Fig.7). In Fig. 7, the theoretical relation be-
tweenH andW is also compared to experimental results.
The red data points show statistics of the pulse height from
an exemplary measurement with water droplets of different
sizes. The red dots give the average pulse height for pulses
having the same pulse width (measured with the 1 µs res-
olution); the error bars give the standard deviation. It has
to be mentioned that the measurement shown in Fig.7 was
obtained with the water droplets continuously growing with
time as LACIS was cooled from ambient temperature down
to the temperature of−40◦C. This is usually done to induce
ice formation on the tube wall before the experimental runs
(as described inNiedermeier et al., 2010) and offers the pos-
sibility to investigate a wide range of droplet sizes. As a con-
sequence, the thermodynamic conditions are not totally sta-
ble, resulting in slow perturbations of the flow profile inside
the channel. Nevertheless, the figure shows the principle re-
lationship between pulse width and pulse height that can be
found in theory (see Eq.8) and experiment.

Due to the nonlinear shape of the relationship between the
pulse height and the pulse width (see Fig.7), the form of
the PWD is different from that of the PHD. For signal pulses
smaller than 1 V, a small change in the pulse amplitude re-
sults in a relatively large change in the pulse width. In con-
trast, for larger particles (signal> 1 V), and, therefore, for
larger pulse amplitudes, a relatively large difference in pulse
amplitude results in a small variation of the pulse width. For
bimodal distribution of pulse amplitudes (encountered in a
typical ice nucleation experiment, later shown in Fig.8),
this leads to a broadening of the droplet mode and a more
compact ice mode in PWDC. For even larger droplets and
ice particles, it is possible to reduce the amplification of the
PMTs so that the signal resides within a suitable range of
about 1 V.
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Fig. 7. Pulse width vs. pulse height forσp = 28 µs andL = 0.03 V
(blue line) and data from a measurement with water droplets of dif-
ferent sizes (red dots give the average pulse height for the pulses
having the same width; error bars give the standard deviation).

To illustrate typical measurements with TOPS-Ice for
droplets and ice, three examples are given in Fig.8. Panels (a)
and (b) show the PHD measured with PMT C (PHDC) and
the PWDC for the droplet ensembles, respectively, obtained
from an experiment where 200 nm ammonium sulfate parti-
cles activated to droplets of an approximate size of 2 µm. In
this example, one narrow droplet mode exists both in PHDC

and PWDC. However, the PHDC in panel (a) is poorly re-
solved, whereas PWDC in panel (b) shows a well-resolved
main mode corresponding to the droplets and a shoulder on
the left side of the droplet peak resulting from the droplets
crossing the sensitive volume inside the edge zone that are
not filtered out by the validation conditions. This resulting
edge zone error is later considered as a measurement uncer-
tainty (see Sect.4.2).

Panels (c) and (d) show the PHDC and the PWDC for a par-
ticle ensemble consisting of only ice particles. In this partic-
ular experiment, the liquid droplets activated on the mineral
dust particles (ATD, ISO 12103-1, A1 Ultrafine Test Dust,
Powder Technology Inc., Burnsville, Minnesota, USA) froze
at the temperature of−40◦C, due to either heterogeneous or
homogeneous ice nucleation. Both the PHDC and PWDC are
very broad and show a clear single mode.

Panels (e) and (f) show, respectively, the PHDC and the
PWDC for a mixed ensemble of droplets and ice particles
formed on 300 nm ATD particles at−35◦C. The character-
istic size of ice particles in this example is similar to the size
of the particles in the “ice only” experiment (panels c, d),
and the size of the droplets in the mixture is similar to that of
the “droplet only” experiment (panels a, b). Therefore, both
the ice mode and the droplet mode are located in a similar
range of magnitudes compared to the “ice only” and “droplet
only” experiments. As a result, the PWDC shows two clearly

distinguishable modes, whereas the PHDC exhibits a narrow
droplet mode and inhomogeneously scattered discrete values
corresponding to ice particles. This mode separation suggests
an advantage of using the PWDC for the retrieval of ice frac-
tions in the mixed-phase experiments. Finally, the number of
droplets and ice particles can be obtained and the ice fraction
fice can be reliably calculated by an algorithm explained in
Sect.4.2.

4.2 Evaluation of the TOPS-Ice data

In the following, the calculation of the ice fraction from the
PWDC measured with TOPS-Ice is described in detail. The
applicability of the method is demonstrated in two immer-
sion freezing experiments with different resulting ice frac-
tions performed at LACIS.

First, a digital low-pass filter with Hamming window is ap-
plied to the PWDC. The resulting smoothed PWDC is shown
by the black line in Fig.9. Next, the following iteration pro-
cedure is applied to the data: at the initial step, a normal
distribution with parametersN0, σ0 andµ0 is fitted to the
droplet mode of the smoothed PWDC, whereN0 is the area
under the curve,σ0 is the standard deviation andµ0 is the
mean value of the normal distribution (similar to Eq.5). To
ensure that the droplet mode, and not the ice mode, is used
for the fit, at the initial step the data range is manually con-
strained to the droplet mode. For every next iteration stepn,
only a limited rangeWn of the PWDC data is considered:

µn−1 − k σn−1 < Wn < µn−1 + l σn−1, (9)

whereµn−1 andσn−1 are taken from the previous iteration
fit and the two parametersk and l are set by default to 1.5,
which mostly lead to a good agreement of the fitting curves
to the filtered data. After limitation of the data toWn, a new
fit with parametersNn, σn andµn is applied.

If σn −σn−1 ≤ 0.0001, the iteration is stopped, the number
of dropletsNd is set toNn, andσd = σn andµd = µn are
the parameters of the droplet mode (red line in Fig.9). This
iteration algorithm ensures that the normal distribution fit is
applied to the droplet mode only.

Next, the fitted droplet mode is subtracted from the
smoothed PWDC, thus leaving the residual data shown by
the blue line in Fig.9. The residual data shows two major
modes. The mode on the right side is assumed to be pro-
duced by the ice particles, and is used for the calculation of
the ice fractionfice. The mode on the left side is caused by
the edge zone counts coming from ice and droplets; the num-
ber of these countsNf allows us to estimate the error of the
ice fractionfice.

The number of ice particlesNice is determined by sum-
ming up over the ice mode of the residual data. The ice frac-
tion fice is then given by

fice =
Nice

Nd + Nice
. (10)
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Fig. 8. Pulse height (left column) and pulse width (right column) distributions recorded by PMT C for different particle populations. Panels
(a, b) show the distributions measured for the population of monodisperse droplets of approximately 2 µm in diameter. Panels (c, d) show the
distributions recorded for ice particles formed as a result of droplets freezing at−40◦C. Panels (e, f) show the distributions produced by a
mixed particle ensemble of liquid and frozen droplets formed on 300 nm Arizona Test Dust (ATD) particles at−35◦C.

The absolute error from the edge zone error counts isNf .
Having no information about what fraction of edge zone er-
ror counts comes from what particle mode, we takeNf as an
upper estimate of the absolute error for the number of un-
frozen droplets as1Nd = NfNd/(Nd+Nice) and as an upper
estimate of the absolute error for the number of ice particles
as1Nice = NfNice/(Nd + Nice). This approach gives us an
upper estimate of the relative error office in the following
form:

1fice

fice
=

2NfNd

(Nd + Nice)2
. (11)

This method was applied to extract thefice values from
the measurements done with TOPS-Ice installed under-
neath LACIS, for immersion freezing studies with 300 nm
ATD particles. The values office obtained with the two
different optical instruments (WELAS, as described in
Niedermeier et al., 2010, and TOPS-Ice, this manuscript) are
compared in Fig.10.
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Fig. 9. Illustration of the data evaluation algorithm for two different
cases,fice = 0.06 in top panel (example from Fig.4.1f), fice = 0.82
in bottom panel.

During the measurements where TOPS-Ice was used for
the determination office, LACIS was run in the mode where
droplets and ice particles coexist at the outlet of the LACIS
flow tube. The resulting ice fraction is shown as red dia-
monds. In contrast, for the measurements with WELAS (blue
squares in Fig.10), LACIS was run in a mode where the liq-
uid droplets have been evaporated before reaching the end of
the flow tube. The two modes of operation differ in a differ-
ent dew point, adjusted at the inlet of the tube, which results
in either droplets and ice particles (measurement with TOPS-
Ice) or dry dust particles and ice particles (measurement with
WELAS) at the outlet of LACIS. The error bars of the TOPS-
Ice data show the experimental uncertainties resulting from
the edge zone counts, as explained above. The error bars of
the WELAS data are the doubled standard deviation taken
from different measurements. Although LACIS was run in
two different modes of operation and two completely differ-
ent optical methods for the detection were used, the figure
shows an excellent agreement of both measurement results.
This strongly underlines the feasibility of TOPS-Ice to distin-
guish between droplets and ice particles and hence its ability
to determine ice fractions in LACIS.
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Fig. 10. Comparison of the ice fraction vs. freezing temperature
determined with WELAS (Niedermeier et al., 2010, 2011) and with
TOPS-Ice. 300 nm Arizona Test Dust particles were used for both
measurements.

5 Conclusions

An optical single-particle counter TOPS-Ice was developed
to satisfy the need for reliable determination of the ice parti-
cle fraction in mixed particle ensembles consisting of liquid
droplets and ice particles of similar size. The applicability
of the method has been demonstrated in the experiment con-
ducted at the laminar flow diffusion chamber LACIS.

The differentiation between liquid and frozen droplets is
based on the measurement of the cross-polarized component
of the scattered light. Although for the chosen scattering ge-
ometry ((42.5± 12.7)◦ from the forward direction) the cross-
polarized linear component of the light scattered by spherical
droplets is not completely suppressed, the non-sphericity of
ice particles results in a stronger scattering signal than for the
droplets, which can be employed for the differentiation of ice
and droplet modes.

To support these experimental findings, we have used the
T-matrix method to calculate the scattering intensities for the
ensembles of spheroids of variable aspect ratio in random
orientation with account for the actual scattering geometry of
TOPS-Ice. We show that the scattering intensity of a spheri-
cal particle in the depolarization channel is weaker than for
the non-spherical particles and this difference can be used for
differentiation. However, this is only valid for the statistically
large mixed ensembles of spherical droplets and randomly
oriented ice particles.

The usage of the scattering signal pulse widthW of the de-
polarization channel as a measurement parameter instead of
the signal pulse amplitude turned out to be advantageous in
our measurement regime. Exploiting the nonlinear relation-
ship between pulse width and pulse amplitude, we show that
for a mixed particle ensemble the distribution of the signal
pulse width measured in the depolarization channel always
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has two modes: one for the liquid water droplets and one for
the ice particles. Assuming that the ice particle mode always
corresponds to the pulses with higher amplitudes and there-
fore greater width, and applying a Gaussian fit routine to the
two modes, both the number of liquid droplets and ice parti-
cles, and consequentlyfice, can be determined.

However, one can think of some improvements concerning
further types of TOPS-Ice; e.g., calculations show that the
choice of a different scattering angle at 100◦ may raise the
signal of the ice particles and increase the difference between
the droplet and the ice particle distributions.

To verify the applicability of TOPS-Ice, we measured the
fractions of frozen droplets as a function of temperature in
the immersion freezing experiment in LACIS. The values ob-
tained with TOPS-Ice and the data evaluation algorithm de-
veloped were compared with results obtained from a differ-
ent optical instrument, the white light optical particle counter
WELAS, as described inNiedermeier et al.(2010). Both
methods show an excellent agreement although LACIS was
run in two different modes of operation and the optical de-
tection methods were completely different.

The measuring principle of the newly developed TOPS-Ice
instrument has certain advantages as compared to the WE-
LAS instrument. In the WELAS-based measurements, the
droplets have to be evaporated within LACIS, so that only
small aerosol particles and large ice particles reach the op-
tical detection section at the outlet of the flow tube. In the
case of large or strongly polydisperse aerosol particles, the
dry aerosol mode overlaps with the ice particle mode, mak-
ing the mode separation not possible. In such a situation, al-
lowing the coexistence of droplets and ice particles at the
LACIS outlet and applying the depolarization-based detec-
tion method is the only way to separate the modes and to
enable thefice determination.
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