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Abstract

We report on the development and test results of the new optical particle counter
TOPS-Ice (Thermostabilized Optical Particle Spectrometer for the detection of Ice par-
ticles). The instrument uses measurements of the depolarized component of light scat-
tered by single particles into the near-forward direction (42.5° + 12.7°) to distinguish
between spherical and non-spherical particles. This approach allows the differentia-
tion between liquid water droplets (spherical) 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 scattering on non-spherical particles (ellipsoids in random orien-
tation) with account for the actual scattering geometry used in the instrument supports
the validity of the approach, even though the cross polarized component of the light
scattered by spherical droplets is not vanishing in this scattering angle. For the separa-
tion 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. Exploiting the intrin-
sic 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 obtained 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 the same experiment with a different optical instrument. Finally, the advantages of
using the cross-polarized light measurements for the differentiation of liquid and frozen
droplets in the realistic immersion freezing experiments are discussed.

1 Introduction

Ice particles in clouds affect strongly the cloud dynamics and radiative properties
and therefore the Earth’s climate (Cantrell and Heymsfield, 2005). Whereas in high

5754

AMTD
5, 5753-5785, 2012

The discrimination
of frozen and liquid
droplets

T. Clauss et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

Back Close

Full Screen / Esc

|

Printer-friendly Version

Interactive Discussion

©)
do


http://www.atmos-meas-tech-discuss.net
http://www.atmos-meas-tech-discuss.net/5/5753/2012/amtd-5-5753-2012-print.pdf
http://www.atmos-meas-tech-discuss.net/5/5753/2012/amtd-5-5753-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

stratospheric clouds, ice forms mostly by direct deposition from the vapor phase onto
solid aerosol particles, ice particles 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 important freezing mechanism under atmospheric conditions is
immersion freezing (Ansmann et al., 2008; de Boer et al., 2011; Connolly et al., 2009;
Hoose et al., 2010; Wiacek et al., 2010), where supercooled droplets with immersed
insoluble particles freeze. These particles lower the free energy barrier associated with
the formation 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
temperature of ice formation (which is approximately —38°C for homogeneous freez-
ing of supercooled water droplets (Pruppacher and Klett, 1997)). However, the physi-
cal and chemical properties of aerosol particles that are responsible for their ability to
serve as heterogeneous ice nuclei are not entirely understood. Among other qualities,
the affinity of the crystalline structure of mineral dust to the crystalline structure of ice,
the presence of the OH radicals on the surface of organic IN, or a special protein 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 expansion cloud
chambers (AIDA, Wagner et al., 2009) and ice nucleation chambers of the continu-
ous flow diffusion type (LACIS, Stratmann et al., 2004; Hartmann et al., 2011, CFDC,
Rogers, 1988, FINCH, Bundke et al., 2008, ZINC, Stetzer et al., 2008), where liquid
droplets with immersed IN are cooled down to a temperature where some fraction of
them freezes, the ice fraction 7.

The majority of modern ice nucleation instruments measures this fraction of ice par-
ticles £, as a function of temperature, size, and microphysical properties of IN. The
value of f,., is a measure for the freezing ability of supercooled droplets and, further-
more, can be used in a parameterization of IN activity for various aerosol particles.
The ability to measure this property correctly depends strongly on the ability of a parti-
cle counting instrument to distinguish between liquid droplets and ice particles. This is
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typically done by optical means, exploiting the fact that at water saturation ice crystals
grow faster than liquid droplets thus making a simple size-threshold based segregation
of detected particles possible (Rogers, 1988; Wagner et al., 2009).

In recent immersion freezing measurements with the Leipzig Aerosol and Cloud In-
teraction Simulator (LACIS) described in Niedermeier et al. (2010, 2011), the commer-
cial white light optical particle counter (WELAS® 1000, Palas®, Karlsruhe, Germany)
was used for the determination of the ice fraction. In these experiments, LACIS was
operated 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 par-
ticles and so f, can be calculated. In certain situations, however, the dry aerosol
particles have a broad size distributions overlapping with the size distribution of ice
particles. The only way to resolve such a mixture is to allow the coexistence of ice par-
ticles 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 di-
rection preserves its polarization state, while non-spherical particles change the state
of polarization depending on the particle shape and orientation. This technique has
been successfully used in remote sensing applications, for example, in lidar polarimet-
ric measurements of ice and mixed-phase clouds, e.g. in Sassen (1991) and Seifert
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 deviation of the
particle from the spherical shape can lead to a significantly large increase of the depo-
larization ratio. At the same time, no systematic dependence of the depolarization ratio
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on the degree of non-sphericity has been found. Taking into account the variability of
ice crystal habits in the atmospheric 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 measurement of the polarization state of the scattered
light for the discrimination of ice and water in laboratory and field experiments (Bundke
et al., 2008; Kramer et al., 2009; Wagner et al., 2009; Nicolet et al., 2010).

Due to the small scattering intensity in backward direction, measuring the light scat-
tered by a freely falling single droplet or ice particle into the backward direction is a
very challenging task. 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 calculations, the possibility of using the polarimetric mea-
surements of light scattered in the near-forward direction.

In the following, we show the development of the Thermo-stabilized Optical Particle
Spectrometer for the detection of Ice (TOPS-Ice) coupled with LACIS. The differentia-
tion 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 calcula-
tions of the scattering intensity for different particle types.

2 Experimental setup

In the following section, the experimental setup for the immersion freezing experiments
is described. The particle conditioning, i.e. the generation of droplets with a single
immersed 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 de-
scribed in Sect. 2.2.
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2.1 LACIS

The heterogeneous ice nucleation experiments are performed in the laminar flow dif-
fusion chamber LACIS, which is explicitly described in Stratmann et al. (2004) and
Hartmann 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 lo-
cated on top of the flow tube. The humidified aerosol flow is streaming along the tube
with a flow velocity of 0.7 ms™’ forming an aerosol stream of 2mm in diameter in the
center of the tube, which is surrounded by particle free humidified sheath air. LACIS
consists of seven one meter long separate sections. By adjusting the wall temperatures
of the sections, a precise temperature and saturation profile can be established along
the tube axis. As a result, all particles moving along the axis of the LACIS flow tube ex-
perience the same humidity and temperature conditions. In the experiments described
in this section, LACIS was operated in immersion freezing mode, i.e. the seed parti-
cles 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 immersed particles act as IN leading to heterogeneous ice
nucleation and hence freezing of the droplet. The number of frozen droplets divided
by the number of frozen and liquid droplets yields the ice fraction f,.,, 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 Ice
Measurements). The layout of the instrument is shown in Fig. 1. TOPS-Ice uses a
diode pumped solid state continuous wave laser (LasNova 50 green GLK 3220 T01,
LASOS Lasertechnik GmbH, Jena, Germany) with a wavelength of 532nm and an
output power of 20 mW as a light source. The laser beam has a Gaussian profile with a
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width of 0.7 mm (FWHM) and emits linearly polarized light, vertically polarized (200:1)
with respect to the scattering plane (the drawing plane in Fig. 1). The beam is enlarged
to a width of 2 mm and flattened by a cylindrical lens to intensify the illumination within
the sensitive volume thus the resulting beam is 2mm in width and about 50 pm 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 particles streaming out of LACIS.
The particles move through the illuminated area and scatter the light into all directions;
the transmitted laser beam is caught by a beam trap. The light scattered by individual
particles is collected into the solid angle of 0.89 sr located around the scattering angle
0 =42.5" and is detected by three different photomultiplier tubes (PMT). PMT A is
located at a scattering angle of (J =42.5°,¢ =180°), and PMT B and PMT C are
located at an angle of (9 =42.5°, = 0) , where U is the scattering angle and @ is the
azimuth angle. A non-polarizing beam splitter cube (1:1) within the optical pathway of
PMT B allows the detection of light by a third detector, PMT C, within the same angular
range. The three detectors possess therefore the same detector geometry. In front
of PMT C, another Glan-Thompson polarizer transmits only the horizontally polarized
component of the scattered light. Around the outlet of LACIS, an air tight optical cell is
built, so that the laser light and the scattered light is coupled out and in, respectively,
through a glass window. The cooling jacket of LACIS is protruding 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). Optical
fibers with an aperture of 8 =25.4" and a core diameter of 400 um and 200 pm for
PMT A and PMT B/C, respectively, are used to deliver the scattered light to the PMTs.
The larger core diameter of the optical fiber 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 illumination 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
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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 validation of the measured signal,
we use the fast data acquisition unit together with a LabVIEW based program package,
as described in Kiselev 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
function that is first calculated theoretically for the TOPS-Ice scattering geometry and
then calibrated with monodisperse polystyrene latex microspheres (PSL, Duke Scien-
tific Corp., Palo Alto, CA, USA) as described in Kiselev et al. (2005). An example of
the response curve for TOPS-Ice is shown in Fig. 4 and will be discussed in Sect. 4.1.
Although the curve is ambiguous and oscillates strongly, the uncertainty in the size
determination is less than 0.5 um for spherical particles.

The scattered light detected with PMT C is used to distinguish between frozen and
unfrozen droplets. For the discrimination, the change of the polarization state of the
incident light during the scattering process is used. 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 developed, the most widely used being: geometric
ray-tracing methods (Takano and Jayaweera, 1985; Macke et al., 1996), finite differ-
ence time domain method (FDTD) (Yang and Liou, 1996; Baran et al., 2001), T-Matrix
approach (Mishchenko and Hovenier, 1995; Mishchenko and Sassen, 1998; Rother,
2009) and Discrete Dipole Approximation (DDA) (Draine and Flatau, 1994). Meanwhile,
a wide database of computational programs exists for the theoretical investigation of
the scattering behavior for diverse particle shapes (Wriedt and Hellmers, 2008).
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For the following considerations, the components £, ;(J) of the Muller Matrix (van de
Hulst, 1982; Bohren and Huffmann, 1983) with a resolution of Ad=1° were calcu-
lated: for randomly oriented spheroids, with the T-Matrix method from the work pack-
age mieschka (Rother, 2009); 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 com-
pare the results for particles with different shape, the volume equivalent size parameter
Xye IS chosen as the characteristic size of the particles.

All data were calculated with a refractive index of n=1.33, which corresponds to
the refractive index of water at 1 =532 nm. We neglect the difference of the refractive
indexes 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; = (/,-,O,-,U,-,I/,-)T = (1,—1,O,O)T. To calculate the scat-
tered light at an arbitrary observation point on the detector, which is rotated into 42.5°
scattering angle the effective Muller Matrix F (&, ) has to be examined as described
in Yang et al. (2003). The parameter ¢ describes the scattering angle and ¢ is the
azimuth angle. The evaluation of F (&, ¢) is done for discrete points in steps of AY = 1°
and A =1°. The resulting Stokes vector for the scattered light S as a function of ¢
and ¢ can then be calculated by the following equation:

Is(0, )

s:0.0)= | o o) | =F@.0)s, (1)

(0, )

The total scattering intensity as measured by PMT A and PMT B, equals to /5(J, ).
The horizontal component of the scattered intensity as measured by PMT C, which
has a polarizer in front, is given by:

1(6,0) = 5 (:(6,0) + Qx(6,0). @
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To derive the total measured intensity in the angular range of the detector PMT C /g at
U =425 +£12.7°, the calculated intensity /, (09, @) is integrated over the detector area. A
similar approach can be taken to derive the intensity measured by the other detectors
/ﬁ g by integrating /5(8, ) over the detector area.

‘The detector area can be considered as a circle on a sphere with arbitrary radius A.
For simplification, we use R =1 for the further geometrical considerations. The angles
0 and @ from the scattering calculations are chosen as coordinates. The detector area
is then located at 04 = 42.5° with an aperture of 3 = 12.7° from the center of the sphere.
The radius of the detector area is then R = sin 3. From geometrical considerations, the
condition for a point (J, @) on the sphere laying within the detector area Ay is given by:

0 > sin? ¥cos® @ cos? U4 —2sindcos @sindy(cos B — sindcos@cosy) +
+tan? 94(cos B — sindcos @sindy)? + sin® ¥sin @ — sin® B (3)

As we use discrete values for ¢ and ¢, the integral over the detector area has to be
replaced with the summation over discretized values /, for every (4, ¢) laying within the

field of view of the detector, leading to the intensity /g measured by PMT C:

=2 1(0,0)A00psing (4)
(9.0)Aq

To compare the actual signal detected by PMT C for spheres and spheroid particles
with different aspect ratios e, the intensity lg from Eqgs. (3) and (4) is calculated, shown
in Fig. 2 for different volume equivalent size parameters x,,. The considered spheroids
have two axis of the same length a and one axis of length b. The aspect ratio ¢ is
defined as the ratio b/a, so that aspect ratios of € < 1 represent oblate spheroids, and
aspect ratios of € > 1 represent prolate spheroids. The axis on the top allows for con-
version of the volume equivalent size parameter x,, to the volume equivalent particle
diameter d,, for the used wavelength of 532nm. The axis on the right shows what
the calculated relative intensity on the detector approximately means in terms of the
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voltage signal measured by PMT C. The conversion to the detector voltage signal is
performed by a comparison 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
the light scattered by spherical particles is non-zero and therefore the presence of a
signal in channel C can not be used as a single criteria for detecting the non-spherical
particle; and second, the calculated detector response is significantly higher for the ran-
domly oriented spheroids with an aspect ratio € # 1 than for a spherical particles (¢ = 1)
of the same volume equivalent size. Besides, the figure shows a general increase of
the signal for larger particles. In brief, assuming comparable sizes and no preferred ori-
entation, 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 inside the flow tube are well defined, thus every particle experiences the
same saturation and temperature conditions resulting in similar droplet sizes at the out-
let of LACIS, and, assuming the ice particles having only short time to grow and freeze
at approximately the same time, similar ice particle sizes can be assumed; furthermore,
for a flow velocity of 0.7m s no preferred orientation can be expected.

The difference between spherical and non spherical particles is further demonstrated
in Fig. 3. Here, the intensity /g on PMT C normalized by /g of the sphere, is plotted over
the volume equivalend size parameter x,,, for different aspect ratios e. The signal of the
spheroid particles is in average about factor 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 sig-
nal does not provide an ultimate proof that no particle in some fixed orientation would
produce a signal comparable to that of a spherical particle having the same d,. Cal-
culations of the response functions of spheroid particles in all fixed orientations are too
time consuming and would not provide ultimate applicability proof either, considering
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that the actual ice particles never exhibit rotational symmetry and that depolariza-
tion factor is nonlinearly dependent on the degree of deviation from an ideal sphere
(Mishchenko and Sassen, 1998). Note also, that a distinction of particle shape (in terms
of €) is not possible with our ice droplet differentiation method.

In Fig. 4, the relative intensity integrated over the detector area that has no polarizer
(PMT A/B) within the optical 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 (x,, < 20) spherical and non-spherical particles sug-
gests that the response function averaged over ¢ might be used for the determination
of the particle size without introducing too strong shape dependent error.

4 Ice fraction determination with TOPS-Ice

During the first measurements of f;, conducted with TOPS-Ice at LACIS, we have
discovered that it is beneficial to use the width distribution and not the amplitude dis-
tribution of pulses recorded by PMT C for the droplet and ice particle size range in-
vestigated. In the following sections we will discuss the reason for this behavior and
describe the realization of this approach for the retrieval of ice fractions. Furthermore,
an immersion freezing experiment using Arizona Test Dust (ATD) particles was done
with both TOPS-Ice and WELAS in order to compare the two measurement methods.

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 digitized by a 14 Bit High-Speed
Waveform Digitizer (USB3000, R-Technology Ltd) with a sampling rate of 1 MHz per
detection channel and are recorded by the measurement computer. The validation al-
gorithm is then applied to the recorded sequence of pulses. The raw pulse waveforms,
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i.e. the recorded voltage signal from the detector versus time, generated by a scattering
particle moving through the illuminated measurement volume, have an approximately
Gaussian shape, reflecting the profile of the laser beam in vertical direction. The digital
waveform is then smoothed by applying a filter with Gaussian kernel.

If the smoothed signal exceeds a preset trigger threshold L for the duration of some
minimum time interval, the waveform is considered as a pulse and its parameters (entry
time stamp, height, width, maximum signal position) are stored. The shape of a pulse
waveform depends on the spatial distribution of the illumination intensity within the sen-
sitive volume, the velocity and size of the particle, and the delay time of the electronics.
For every valid signal pulse, the signal pulse height H and the signal pulse width W
from all three detectors are stored. From these data, a pulse height distribution (PHD)
and a pulse width distribution (PWD) for an ensemble of particles is recorded. The
PHD of PMT A (from now on, PHDA) is used to derive a size distribution of the particle
ensemble. The PWD of PMT C (PWDC) is used for the water-ice discrimination; this
will be explained below.

To characterize the spatial distribution of the laser intensity in the sensitive volume of
TOPS-Ice, we have placed a pin hole into the measurement volume (Fig. 5). The diffrac-
tion on the pin hole simulates the scattering of a particle. By displacing the pin hole
along the x-, y- and z-axis, the illumination intensity within the measurement volume
was determined by measuring the response on the different detectors as a function
of the pin hole position. Following the method suggested by Schmidt et al. (2004), we
recorded the three dimensional response signal distributions across the measurement
volume for different pin hole diameters (from 50 um to 200 um), and extrapolated these
intensity distributions towards the zero pin hole diameter. Summarizing, the signal pro-
file across the sensitive volume in y-direction was found to have a Gaussian shape with
a standard deviation o =50 um for detector C. Note that this value is independent of
the particle size.

The usage of the signal pulse width W as a measurement parameter instead of the
signal pulse height H turned out to have some advantages in our special measurement
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15

regime. Consider a signal pulse that has a Gaussian shape and hence can be de-
scribed with the following formula:

2
P(t) = H-exp (— (- "g’ > (5)

20p

where H is the signal pulse height, t, is the position of signal maximum on the time
scale, and o, is the standard deviation in units of the time scale (us). In Fig. 6, an
ideal pulse waveform is shown. The values t; and t, are the solutions of the equation
P(t)-L = 0, where L is the trigger threshold, and are given by the following equation:

The pulse width W is defined as W =, —f; and can be expressed as a function of
pulse height H:

W, o(H) = 2\[253109 7, 7)

which is equivalent to:

2
H cW)=L exp;? (%) . (8)

Substituting the typical values o, =28 s and L = 0.03V, the relation between H and
W can be explicitly calculated (the blue line in Fig. 7). In Fig. 7, the theoretical relation
between H and W/ is also compared to experimental results. The red data points show
a 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 us resolution), the error bars give the standard
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deviation. The measured curve shows a general agreement with the theoretical relation
(blue line from Eq. 8).

Due to the nonlinear form 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 1V, a small change in the pulse amplitude results in a relatively
large change in the pulse width. In contrast, for larger particles (signal > 1V), 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 ampli-
tudes (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. For even
larger droplets and ice particles, it is possible to reduce the amplification of the PMTs
so that the signal lay within the suitable range of about 1 V.

To illustrate typical measurements with TOPS-Ice for droplets and ice, three exam-
ples are given in Fig. 8. The panels (a) and (b) show the PHD measured with PMT C
(PHDC) and the PWD® for the droplet ensembles, respectively, obtained from an ex-
periment where 200 nm ammonium sulfate particles activated to droplets of an approx-
imate size of 2 um. In this example, one narrow droplet mode exists both in PHD® and
PWD°. However, the PHDC in the panel (a) is poorly resolved, whereas PWDC in the
panel (b) shows a well resolved main mode corresponding to the droplets and a shoul-
der on left side of the droplet peak resulting from the droplets crossing the sensitive
volume inside the edge zone. This resulting edge zone error is later considered as a
measurement uncertainty.

The panels (c) and (d) show the PHDC and the PWDC for a particle ensemble con-
sisting of only ice particles. In this particular experiment, the liquid droplets activated
on the mineral dust particles (Arizona Test Dust (ATD), ISO 12103-1, A1 Ultrane Test
Dust, Powder Tech- nology Inc., Burnsville, Minnesota, USA) froze at temperature of
—-40°C, due to either heterogeneous or homogeneous ice nucleation. Both the PHD®
and PWDC are very broad and show a clear single mode.
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The panels (e) and (f) show, respectively, the PHD® and the PWD® for a mixed en-
semble of droplets and ice particles, formed on the 300 nm ATD particles at —35°C. The
characteristic 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 the similar range of magnitudes compared
to the “ice only” and “droplet only” experiments. As a result, the PWD® 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 PWD® for the retrieval of ice fraction in
the mixed-phase experiments. Finally, the number of droplets and ice particles can be
obtained and the ice fraction f,,, 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 PWD® 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 fractions performed at LACIS.

First, a digital low pass filter with Hamming window is applied to the PWD. The re-
sulting smoothed PWD is shown by the black line in Fig. 9. Next, the following iteration
procedure is applied to the data: at initial step, a normal distribution with parameter
Ny, oy and p is fitted to the droplet mode of the smoothed PWD, where N, is the
area under the curve, g; is the standard deviation and p 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 initial step, the data range is manually constrained to the
droplet mode. For every next iteration step n, only a limited range W, of the PWD data
is considered:

HUpy—kOp g <W, <pp_q+10,_4, ©)
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where u,_4 and o,_; are taken from the previous iteration fit and the two parameters
k and / 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 to W, a new fit with parameters
N,, o, and u, is applied.

If o, — 0,_4 <0.0001, the iteration is stopped, the number of droplets N, is setto N,
and o, = 0, and u, = u, 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 PWD thus leaving
a 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 produced by the ice particles,
and is used for the calculation of the ice fraction f,... The mode on the left side is
caused by the edge zone counts coming from ice and droplets; the number of these
counts N, allows us to estimate the error of ice fraction f,.,. Nevertheless, there is also
an error of the fitting algorithm, which is about 0.5 for very small 7, (< 0.01), and get
less for higher ice fractions.

The number of ice particles N, is determined by summing up over the ice mode of
the residual data. The ice fraction f,., is then given by:

£ = Ni
T Ny+ N,

(10)

The absolute error from the edge zone error counts is N;. Having no information about
what fraction of edge zone error counts is coming from what particle mode, we take
N; as an upper estimate for the absolute error for the number of unfrozen droplets as
ANy = N¢Ny/(N4+ N;) and as an upper estimate of the absolute error for the number
of ice particles as AN; = NN, /(N4 + N;). This approach gives us an upper estimate of
the relative error of £, in the following form:

Afice 2Nde
fice (Ng + N/)z.

(11)
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This method was applied to extract the 7., values from the measurements done with
TOPS-Ice installed underneath LACIS, where 300 nm ATD particles were activated to
droplets which were frozen. The values of f, obtained with the two different optical
instruments (WELAS, as descibed in Niedermeier et al. (2010), and TOPS-Ice (this
paper)) are compared in Fig. 10.

During the measurements where TOPS-Ice was used for the determination of 7,
LACIS was run in the modus where droplets and ice particles coexist at the outlet of the
LACIS flow tube. The resulting ice fraction is shown as red diamonds. In contrast, for
the measurements with WELAS (blue squares in Fig. 10), LACIS was run in a modus
where the liquid droplets have been evaporated before reaching the end of the flow
tube. The two modi differ in a different due 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 modi and two completely different optical methods for the detection
were used, the figure shows an excellent agreement of both measurement results.

5 Conclusions

An optical single-particle counter TOPS-Ice was developed to satisfy the need for reli-
able determination of the ice particle fraction in mixed particle ensembles consisting of
liquid droplets and ice particles of similar size. Additionally, the instrument allows the
measurement of the particle sizes independently of their phase state. The applicability
of the method has been demonstrated in the experiment conducted at the laminar flow
diffusion chamber LACIS.

The differentiation between liquid and frozen droplets is based on the measure-
ment of the cross-polarized component of the scattered light. Although for the chosen
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scattering geometry ((42.5 + 12.7)° from the forward direction) the cross-polarized lin-
ear component of the light scattered by spherical droplets is not completely suppressed
(which is only possible for true backscattering), the non-sphericity of ice particles re-
sults in a stronger scattering signal, 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 calcu-
late the scattering intensities for the ensembles of ellipsoids of variable aspect ratio in
random orientation with account for the actual scattering geometry and optical proper-
ties of ice. We show that the scattering intensity of a spherical particle in the depolar-
ization channel is weaker than for the non-spherical particles and can be used for the
differentiation. However, such differentiation is only valid for the statistically large mixed
ensembles of spherical droplets and randomly oriented ice particles.

The usage of the scattering signal pulse width W of the depolarization channel as
a measurement parameter instead of the signal pulse amplitude turned out to be ad-
vantageous in our measurement regime. Exploiting the non-linear relationship between
pulse width and pulse amplitude, we show that for a mixed particle ensemble the dis-
tribution of the signal pulse width measured in the depolarization channel always 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
therefore greater width, and applying a Gaussian fit routine to the two modes, both the
number of liquid droplets and ice particles, and consequently f,.,, can be determined.

To verify the applicability of this approach, we have used the TOPS-Ice for the mea-
surement of fractions of frozen droplets as a function of temperature in the immersion
freezing experiment in LACIS. The values obtained with TOPS-Ice and the data evalu-
ation algorithm developed were compared with results obtained from a different optical
instrument, the white light optical particle counter WELAS, as described in Nieder-
meier et al. (2010). Both methods show an excellent agreement although LACIS was
run in two different operation modi and the optical detection methods were completely
different.
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However, the measuring principle of the newly developed TOPS-Ice instrument has
certain advantages as compared to the WELAS 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 optical detection section at the out-
let of the flow tube. In case of large or strongly polydisperse aerosol particles, the dry
aerosol mode is overlapping with the ice particle mode making the mode separation
not possible. In such situation, allowing the coexistence of droplets an ice particles at
the LACIS outlet and applying the depolarization-based detection method is the only
and better way to separate the modes and to enable the ., determination.

Acknowledgements. This work was partly funded by the German Science Foundation (DFG)
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nel C for different particle populations. Panels (a, b), show the distributions measured for the
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