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Abstract. Optical probes are frequently used for the detection of microphysical cloud particle properties such as liquid and ice phase, size and morphology. These properties
can eventually influence the angular light scattering properties of cirrus clouds as well as the growth and accretion
mechanisms of single cloud particles. In this study we compare four commonly used optical probes to examine their
response to small cloud particles of different phase and asphericity. Cloud simulation experiments were conducted at
the Cosmics Leaving OUtdoor Droplets (CLOUD) chamber
at European Organisation for Nuclear Research (CERN). The
chamber was operated in a series of multi-step adiabatic expansions to produce growth and sublimation of ice particles
at super- and subsaturated ice conditions and for initial temperatures of −30, −40 and −50 ◦ C. The experiments were
performed for ice cloud formation via homogeneous ice nucleation. We report the optical observations of small ice particles in deep convection and in situ cirrus simulations. Ice
crystal asphericity deduced from measurements of spatially
resolved single particle light scattering patterns by the Particle Phase Discriminator mark 2 (PPD-2K, Karlsruhe edition)
were compared with Cloud and Aerosol Spectrometer with
Polarisation (CASPOL) measurements and image roundness

captured by the 3View Cloud Particle Imager (3V-CPI). Averaged path light scattering properties of the simulated ice
clouds were measured using the Scattering Intensity Measurements for the Optical detectioN of icE (SIMONE) and
single particle scattering properties were measured by the
CASPOL.
We show the ambiguity of several optical measurements
in ice fraction determination of homogeneously frozen ice
in the case where sublimating quasi-spherical ice particles
are present. Moreover, most of the instruments have difficulties of producing reliable ice fraction if small aspherical
ice particles are present, and all of the instruments cannot
separate perfectly spherical ice particles from supercooled
droplets. Correlation analysis of bulk averaged path depolarisation measurements and single particle measurements
of these clouds showed higher R 2 values at high concentrations and small diameters, but these results require further confirmation. We find that none of these instruments
were able to determine unambiguously the phase of the small
particles. These results have implications for the interpretation of atmospheric measurements and parametrisations for
modelling, particularly for low particle number concentration clouds.
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Introduction

One of the first attempts to distinguish ice particles from
water drops in the atmosphere was made almost 70 years
ago in the Thunderstorm project (Byers and Braham, 1948),
during which it was noted that ice particles produce a different sound compared to water drops when they impact
the canopy of the aircraft. Since then, there have been
many developments of airborne instruments for the measurement of cloud microphysical properties. Wendisch and
Brenguier (2013) compiled a comprehensive list covering 48
different instruments, many of which are historical, but recently there have been several new developments, e.g. Abdelmonem et al. (2016) and Baumgardner et al. (2014, 2017).
Many of the current techniques, however, are technological improvements on previous instruments originally developed and flown in the 1970s. An ongoing problem is the
in situ measurement of concentrations of small ice crystals
< 100 µm in size. Accurate measurements of ice crystal size
distributions are necessary for evaluation of ice cloud radiative effects, development and evaluation of remote sensing
algorithms, evaluation of aerosol impacts and ultimately correct representation of ice clouds in climate models (Jensen et
al., 2009).
This microphysical information is also important in research of early ice formation, when initial ice particles in low
concentrations push the sampling volume limits of many instruments (Johnson et al., 2014). Optical methods are preferably employed both for remote sensing of clouds and for in
situ single particle measurements. High-resolution measurement of the forward-scattered light pattern is compared here
with the mean scattering intensity from ensemble measurements, where shape information (i.e. asphericity) is averaged
due to different orientations of the particles in the measuring
volume (Sachweh et al., 1999).
Droplet concentration in clouds normally varies between
several tens and hundreds of cubic centimetres, while typical ice crystal concentration is normally a few particles per
litre but can reach ∼ 100 L−1 in some clouds (Wallace and
Hobbs, 2006). The diameter of single droplet or ice crystal
is normally in the supermicron range and can reach several
hundred micrometres. The initial shape of ice particles may
be indistinguishable from water droplets. Optically ambiguous shapes of liquid and solid cloud particles such as water,
frozen droplets and quasi-spherical ice (Gayet et al., 2012;
Järvinen et al., 2016c) may be detected simultaneously in the
troposphere. Some of these particle phases coexist for long
periods of time, e.g. in long-lived mixed-phase stratiform
layers (Korolev and Isaac, 2003a). The resolution of most optical probes, coupled with coincidence problems, prevents a
clear determination of particle shape for particle sizes smaller
than 100 µm in such clouds. In glaciated clouds, Cober et
al. (2001) applied geometric formulas to 2-D images, identifying between 5 and 40 % of them as circular. Spherical
particles were observed in large numbers by Korolev and
Atmos. Meas. Tech., 10, 3231–3248, 2017

Isaac (2003b) even in clouds subsaturated with respect to
water. Moreover, Jensen et al. (2013) report vertically thin
cirrus layers with high ice concentration (up to 10 000 L−1 )
of small ice crystals, which can only be produced by homogeneous freezing of an abundant population of aqueous
aerosols. As a result of this shape ambiguity and low resolution of small sizes, our fundamental knowledge of small
cloud particle microphysics is still far from complete.
Large supercooled water droplets up to 5 mm in diameter
exist only at warmer ambient temperatures, but smaller cloud
droplets may frequently exist in a supercooled state down to
−20 ◦ C and less frequently as low as the homogeneous freezing level (Elliott and Smith, 2015; Rosenfeld and Woodley,
2000). Furthermore, very small supercooled water droplets
may stay in a metastable liquid condition down to −40 ◦ C
(Korolev and Isaac, 2003a). Pilots often reported deviating
around convective clouds due to the danger of ice accretion
of supercooled droplets (Jeanne et al., 2006). Therefore, an
inaccurate classification of spherical shapes may directly affect the routes and costs of commercial flights (Gallagher et
al., 2016).
Frozen droplets are an important feature of mid-latitude
anvil cirrus. In fact, frozen droplets and frozen droplet agglomerates are also a dominant particle type in higher anvil
outflow clouds (Stith et al., 2014; Järvinen et al., 2016c).
Frozen droplets could also be responsible for first ice initiation in deep convective clouds (Taylor et al., 2016). Although frozen droplets are frequently measured, our understanding of the microphysical and optical properties of these
quasi-spherical ice particles is somewhat vague. The process
by which frozen droplets are formed can play an important
role in their morphology. Microscopic structures, like surface
roughness, as well as detailed information on the aspect ratios of the frozen droplets found in clouds are key variables
required to determine the optical parameters that are included
in the modelling and prediction of the climate effect of these
cloud systems.
In addition, quasi-spherical ice shapes are common in cirrus. Luebke et al. (2016) and Garrett et al. (2005) report the
presence of many quasi-spherical ice particles in cirrus, especially at the smaller sizes. Quasi-spherical ice prevails also
in contrails at low temperatures below about −55 ◦ C. In the
core of the contrail, high crystal concentrations reduce the
vapour density to saturation, causing the ice particle to retain a nearly spherical shape (Lawson et al., 1998; Lynch,
2001). Contrail cirrus cover is small compared to natural cirrus; nonetheless, they still have a climatic impact with the
constant increase in jet aircraft traffic (Stordal et al., 2005;
Irvine and Shine, 2015).
Cloud particles measurements on aircraft campaigns inherently suffer from limited spatial coverage and limited instrument sampling volumes. Cirrus clouds do not have an
obvious formation stage, and therefore it is not possible
to reliably position a research aircraft in their development
stage (Lawson et al., 2006a). Remote sensing provides avwww.atmos-meas-tech.net/10/3231/2017/
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eraged features but is insensitive in cases of subvisual or
contrail cirrus. Conversely, chamber experiments provide a
well-controlled and pristine environment for simulations and
instrumental comparison, although the role of the ice nucleation process in the atmosphere may change with time
through the life cycle of a convective cloud, for example, and
is strongly influenced by the environmental airflow (Heymsfield et al., 2005; Zhang and Harrington, 2015).
Our chamber campaign investigating the homogeneous
freezing process relevant to the upper region of deep convective clouds and in situ formed cirrus in pristine environments was conducted at the European Organisation for
Nuclear Research (CERN) in 2013, hereafter referred to as
CLOUD 8. The goal of the experiments presented here was
to complement and extend the results previously obtained
in the Aerosol Interaction and Dynamics in the Atmosphere
(AIDA) chamber with similar instruments (Järvinen et al.,
2016c; Schnaiter et al., 2016) such as observation of morphological features and confirmation of a possible pathway
for quasi-spherical ice formation which affects growth and
sedimentation mechanisms of ice in clouds. Additionally, a
comparative analysis of four optical probes is reported in
this paper to provide clarification of optical measurements
in several respects: single particle versus averaged path optical measurements, polarisation measurements versus depolarisation and asphericity derivation. These were addressed
using measurements from current instrumentation techniques
for both in situ and path averaged chamber studies and include scattering patterns of the near-forward-scattered light
measured by the Particle Phase Discriminator mark 2 instrument (PPD-2K, Karlsruhe edition), single particle polarisation properties measured by the Cloud and Aerosol Spectrometer with Polarisation (CASPOL, DMT-NCAS version)
and image analysis provided by the 3View Cloud Particle
Imager instrument (3V-CPI, SPEC Inc.). Data products from
such measurement techniques are often used to prescribe particle asphericity, which is then often used to determine the ice
number and mass fraction in a cloud, assuming that the “ice”
fraction is equivalent to an aspherical fraction. This practice
is tested in our experiments.

2
2.1

Methodology
The CLOUD chamber

The chamber facility at CERN has been described in detail
by Duplissy et al. (2016), Kirkby et al. (2011) and Guida et
al. (2013). The expansion system installed at the Cosmics
Leaving OUtdoor Droplets (CLOUD) chamber allows production of relatively high cooling rates, above 5 ◦ C min−1 ,
compared to the AIDA chamber, where maximum cooling
rate of 4 ◦ C min−1 is typically achieved (Möhler et al., 2006;
Järvinen et al., 2016c). Stronger cooling rates will activate
a higher fraction of the aerosol by driving higher peak suwww.atmos-meas-tech.net/10/3231/2017/
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persaturation. Since the liquid water content that freezes
does not vary with updraft strength, the freezing of more
numerous droplets in the faster updrafts simply produces
smaller ice particles. This is clearly shown by Ackerman et
al. (2015), in which ice particle mass distributions in homogeneous freezing for stronger updrafts produce substantially
smaller ice particles. Schnaiter et al. (2016) further showed
that high ice particle growth rates also enhance the formation of small-scale complexity, such as ice particle surface
roughness. Gayet et al. (2011) reported that in a deeply rough
surface the mean free path length between two subsequent
inclusions was equal to 15 % of the diameter of the circle circumscribing the hexagonal facet of an ice crystal. Following
the procedure suggested by Schnaiter et al. (2016), we have
simulated similar conditions for the derivation of aspherical
fractions and instrumental intercomparison in the CLOUD
chamber (Fig. S1 in the Supplement), where ice particles are
sequentially sublimated and then grown under different supersaturated conditions. This multi-step adiabatic expansion
mechanism allows the regrowth of ice after sublimation as
will be explained in the next section.
2.2

Overview of the homogeneous freezing experiments

In the cloud chamber experiments, we have simulated some
of the homogeneous freezing processes taking place in the
deep convective cloud systems, i.e. with updraft velocities up to 5 m s−1 with corresponding cooling rates up to
5.8 ◦ C min−1 . In the following sections we present the evolution of the ice particle shape upon freezing, sublimation
and re-growth periods from selected representative individual experimental runs. Overall, all the results from repeated
individual experiments agreed well with each other. A representative list of the conducted experiments can be found
in Table 1. The technical description of the CLOUD chamber pressurisation, cloud condensation nuclei (CCN) injection and expansion of the air volume in a multi-step regime
is given in detail elsewhere (Nichman et al., 2016; Duplissy
et al., 2016; Guida et al., 2012, 2013) and will be briefly described here.
Continuous attempts to find an accurate ice cloud classification have led to the suggestion of new definitions of liquid origin cirrus clouds and in situ generated cirrus clouds
(Krämer et al., 2016; Luebke et al., 2016). The liquid origin cirrus class comprises those clouds where ice crystals
are formed by homogeneous freezing of liquid drops lower
in the atmosphere and which are then uplifted into the cirrus temperature range. In situ cirrus class clouds are those
which may form in fast updrafts triggered by jet streams or
lee waves. This class is characterized by high IWC and many
small ice crystals. The formation mechanism in this case is
insensitive to IN properties and dominated by homogeneous
freezing. The expansion profiles used in the CLOUD chamber allow simulation of both these types of clouds.
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Table 1. List of experiments. CCN concentration measured with CPC at the beginning of each expansion. Cloud particle dN/dlogDp (water
and ice) for the mean diameter is shown in the last column.
Exp.
number

CCN conc.
(cm−3 )

Cooling rate
(◦ C min−1 )

T start
(◦ C)

Mean diameter
(µm)

dN/dlogDp
(cm−3 )

1276.05
1291.07
1291.12
1292.01
1298.12
1298.20

220
160
110
150
110
750

−5.0
−5.8
−4.8
−4.9
−2.1
−3.1

−40
−30
−30
−30
−50
−50

7.9
10.0
15.0
12.0
9.0
8.0

48.0
41.7
30.0
41.7
6.5
9.9

The homogeneous freezing experiments commenced in a
pressurised chamber volume, at 123.3 kPa, with a CCN injection. The sulfuric acid solution droplets, used as CCN, were
generated in a sulfuric acid generator consisting of heated
sulfuric acid reservoir and airflow past the reservoir. A more
detailed explanation of the generation method can be found
in Wagner et al. (2008). By varying the duration of the sulfuric acid injection we controlled the number concentration
of the sulfuric acid droplets, and by adjusting the temperature of the sulfuric acid reservoir and the airflow rate through
the heated reservoir we controlled the mean size of the CCN
particles.
The CLOUD chamber is surrounded by an insulated thermal housing, which allows precise regulation of the internal
temperature with stability within 0.1 ◦ C. Dias et al. (2017)
found that larger temperature non-uniformities of up to
around ±1.0 ◦ C are present at the minimum temperature
reached after an adiabatic expansion compared with operation under equilibrium conditions, in both radial and vertical directions. The turbulence induced by the expansion
ensures complete mixing of the chamber during the expansion. Thermal non-uniformities in the radial direction subsequently decrease as the air reheats. The in situ temperature
values used here were measured close to the centre of the
chamber, and to the sampling plane of CASPOL (Fig. S1),
at 1.2 m distance from the walls using a PT100 temperature
sensor (Duplissy et al., 2016; Dias et al., 2017). For pressure monitoring in the chamber, we used the VEGABAR
53 process pressure transmitter (VEGA). The total humidity inside the chamber was measured by a fast chilled-mirror
frost-point hygrometer (MBW, model 373LX). The relative
humidity (RH) with respect to water and ice (see the example in Fig. 1a) was calculated from dew and frost points using water and ice saturation vapour pressure at the measured
temperature (Buck, 1996) with correction for the contribution from the condensed phase due to a higher temperature
in the MBW sampling line.
At the beginning of most experiments, we generated
low concentrations (∼ 100 cm−3 ) of sulfuric acid aerosol.
Concentrations were measured with a condensation particle
counter (CPC; TSI model 3010). At these concentrations, all
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Figure 1. Homogeneous ice nucleation and regrowth experiment
no. 1292.01 (−30 ◦ C). (a) The temporal development of pressure,
temperature and RH calculated from the chilled mirror hygrometer
(MBW 373LX) and thermocouples measurements at the mid-plane
of the chamber. The lowest temperature measured after the expansion was ∼ −37 ◦ C at a lower section of the chamber (Fig. A2),
but lower temperatures are probable at the bottom of the chamber due to the temperature gradient. RH with respect to ice is
shown in purple and with respect to water (RHwater ) in red. Cloud
forms at t = 0 min. At the mid-plain RHice-max ∼ 158 % lasted for
∼ 20 s. (b) The particle number size distribution measured with
PPD-2K. (c) SIMONE measurement of the forward scattering intensity (counts s−1 , black solid line) and depolarisation ratio (red dotted line) together with the total number concentration (Ntot cm−3 )
measured by the PPD-2K (green dashed line).

www.atmos-meas-tech.net/10/3231/2017/
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seed aerosols will act as CCN at almost the same time and
further homogeneous nucleation and growth of the ice crystals would occur upon further expansion cooling. All the experiments were initiated slightly below ice saturated conditions at temperatures near −30, −40 and −50 ◦ C (Figs. 1a,
A1 in the Appendix). In the experiments starting at −30 ◦ C
we cooled the chamber air by expanding the volume until supercooled liquid droplets were formed. A fraction of
the droplets were grown by further cooling until ice started
to form by homogeneous freezing of the supercooled water
droplets. The ice particles then grew until the expansion was
stopped and the formed ice crystals started to sublimate under ice subsaturated conditions, induced by an increase in
temperature due to the heat flow from the warm chamber
walls. The lowest measured temperature reached at the bottom section of the chamber is ∼ −37 ◦ C. After the end of
the expansion, the temperature of the chamber is maintained
for several tens of seconds until the reheating process takes
place. The upper section of the chamber is warmer than the
average temperature by ∼ 1.5 ◦ C (Fig. A2). A second step in
the expansion profile then allowed the regrowth of the sublimating particles.
The experiments at −50 ◦ C were started similarly by cooling the chamber volume until the first ice particles were
formed by deposition nucleation. After the first ice particles
were detected and had grown in size (see Table 1), we proceeded to the next step of the multistep expansion profile as
discussed above.
2.3
2.3.1

Cloud probes
PPD-2K

The PPD-2K instrument used here has a light source consisting of a frequency-doubled Nd:YAG laser which emits
100 mW at a wavelength of 532 nm. The sensitive areas of
the trigger detector and camera are identical (∼ 2.5 mm2 ).
The trigger count rate and pulse intensities are used to derive
particle number concentrations and particle number size distributions. Reduction of the sample volume due to electronic
dead time is corrected according to Vochezer et al. (2016).
The classification of cloud particles by the PPD-2K is based
on a spatial analysis of high-resolution intensity patterns of
single particles in the 5 to 26◦ forward scattering angular
range. In the scattering patterns of (spherical) droplets we
normally observe concentric rings at angular positions corresponding to the maxima intensities predicted by Mie theory.
The sampling flow of the instrument was set to 5 L min−1
with a sheath flow of 2 L min−1 . Due to detection limitation
in small ice spectrometers currently, major coincidence errors at even moderate concentrations, particularly in mixedphase clouds, can become an issue (e.g. Hirst et al., 2001;
Cotton et al., 2010; Vochezer et al., 2016). However, based
on the total particle concentrations expected in our chamber
experiments the calculated probability for coincidence was
www.atmos-meas-tech.net/10/3231/2017/

3235

negligible, < 1 % in most cases (Eq. 1c in Vochezer et al.,
2016).
We used computerised discrimination of images with concentric rings from images without the rings based on variance
calculation of the image pixels along the polar integrated azimuthal intensity profiles (Vochezer et al., 2016; Järvinen et
al., 2016c). Aspherical fractions were determined by applying a threshold variance value of 10−5 . This threshold is confirmed based on the visual inspection of diffraction patterns
of ice and droplets in all chamber experiments. Images with
low variance, corresponding to concentric rings, were classified as spherical (e.g. droplets). Similarly, in the case of
ice particles with mean variance below this value the particles were classified as spherical. Ice habits, e.g. columns
and plates, have characteristic scattering patterns which allow classification of the detected particles. More technical
details are described in Vochezer et al. (2016).
2.3.2

SIMONE

The averaged path SIMONE-Junior (Järvinen et al., 2016b)
was installed in the chamber to provide bulk depolarisation
measurements. This instrument technique is in effect comparable to a lidar and is used to detect phase transitions in
aerosol, cloud particle ensembles and to investigate the bulk
microphysical properties of clouds. The instrument projects
a 552 nm polarised (e.g. perpendicular, parallel and circular)
light beam and detects forward- and backward-scattered light
from a cloud volume of 30 cm3 . Unlike a lidar measurement,
parallel and perpendicular components of the backscattered
light are measured around the detection angle of 176◦ , at a
very confined angular range with an acceptance angle less
than 0.8 mrad. The linear depolarisation ratio is expected
to be zero for spherical particles and non-zero when particle shapes deviate from spherical. Forward scattering intensity is measured at 4◦ . The operation of the SIMONE in
the CLOUD chamber is described in detail by Järvinen et
al. (2016a). The basic instrument concept and data interpretation in case of chamber ice clouds are detailed in Schnaiter
et al. (2012).
2.3.3

Airborne probes

CASPOL
The CASPOL installed in the chamber was part of the Cloud,
Aerosol, and Precipitation Spectrometer (CAPS, Droplet
Measurement Technologies), an instrument commonly used
on aircraft for cloud microphysical measurements (e.g.
Baumgardner et al., 2001; Johnson et al., 2012; Jones et al.,
2012; Luebke et al., 2016; Voigt et al., 2017). The CASPOL
relies on incident laser scattering by single particles. The version of CASPOL employed here has a linearly polarised laser
to provide a collimated incident beam of light at a wavelength of 680 nm and a sample area of ∼ 0.225 mm2 . The
Atmos. Meas. Tech., 10, 3231–3248, 2017
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collecting optics guide the light scattered in the 4 to 12◦ subtended cone into a forward-sizing photodetector. This light is
measured and then used to infer a particle size from the calculated scattering cross section. As with most in situ cloud
particle spectrometers, CASPOL is calibrated with standard
spherical latex and glass spheres. Aspherical particles will
therefore be mis-sized (Borrmann et al., 2000) to different
degrees. For our experiments, we estimate the sizing error
should normally be of the order of the instrument’s size bin
width (Table S2 in the Supplement).
The backscatter detector measures the scattered light cone
subtended between angles 168 and 176◦ . Additionally, this
version of CASPOL was limited to measuring the polarised
fraction of the backscattered light in the orthogonal plane for
the first 292 particles s−1 (Droplet Measurement Technologies Manual, 2011). The sampling air speed of the instrument used in the chamber was set to ∼ 4 m s−1 . Whilst the
highest particle arrival rate could be up to 500 s−1 the average rate was generally below 100 s−1 allowing single particle depolarisation ratios to be calculated for all particles in
most cases. The single particle polarisation functionality potentially allows discrimination of aspherical particles in the
0.51–50 µm range. For spherical particles, typically droplets,
the polarisation of the incident light will be preserved and
the orthogonal polarisation in the backscatter will generate
nearly zero signal. Depending on the asphericity of the particles, there will be increased signal in the backscatter polarised detector. An increase in size with decrease in polarisation in CASPOL at temperatures below the frost point for
example would suggest that ice is sublimating and becoming more spherical as has been observed in cirrus clouds
(Jensen et al., 2010). The classification of droplets and ice
in CASPOL data analysis is primarily based on applying a
polarisation threshold, which needs to be determined from
controlled laboratory experiments. A clustering technique is
used to discriminate and assign unique particle properties
(e.g. asphericity) during the laboratory experiment, primarily
based on variations in the polarisation state of the scattered
light similarly to the methodology described in Nichman et
al. (2016).
3V-CPI
Another aircraft-mounted instrument used here was the CPI,
which can image and count particles in the size range of
15–2500 µm, with the images having a nominal resolution
of 2.3 µm. The version of the 3V-CPI (SPEC Inc.) used here
was an upgraded version of the original CPI described by
Lawson et al. (2001) with a particle image acquisition rate
of 20 frames per second (fps). The 3V-CPI version used here
was able to generate 400 fps. The CPI probe was integrated
with a 2D-S optical array probe (Lawson et al., 2006c), which
was used as the particle triggering system for the newer
CPI imaging system. The particle detection system consists
of two intersecting elliptical cross section continuous laser
Atmos. Meas. Tech., 10, 3231–3248, 2017

beams (30 mW, 788 nm). For detection, a particle must scatter light from both beams. This in turn triggers the imaging
laser (pulsed 80 W, 850 nm), which fires onto a CCD camera. CPI obtained information covers particle size (including
area and volume) and ice habit classification (Lawson et al.,
2006b; Um and McFarquhar, 2009; Lindqvist et al., 2012;
O’Shea et al., 2016). Complementary size distributions and
concentrations data are obtained by the 2D-S. The 3V-CPI
is especially suitable for use in ice and mixed-phase clouds
(Gayet et al., 2012; Stith et al., 2014). Each of the 2.3 µm
resolved surface images captured by the CPI can be fitted
to a circle function to determine the roundness of the particle (Korolev and Isaac, 2003b). Temporal changes of roundness can be used to calculate the mean non-round (aspherical) concentration fraction. However, the roundness parameter for smallest detected particles of 10 µm optical diameter
have the largest uncertainty as will be discussed in Sect. 3.2.
The 3V-CPI was mounted on top of the chamber for vertical sampling of larger cloud particles to reduce sedimentation
in the sampling lines. The outlet of the instrument was connected to vacuum line and sample air speed of ∼ 4 m s−1 was
maintained.
3

Results and discussion

3.1
3.1.1

Experimental description
Ice nucleation and regrowth

The air pressure and mean temperature profiles for a typical expansion procedure in accordance with Schnaiter et
al. (2016) are presented in Fig. 1a. The expansion starts first
with a slow pressure decrease to create water-supersaturated
conditions inside the chamber and to form a cloud of supercooled droplets. The expansion rate is increased towards
the end in order to achieve ice-supersaturated conditions in
a short time period. The overall cooling rate during this expansion was −4.9 ◦ C min−1 . The PPD-2K measured the size
distribution during the experiment (Fig. 1b). The cloud period with supercooled droplets lasts only several tens of seconds and followed by a fast formation of ice. The depolarisation signal measured by the SIMONE increases only after an
increase in the forward scattering signal indicating the short
droplet period was followed by transition to the ice phase
(Fig. 1c). The expansion is then stopped at ∼ 1 min (Fig. 1a).
Pruppacher and Klett (2010) have suggested a homogeneous
ice nucleation rate of ∼ 30 × 107 cm−3 s−1 at −37 ◦ C (the
lowest temperature measured in the chamber at the end of
the expansion, Fig. A2). The active fraction can then be estimated in Eq. (1):
A = 1 − e−J ·V ·dt ,

(1)

where J is the homogeneous ice nucleation rate, V is the volume of the droplet (5.24 × 10−10 cm3 for a 10 µm droplet)
www.atmos-meas-tech.net/10/3231/2017/
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and dt is the time period of the highest supersaturation
(∼ 20 s). Under these conditions, the active fraction is 0.96.
After the first step of the expansion, the initial temperature
of the air volume is slowly restored by the heat flux from
the warmer chamber walls, thus creating subsaturated conditions inside the chamber. This warming leads to the sublimation of ice crystals and the observed changes in their microphysical properties. A re-growth of the sublimating ice
crystals is initiated at ∼ 11 min, when the pressure decreases
from 111.3 to 101.8 kPa. The depolarisation signal increases
once again during this step and reaches slightly higher levels
(0.34) than in the first step (0.26), together with an increase
in signal noise level due to the low number concentration.
There is also a small increase in the forward scattering but
this is much lower than in the first step of the expansion due
to ∼ 5-fold decrease in the concentration. In the first step,
the lowest temperature of ∼ −37 ◦ C is maintained for several tens of seconds and governs the rate of ice nucleation
in the turbulent chamber volume. Hence, we assume that ice
crystals only remain after the first step and no liquid cloud
activation or ice nucleation occurs during the regrowth period (Fig. 1c).
3.1.2

Size range overlap

In this comparison, the overlapping size range of PPD-2K
and CASPOL for measurements of small ice particles is 7–
50 µm (Fig. 1b). However, a caveat here is that only 41 % of
the particle-by-particle (PBP) polarisation data measured by
CASPOL, at −30 ◦ C, were from particles larger than 7 µm.
At lower temperatures the particle size distribution (PSD)
is shifted towards the grey area in Fig. 2, below the PPD2K size cut-off. The fraction of CASPOL PBP polarisation
data points due to particles > 7 µm at lower temperatures was
even lower: 24 % (−40 ◦ C) and 32 % (−50 ◦ C). Thus, most
of the particles in the cloud that produce the polarisation data
in the CASPOL and the bulk SIMONE depolarisation data
are small, < 7 µm, while in the PPD-2K data 100 % of the
analysed particles are > 7 µm.
The size-segregated aspherical fractions as measured by
the PPD-2K in the overlapping size region for the two instruments are presented in Fig. 3. At −30 ◦ C, the large ice
particles reach 20 µm in diameter during the first step of the
expansion and grow up to 35 µm during the second step,
within the detection range of CASPOL. Ice particles formed
under different temperature regimes would have a different
morphology. At cirrus temperatures below −40 ◦ C, the ice
particles form directly from the vapour phase via deposition
nucleation (Fig. 3b, c), a different formation pathway compared to ice formation through the liquid phase at −30 ◦ C
(Fig. 3a). In the final step of the expansion at −30 ◦ C, during
the sublimation period, the aspherical fraction is extremely
low, likely due to sphericity ambiguity as will be discussed
in Sect. 3.3. For better statistical characterisation, we subsequently examined this process under longer cloud life times
www.atmos-meas-tech.net/10/3231/2017/
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Figure 2. Selected 1 min averaged particle size distributions
(dN/dlogDp ) for experimental runs: 1292.01 (−30 ◦ C), 1276.05
(−40 ◦ C) and 1298.12 (−50 ◦ C). White area represents the overlap in the size range of PPD-2K and CASPOL. Concentration error
bars are shown for the PPD-2K instrument. Grey area represents the
size range where most of the particles detected by CASPOL occupy
the 292 PBP polarisation bins in a second. This area is mostly below
the PPD-2K size cut-off. The aspherical fraction for comparison in
Fig. 7 was derived from data within the white area.

(up to 45 min) at lower temperatures. However, the measurements of PPD-2K at these temperatures were somewhat incomplete, missing the smaller particle sizes and hence the
initial steps of cloud particle formation and growth, especially during the first step of the expansion (Fig. 3b, c). The
temperature and RH profiles of runs, 1276.05 (−40 ◦ C) and
1298.12 (−50 ◦ C), are shown in Fig. A1.
3.1.3

Column fraction

The ice fraction contains multiple ice habits such as plates
and columns in all the regrowth experiments discussed here
(Table 1). The largest fraction detected by PPD-2K at cirrus
temperatures of −40 and −50 ◦ C was typically composed
of ice columns as shown in Fig. 4. In the first part of experiment 1292.01 (−30 ◦ C) the frozen droplets are grown
at lower temperature and higher supersaturation than in the
second sublimation period of this experiment (Fig. 1a), leading to a formation of more complex particles (Fig. 5). In
the regrowth period, the temperature drop and supersaturation conditions are more moderate and we observe the formation of columnar ice particles. The columnar shape, however, is not preserved and the ice particles sublimate, reverting to their underlying spherical core as seen in Fig. 3a. The
largest column fractions were measured at the lowest temperature, −50 ◦ C (Fig. 4c). In Fig. 5, we collected several
typical diffraction patterns from different stages of each of
the expansions, marked by vertical dashed lines in Figs. 3
and 4. The contrast in all the patterns was altered to the same
Atmos. Meas. Tech., 10, 3231–3248, 2017
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Figure 3. Size-segregated aspherical fraction measured by the PPD2K (see Sect. 2.3.1). (a) Run no. 1292.01 (−30 ◦ C); (b) run no.
1276.05 (−40 ◦ C); (c) run no. 1298.12 (−50 ◦ C). Vertical dashed
lines indicate the time of patterns in Fig. 5.

extent to emphasise the presence of speckles in this images.
Schnaiter et al. (2016) have linked such speckles to submicron surface features and roughness, i.e. complexity. A particle’s surface complexity or non-uniformity will manifest itself as a contributing speckled pattern within the expected
idealised diffraction pattern (Järvinen et al., 2016c). Patterns
with 2- or 4-fold symmetry are normally identified as columnar habits, whilst patterns with 6-fold symmetry are associated with plate habits. Concentric ring patterns are associated with droplets or quasi-spherical ice. For example, in run
1292.01 we observed the transformation of complex ice to
spherical ice to columnar ice (Fig. 5).
The resolution of instrumentation employed in atmospheric measurements, commonly, is not sensitive enough to
image the surface microstructural features of the ice crystals.
The resolution of the widely used CPI probe is around 2 µm,
i.e. in the same range as the smallest droplets that are frozen
into ice crystals and significantly larger than the size of the
ice crystals’ surface anomalies. Although these anomalies,
like roughness and stepped hollowness of the crystal, do not
significantly contribute to the mass distribution, they can significantly alter the light scattering properties of the ice crystals, as discussed in Sect. 1.
3.2

3V-CPI image analysis of ice particles

Substantial concentrations of particles were observed to grow
above 20 µm in diameter (Fig. 1b), thus allowing their detecAtmos. Meas. Tech., 10, 3231–3248, 2017

Figure 4. Size-segregated fraction of columns (on log scale), measured by the PPD-2K for (a) run no. 1292.01 (−30 ◦ C), (b) run
no. 1276.05 (−40 ◦ C) and (c) run no. 1298.12 (−50 ◦ C). Vertical
dashed lines indicate the time of patterns in Fig. 5.

tion with the 3V-CPI. Quasi-spherical, or quasi-spheroidal,
small particles were identified from the CPI images (Fig. 6).
The CPI imager is triggered by the 2D-S component for particles larger or equal to 10 µm as described in Sect. 2.3.3. Image analysis can then provide the roundness of the particles.
Due to the larger error in estimating particle roundness at
very small sizes, Korolev and Isaac (2003b) have considered
the roundness only of those particles with diameter ≥ 20 µm.
Different approaches are used in assessing such thresholds;
e.g. Connolly et al. (2007) have included the roundness of
smaller particles, ≥ 10 µm in diameter, in their analysis using
size and shape corrections based on tests with ice analogues
to the instrument’s depth of field. Emersic et al. (2015) chose
a roundness threshold of 0.9 for phase discrimination of particles larger than 35 µm. The exact definition and calculations
of roundness are described in detail in the papers above. In
this analysis we consider particles in the range 20–50 µm for
broader coverage of the CASPOL and PPD-2K overlapping
size ranges while constraining the uncertainty in the roundness parameter. Here, the threshold for phase discrimination
by roundness was set to 0.9.
Analysis of a large dataset of CPI images by Korolev et
al. (2003) showed that in glaciated clouds a large fraction
of particles with diameter < 60 µm do indeed have a quasispherical compact shape. Korolev and Isaac (2003b) noted
that the question of spherical ambiguity remains due to optical limitations of the instruments. Despite the limitations of
www.atmos-meas-tech.net/10/3231/2017/
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Figure 5. PPD-2K scattering patterns at different stages of the expansion for run no. 1292.01 (−30 ◦ C) panel row (a), run no. 1276.05
(−40 ◦ C) panel row (b) and run no. 1298.12 (−50 ◦ C) panel row (c). The time frames are indicated by dashed lines in Figs. 3 and 4.
Spheroidal, columnar and other habits with and without submicron features were observed.

size range and resolution, Fig. 7a shows an increase in the
non-round image fraction during the growth periods of the
ice particles in our chamber experiments.
3.3

Aspherical fractions measured by PPD-2K,
CASPOL and 3V-CPI

In airborne in situ cloud measurements, ice fractions are
commonly derived from the optical asphericity of the particles (Sect. 1). Here we compare PPD-2K and CASPOL single particle measurements to examine their ability to distinguish between droplets and ice particles in different ice nucleation modes. Supercooled droplets may exist until evaporation completes. In experiment no. 1292.01 (−30 ◦ C), we
calculate the evaporation time of 10 µm droplet at water saturated environment, assuming instantaneous warmup of gas
and droplets, instantaneous drop of RH according to the saturation ratio at the warmer temperature and constant temperature and RH during evaporation. The upper threshold for
complete diffusional evaporation in this case is of the order
of 20 s (Eq. 13.18 in Hinds, 1982). We assume that a fraction
of the droplets freeze within a short time frame, after their
formation, while the rest evaporate or lost to the walls, concluding the duration of the pure liquid cloud in the order of
tens of seconds (Fig. 7a). Several tens of seconds after freezing we measure a high ice (aspherical) fraction (∼ 100 %),
as expected. The freezing onset is detected by the increase
in the depolarisation signal from the SIMONE and proceeds
www.atmos-meas-tech.net/10/3231/2017/

with an increase in 3V-CPI smoothed non-round fraction
(Sect. 3.2) annotated by pink markers, both indicating the
presence of non-spherical particles. In the sublimation period, at 4 min, we see the reversed transition in the aspherical
fraction; we start to detect more spherical particles that are
classified as liquid droplets according to the thresholds used
to classify ice (Sect. 2.3; Nichman et al., 2016). The depolarisation finally decreases (Fig. 7a), and particles are no longer
detected by the 3V-CPI due to their decrease in size below the
threshold. The size-segregated aspherical fraction measured
by the PPD-2K for this experiment is shown in Fig. 3a.
During the sublimation period the aspherical fraction
decreases, implying increasing sphericity of the particles
(Fig. 7a). However, once full glaciation was observed, the
liquid phase cannot subsequently exist at the ambient chamber temperature, below −30 ◦ C. Therefore, the nearly spherical particles observed (4–10 min and from 19 min onwards)
are spherical ice and not liquid water droplets. The formation of optically spherical ice particles in chamber experiments was first shown by Järvinen et al. (2016c). In atmospheric measurements, such an aspherical fraction would
normally be converted into an ice fraction. In this cloud simulation, at the end of the sublimation period, both PPD-2K
and CASPOL misinterpret the total ice fraction as sphericalliquid by 60 %.
In experiments 1276.05 (−40 ◦ C) and 1298.12 (−50 ◦ C)
(Fig. 7b, c), we observe a short increase in aspherical fraction measured by the 3V-CPI at −40 ◦ C and insufficient data
Atmos. Meas. Tech., 10, 3231–3248, 2017
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Figure 6. Experimental run no. 1292.01. 3V-CPI images of frozen droplets immediately after ice phase transition. The shape analysis of
these particles is presented in Fig. 7.

Figure 7. PPD-2K (green line) and CASPOL (blue line with standard deviation error bars) aspherical fraction of a subgroup of particles with diameters > 7 µm. The intercomparison complemented
by SIMONE linear depolarisation ratio (dashed line), CASPOL aspherical fraction for all diameters (red line) and 3V-CPI non-round
(aspherical) fraction (magenta rectangles). (a) Run no. 1292.01
(−30 ◦ C); (b) run no. 1276.05 (−40 ◦ C); (c) run no. 1298.12
(−50 ◦ C).

in this size range at −50 ◦ C. Up to 40 % lower aspherical
fraction is measured by the CASPOL at these temperatures.
Polarisation data analysis therefore suggests that ice particles
smaller than 7 µm are more spherical at lower temperatures
(Fig. 7c red line) and they are more abundant (Sect. 3.1.2).
Furthermore, the aspherical fraction for all particles detected
Atmos. Meas. Tech., 10, 3231–3248, 2017

in the PBP mode in CASPOL at −50 ◦ C follows the SIMONE depolarisation time series while the aspherical fraction of CASPOL > 7 µm subgroup is higher and increases
towards the end of the expansion (Fig. 7c). The size dependence of these two polarisation detection techniques is
demonstrated in Sect. 3.4. However, analysis of the scattering patterns detected by the PPD-2K resulted in a 100 % aspherical fraction in both experiments with vapour-formed ice
crystals (Fig. 5). Additional studies are required to confirm
these trends.
Similar discrepancies in aspherical fraction measurements
by PPD-2K and CASPOL have already been shown in Järvinen et al. (2016c) for ice particles formed via homogeneous
nucleation and via deposition nucleation on mineral dust at
−30 ◦ C. The asphericity of the particles significantly differs for ice formed through the liquid phase and ice formed
through the vapour phase. These discrepancies (Fig. 7b, c)
at lower temperatures can be partially explained by the decrease in the number of particles measured in every second
and therefore the increased standard deviation in the aspherical fraction calculation, i.e. 19 % for particles > 7 µm at
−40 ◦ C and 37 % for particles > 7 µm at −50 ◦ C. However,
the smaller size of particles at −40 and −50 ◦ C is the main
cause of reduced sensitivity of the polarisation measurements
with respect to aspherical features.
3.4

Single particle polarisation and ensemble
depolarisation ratios

This analysis aimed at improving our interpretation of the
small ice particle polarisability and the comparison of different instruments and their approaches to discriminate small
liquid and ice phase cloud particles by properties of their
scattered light. One such property is the linear depolarisation ratio for parallel incident laser polarisation δ|| , which
is defined as the perpendicularly polarised to parallel polarised ratio of the backscattered light intensity (I⊥ / I|| ).
www.atmos-meas-tech.net/10/3231/2017/
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Figure 8. CASPOL polarisation and SIMONE depolarisation comparison for runs (a) no. 1292.01, (b) no. 1291.07, (c) no. 1291.12 and
(d) no. 1298.20. For details, see Table 1. Marker size denotes number concentration; maximum concentration observed was 56 cm−3 . Black
reference line is the 1 : 1 ratio. Higher R 2 values are observed for clouds with higher concentrations of smaller particles.

This ratio is frequently used in remote sensing (e.g. Burton
et al., 2012; Petzold et al., 2010). The linear polarisation ratio in CASPOL data analysis is defined as the fraction of the
perpendicularly polarised backscattered light from the total
backscattered intensity (Dpol / Back) as previously reported
(Glen and Brooks, 2013) and is used for ice fraction derivation (Nichman et al., 2016). The particle detection method
and the measured polarisation components are not the only
dissimilarities in these instruments, however, as they also operate at different wavelengths, have slightly different collection angles and have a difference of more than two orders of
magnitude in their sample volumes, as described above.
The depolarisation ratio measured by the SIMONE and
the polarisation ratio measured by the CASPOL were plotted against each other with 1 s temporal resolution for run
no. 1292.01 (where high concentrations of particles dominated), no. 1291.12 (where low concentrations and large particle diameters dominated), no. 1291.07 (where high concentrations and small particle diameters dominated) and
no. 1298.2 (where low concentrations and small particle
diameters dominated) (Table 1). The results are shown in
Figs. 8 and 9. The relative dimensions of the marker reflect
the number concentration, with the highest at 56 cm−3 . The
CASPOL polarisation ratios presented here are based on 1 s
averages for all particles larger than 3 µm. Small aerosol particles (< 3 µm) were detected during background measurements, after CCN injection and before the expansion. These
small particles, i.e. non-activated aerosols, were excluded
from further analysis.
www.atmos-meas-tech.net/10/3231/2017/

In correlation analysis, the lowest R 2 values were found
at low concentration experiments, where the detected polarisation was higher than the depolarisation. This is partially
due to large deviations that occurred at low concentration
within the larger sample volume of the SIMONE instrument.
These deviations are highly affected by occasional poor mixing conditions in the chamber after the expansion is completed. We have observed a higher R 2 value in cases with
high concentration of cloud particles (R 2 ∼ 0.35) (Figs. 8a,
b, 9a, b) and significantly lower value (R 2 ∼ 0.01) in cases
with low concentrations and smaller sizes of cloud particles
as might be expected based on the relative sample volumes.
Analysis of run 1292.01 showed that the column fraction had
no effect on the R 2 value in this run (Table S3).
3.5

Implications for atmospheric measurements

The misclassification of quasi-spherical ice as liquid droplets
can pose a problem with in situ atmospheric measurements
and especially in mixed-phase clouds, particularly when attempting to determine ice phase transition and longevity. Ice
fraction calculations using current measurement techniques
can be significantly affected by the potential misinterpretations highlighted by the results shown in these cloud chamber experiments. In the atmosphere, there are additional possible crystal rounding mechanisms, e.g. equilibrium thermal
roughening near 0 ◦ C, a surface coating of solutions, kinetic
roughening at high supersaturations and latent heat-induced
melting of the surface during growth at high temperatures
Atmos. Meas. Tech., 10, 3231–3248, 2017
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Figure 9. CASPOL polarisation and SIMONE depolarisation comparison for runs (a) no. 1292.01, (b) no. 1291.07, (c) no. 1291.12 and
(d) no. 1298.20. For details, see Table 1. Mean particle diameter is colour coded. Black reference line is the 1 : 1 ratio.

and supersaturation. In addition, frozen droplets retain their
rounded appearance until sufficient growth occurs. Therefore, it is not possible to infer subsaturated conditions in the
atmosphere merely by sampling rounded crystals (Nelson,
1998) and the measured ice fraction may be prone to significant underestimation. In any case of small quasi-spherical
particle detection at sub-zero temperatures in the atmosphere,
we recommend to use multiple instruments for intercomparative analysis.
Aspherical fraction derived from CASPOL data can be
compared to other instruments with greater confidence when
the PSD is fully covered by the overlapped size and concentration range of the instruments with sufficient number
of particles for aspherical fraction derivation with low standard deviation. However, artefacts such as shattering, compression and coincidence (Lance et al., 2012; Wendisch and
Brenguier, 2013) that may occur in airborne measurement
may also lead to a mis-estimation of the ice fraction. In this
study, due to low concentrations, particle coincidence in the
CASPOL sample volume is minimal. In cases where small
particle arrival rates and concentrations do not exceed the
values reported here, the findings of this study may be applicable.
The comparison of remote sensing and PBP measurements
is not a straightforward process (i.e. bulk vs. single particle and single complexity vs. mixed-complexity ensembles
of particles). Many single particle and ensemble measurements laboratory techniques in particular have proven difficult to adopt when translated to real atmospheric environments. These techniques often provide complementary data
Atmos. Meas. Tech., 10, 3231–3248, 2017

rather than comparable data (Lynch, 2001) and research in
this area continues (e.g. Ray and Anderson, 2015).
Recent efforts to classify clouds (e.g. Krämer et al., 2016;
Luebke et al., 2016) by their microphysical properties do not
account for particle morphology; the morphology of small
ice formed in situ in cirrus clouds or cirrus of liquid origin
in the first steps of homogeneous freezing may affect the
scattering properties and hence the solar radiation budget.
According to the findings in this paper, submicron features
might be present, but undetectable using some instruments
at lower temperatures or for small particle sizes (< 7 µm).
These phenomena may increase scattering and thus intensify
cooling. The lack of these features in liquid origin clouds in
warmer subzero temperature may allow more efficient warming. However, this needs to be further investigated.
4

Conclusions

We have presented an instrumental set-up for combined single cloud particle and ensemble measurements for assessment of the relative optical ice and liquid responses in each
case. The results were used to examine the asphericity evolution during adiabatic expansion, sublimation and regrowth as
well as to assess the potential impact on phase discrimination
by the different measurement techniques. We report observations of supercooled and frozen droplets and small ice habits
including spheroids in a series of CLOUD chamber experiments at −30, −40 and −50 ◦ C.
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Poor agreement was found between PPD-2K and
CASPOL asphericity for small ice crystals in the experiments
at −40 and −50 ◦ C. However, in the frozen droplet experiments these instruments were in good agreement (Fig. 7a).
We have shown that the small quasi-spherical ice particles
produced in the sublimation process exhibit a similar optical
behaviour to that of water droplets as measured by the PPD2K using variance analysis, and in the CASPOL, using polarisation analysis for high PSD overlap at −30 ◦ C. The analysis of the PPD-2K scattering patterns for water droplets and
sublimating ice shows the similarity of the spherical states
and the difficulty in applying phase discrimination. Therefore, in liquid-origin cirrus observations of small spheroids
(< 35 µm) in subsaturated conditions, none of the instruments can confidently distinguish ice from water. These results indicate that small quasi-spherical ice misclassification might similarly concern numerous optical instruments,
impactors and other probes not examined here. Järvinen et
al. (2016c) proposed a hypothesis of surface frost layer development on the frozen droplets during the freezing and initial growth periods. However, the contribution to, for example, the net polarisation signature by this very thin layer is
too weak to be detected by the CASPOL and SIMONE if
the particles retain their sphericity. At this stage, the phase of
small spherical particles cannot be unambiguously defined
with any of the instruments examined here. Nonetheless,
there is evidence that scattering patterns may differ for quasispherical ice and water due to small deviations from sphericity as indicated by changes in a complexity analysis metric
(e.g. Schnaiter et al., 2016; Järvinen et al., 2016c; Voigt et
al., 2017) and appearance of speckled patterns which could
be used to solve the phase ambiguity. An increase in resolution in future versions of these optical instruments might better amplify such difference and allow easier discrimination
as well as revealing additional subtle morphological features
and associated processes. However, in atmospheric measurements, small particle detection may be contaminated by shattering; therefore coincidence should be addressed before any
comparison can be made.
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3243

We conclude that in these simulated atmospheric conditions the polarisation and depolarisation signatures from
frozen droplets have higher R 2 values at higher concentrations of small particles and can be comparable above certain concentration and size thresholds. These findings and
the derived instrumental differences may be used in the interpretation of atmospheric measurements of frozen droplets
from field measurements using combined remote and in situ
measurement approaches as well as a pathway for further research and development for improvements to these instruments.

Data availability. Datasets from all the collaboration instruments
are stored on Lisbon servers, ordered by campaign serial numbers, and can be accessed from the collaboration website: http://
cloud.sim.ul.pt/. Access requests should be directed to the CLOUD
project administrator. Backups of the data measured by University
of Manchester are stored on the departmental server of the School
of Earth and Environmental Sciences in Database3.
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Appendix A
Figure A1 presents the temperature profile of the complementary adiabatic expansions at −40 and −50 ◦ C. The resulting RH conditions are annotated on the right y axis.
Figure A2 presents the residuals from the mean temperature in the vertical direction, relative to the centre of the
chamber during the first expansion of run no. 1292.01. Most
of the non-uniformities in temperature across the chamber
occur at the very end of the expansion.

Figure A2. CLOUD chamber vertical temperature residuals relative
to the centre of the chamber. First expansion of run no. 1292.01.

Figure A1. Temperature (T ◦ C) profiles and RH, versus time for
(a) run no. 1276.05 (−40 ◦ C) and (b) run no. 1298.12 (−50 ◦ C).
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