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Received: 6 April 2011 – Published in Atmos. Meas. Tech. Discuss.: 17 May 2011

Revised: 26 September 2011 – Accepted: 29 September 2011 – Published: 12 October 2011

Abstract. Studying the radiative impact of cirrus clouds re-

quires knowledge of the relationship between their micro-

physics and the single scattering properties of cloud parti-

cles. Usually, this relationship is obtained by modeling the

optical scattering properties from in situ measurements of

ice crystal size distributions. The measured size distribution

and the assumed particle shape might be erroneous in case

of non-spherical ice particles. We present here a novel op-

tical sensor (the Particle Habit Imaging and Polar Scattering

probe, PHIPS) designed to measure simultaneously the 3-D

morphology and the corresponding optical and microphys-

ical parameters of individual cloud particles. Clouds con-

taining particles ranging from a few micrometers to about

800 µm diameter in size can be characterized systematically

with an optical resolution power of 2 µm and polar scattering

resolution of 1◦ for forward scattering directions (from 1◦

to 10◦) and 8◦ for side and backscattering directions (from

18◦ to 170◦). The maximum acquisition rates for scattering

phase functions and images are 262KHz and 10Hz, respec-

tively. Some preliminary results collected in two ice cloud

campaigns conducted in the AIDA cloud simulation cham-

ber are presented. PHIPS showed reliability in operation

and produced size distributions and images comparable to

those given by other certified cloud particles instruments. A

3-D model of a hexagonal ice plate is constructed and the

corresponding scattering phase function is compared to that
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modeled using the Ray Tracing with Diffraction on Facets

(RTDF) program. PHIPS is a highly promising novel air-

borne optical sensor for studying the radiative impact of cir-

rus clouds and correlating the particle habit-scattering prop-

erties which will serve as a reference for other single, or

multi-independent, measurement instruments.

1 Introduction

Better understanding of the radiative impact of cirrus clouds

and a possible change of this impact by human activity re-

quires knowledge of the link between the cirrus cloud mi-

crophysics and the single scattering properties of the cloud

particles which are used in radiative transfer models. Usu-

ally, this link is created by using in situ measurements of

the ice crystal size distributions as input for optical scat-

tering models like the Mie Theory to calculate the scatter-

ing properties. This gives rise to the following problems:

(i) the size distribution measured by scattering spectrome-

ters might be erroneous in case of non-spherical ice parti-

cles. (ii) The shape assumed in the Mie optical model is cer-

tainly different from the real ice particle habit, which results

in wrong optical parameters of the whole particle ensemble.

Although sophisticated optical models for the computation

of the scattering properties of irregularly shaped ice particles

have been developed over the last 20 years (e.g. Takano and

Liu, 1995; Yang et al., 2000), there are still discrepancies be-

tween the cloud radiative properties derived by spaceborne

remote sensing and those derived from in situ microphysical
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properties using sophisticated libraries of single scattering

properties (Baum et al., 2010). Therefore, the microphysi-

cal and optical properties of ice crystals have to be measured

by an in situ instrument.

Interpretations of microphysical parameters of cloud par-

ticles are based on assumptions on the particle shape. For ex-

ample, the modeling approach to retrieve ice particle param-

eters used by Shcherbakov et al. (2006a,b) assumed crystals

to be hexagonal columns/plates. The airborne polar neph-

elometer (PN) by Gayet et al. (2001) measures the scattering

function of the ice particles and was used in conjunction with

results from an imaging probe (CPI) (Lawson et al., 2001) to

investigate the impact of the ice crystal habits on the radia-

tive properties of cirrus clouds. This could be done only in

a statistical approach with assumptions made regarding the

particle shape within an ensemble of randomly oriented par-

ticles. In their case study during the ASTAR airborne cam-

paign in the southeast of the Svalbard Archipelago, Jourdan

et al. (2010) used a principle component analysis (PCA) of

the scattering phase function measured by the PN together

with particle habits revealed by CPI to link the microphys-

ical and shape properties of cloud particles to their single

scattering properties. This link required a clustering of the

collected results according to optical parameters of particles

and is only true for particles with sizes larger than 50 µm, as

the optical contribution of small particles could not be de-

termined directly in a mixed-phase cloud. A direct link be-

tween the particle habit and the corresponding microphysical

parameters is still lacking, at least for complex shapes.

The PHIPS instrument combines stereo imaging of indi-

vidual cloud particles with simultaneous measurement of the

polar scattering function of the same particle. The proto-

type particle imager of PHIPS, as described by Schön et

al. (2011), has now been completed by a second identical

imaging unit to image the same particle under an angular

viewing distance of 60◦ (at 30◦ and −30◦ from the laser

beam) and by a polar nephelometer for the simultaneous

measurement of the single particle scattering phase function.

Note that the viewing angle with respect to the laser beam

slightly differs from that (29◦) used in the prototype parti-

cle imager of PHIPS. PHIPS is the first step towards PHIPS-

HALO which is one of the novel instruments that are cur-

rently under development for the new German research air-

craft HALO. The resolution power of both microscope units

is about 2 µm. The dual imaging configuration facilitates a

3-D morphology impression of the ice crystals. The scatter-

ing unit of PHIPS allows for the measurement of the polar

light scattering function of cloud particles with an angular

resolution of 1◦ for forward scattering directions (from 1◦

to 10◦) and 8◦ for side and backscattering directions (from

18◦ to 170◦). PHIPS has the advantage of a correlation be-

ing established between the different particle habits and their

corresponding microphysical properties, which will serve as

a reference for other instruments in the future.

The completed setup of PHIPS is presented in this pa-

per together with its operation principle, improved image

processing algorithms, and calibration procedures. Pre-

liminary results obtained in two cloud campaigns at the

cloud simulation chamber AIDA will be discussed briefly:

(1) the HALO02 campaign which was conducted in Decem-

ber 2008 in the temperature range from −5 ◦C to −70 ◦C

and (2) the ACI03 campaign which was conducted in Oc-

tober 2009 in the temperature range from −5 ◦C to −40 ◦C.

In a series of experiments ice crystals were grown in AIDA

under distinct temperature and saturation ratio conditions.

The temperature-dependent morphology changes and the

supersaturation-dependent structural complexity were mon-

itored by PHIPS. Habit classification, structural details,

and particle orientation were deduced from the image data

and discussed in the context of the corresponding scat-

tering data. The scattering function measurements reveal

ice particle orientation-dependent specular reflection peaks

which might contain information about the surface rough-

ness (Shcherbakov et al., 2006a). We will concentrate here

on the technical description of the probe using some selected

results for the proof of concept only. A detailed description

of the AIDA instrumentation and the experimental procedure

can be found in Möhler et al. (2003).

2 Setup, operation and detection of PHIPS

2.1 Setup

As mentioned in the previous section, the prototype PHIPS

imager has been extended by the second imaging unit and

the polar nephelometer. The completed setup is shown

schematically in Fig. 1. Individual cloud particles reach

the detection volume through a sampling tube of 10mm in-

ner diameter. These particles intersect the path of a col-

limated continuous wave laser beam (CrystaLaser, model

CL532-300-L, λ= 532 nm, p = 300mW, w = 0.36mm, di-

vergence< 0.02mrad, linearly polarized) at the scattering

center. The scattering center is defined by the center of

geometry of the angularly distributed collimating lenses

(L’s) (see Fig. 1). The imaging system consists of two

identical imaging devices, each of which includes a zoom

objective (Navitar, Model 12×Zoom w/12mmF.F. with

2×magnification tubes) and a digital camera (PCO Imag-

ing, model Pixelfly qe). The digital camera has a scan area

of 9.0mm× 6.6mm, pixel size of 6.45 µm× 6.45 µm, and

the number of pixels equals 1392 px× 1024 px. The zoom

objective of each imaging device was adjusted to an overall

magnification of 8×. The maximum sampling rate of the

imaging system is 10 images for each camera.

The collimated laser beam crosses the scattering center

with a beam waist of 0.5mm. A particle detector (not in-

cluded in Fig. 1) is placed closely to the scattering center

in the plane of scattering with its objective oriented towards
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Fig. 1. Optical scheme of PHIPS. The scattering plane includes the incident laser beam (green), polar detectors and particle detector (not

drawn) and is perpendicular to the stream of particles allowed to travel through PHIPS. The forward scattering signals are collected using

10 bare plastic fibers placed at a radial distance of 200mm from the scattering center with an angular resolution of 1◦. An extra bare fiber is

placed at 0◦ for alignment purposes. The side and backscattering signals are collected using 20 plastic fibers coupled to collimating lenses

(L) of focal lengths = 15mm placed at a radial distance of 60mm from the scattering center, with an angular resolution of 8◦. All fibers have

a radius of 1mm. The imaging plane includes the two cameras, the incident laser beam and path of particle stream. Each camera is equipped

with an objective which has its focal plane at the scattering center. The Cavitar laser is used as illumination (red) for the imaging system

where the beam is divided equally into two paths at the beam splitter (BS).

the scattering center perpendicularly to the laser beam. The

particle detector is described in detail in Schön et al. (2011).

However, the slit aperture placed at one focal point of the

integrated telescope is replaced here by a pinhole (diame-

ter = 200 µm) to adapt the two-camera configuration. The de-

tection volume, (Fig. 2), is defined by the diameter of the

pinhole projection on the imaging plane and the beam waist

at the scattering center and is limited by three volumes: (1, 2)

the depth of field (DOF) in the objective focal plane times the

field of view (FOV) for each camera-objective combination

and (3) the scattering volume which is defined by the laser

beam waist diameter at the scattering center (0.5mm) and the

diameter of the particle inlet (10mm). The FOV correspond-

ing to the camera scan area has a height of FOVh = 1.125mm

and width of FOVw ∼ 0.825mm at 8X magnification. This

value may change slightly depending on the exact magnifica-

tion of the telescope unit. The DOF of the prototype particle

imager of PHIPS was found to be 300 µm. However, a smart

edge detection algorithm has been developed to increase this

value to 1000 µm, as will be shown below (see Sect. 4.1.3).

The two identical imaging devices are placed symmetrically

around the incident laser beam in the forward direction with

30◦ angles from both sides. Such a construction simulates

the human ocular system which empowers 3-D vision. To

improve the homogeneity of the image background and the

quality of the image, the ultrafast illumination flash lamp of

the prototype version of PHIPS was replaced by an incoher-

ent pulsed laser source (CAVITAR, 690 nm). A long-pass-

filter (THORLABS, FEL0600) is used to prevent the scat-

tered light from disturbing the captured images. The advan-

tage of using laser illumination instead of a flash lamp is the

high pointing and power stabilities from one image to an-

other and the prevention of chromatic aberrations. The inco-

herency is mandatory to avoid any interference patterns on

the images.

The scattering plane is perpendicular to the object plane of

the imaging system and defined by the arrangement of polar

detectors. The particle flux is perpendicular to the scattering

www.atmos-meas-tech.net/4/2125/2011/ Atmos. Meas. Tech., 4, 2125–2142, 2011



2128 A. Abdelmonem et al.: First correlated measurements of the shape and light scattering properties of cloud particles

Fig. 2. The intersection of the laser beam, the FOV×DOF and the projection of the pinhole (placed in the particle detector optics) at the

scattering center. (a) A perspective view, (b) a cross sectional view of on the imaging plane at the scattering center, (d) a cross sectional

view perpendicular to the laser beam at the scattering center, and (c) the effective detection volume of PHIPS. DOF: Depth-of-field, FOVh:

Field-of-view height, and FOVw: Field-of-view width. DOF (camera2), FOVh (camera2) and FOVw (camera1) are not indicated on the

drawing for clarity.

plane. The angular resolution of the differential scattering

function is determined by the size and positions of the de-

tectors. It is 1◦ for forward scattering directions (from 1◦ to

10◦) and 8◦ for side and backscattering directions (from 18◦

to 170◦). The light scattering pulses at the individual scatter-

ing angles are transmitted via 1mm polymethyl methacrylate

(PMMA) fibers to an optoelectronic amplifier array. Due to

the generally high scattering intensity and its strong angular

dependence in near-forward scattering direction, a stack of

11 bare PMMA fibers is used to cover the 0◦ to 10◦ angu-

lar range. To enhance the side and backscattering signals,

each fiber is equipped with a collimating lens (L) of 60mm
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focal length. The solid angle of each channel from 0◦ to 10◦

is 2× 10−5 sr and from 18◦ to 170◦ it is 5.5× 10−3 sr. The

0◦ fiber is used for the alignment of the incident collimated

laser. The transmitted light is observed by a common pho-

todetector or even visually to maximize the light signal at

0◦ using a pinhole placed at 180◦ and two counter mirrors

that direct the laser beam from the laser source to the detec-

tor along the 0–180◦ axis. The optoelectronic amplifier con-

sists of three units. Each unit includes ten channels of opto-

electronic transducers (GE Intelligent Platforms, OE-200-SI

Variable Gain Photoreceiver) equipped with fiber couplers.

The 30 channels are connected to a 32-channel high-speed

acoustic data acquisition computer card (ICS-645B) which

reads the produced electric signal upon each trigger with

a maximum sampling rate of 262,144 samples/channel, if

all 32 channels are active. The analog-to-digital converters

(ADCs) of the card are operated in the capture mode with

a pre-trigger data storage sub-mode. Using this mode, the

ICS-card stores samples continuously before the trigger and

acquires a programmable number of samples following the

trigger. This, allows for the recording of the scattering signal

produced by the same particle which triggers the system.

2.2 Principle of operation

PHIPS uses an automated particle event triggering system

ensuring that only those particles are captured, which are

located in the field of view – depth of field volume of the

microscope unit. Once a particle intersects the collimated

laser beam, the particle detector sends a primary trigger sig-

nal to the TTL trigger generator. Three TTL trigger signals

are generated and sent to the scattering acquisition electron-

ics card (SAEC), the shutters of the two cameras, and the

pulsed incoherent illumination laser (PIIL), with different

time delays (1τ ) being determined depending on the parti-

cle speed. Practically, 1τ = 0 for SAEC and camera shutters

and 1τ = 25 µs for the PIIL. The 25 µs is the maximum la-

tency of the CCD after the exposure trigger. The additional

latency of the PIIL (0.5 µs) guarantees the capture of particle

after the start of CCD exposure. The exposure time (shut-

ter open) of each camera is set to 100 µs, while the pulse

width of the flash laser is set to 40 ns for a particle travelling

through the probe with a velocity of 2m s−1. This combina-

tion allows for the capturing of the particle within the field-

of-view of the cameras with high spatial resolution. At the

particle velocity mentioned, the spatial displacement during

imaging is only 80 nm. For faster particles, a shorter pulse

width of the PIIL can be used. The image is recorded in gray

scale as an 8×magnified bright field image where the flash

source, the particle, and the telescope-camera combination

are placed successively on one line when the particle is in

the scattering center.

The output of the detection process is a raw data set

consisting of the polar scattering intensities data file and

two images for each imaged particle. Since the scattering

acquisition rate is higher than the imaging acquisition rate,

the number of correlated data is limited by the acquisition

rate of the imaging part. PHIPS is equipped with a comple-

mentary homemade software package to generate the scat-

tering phase function and a set of morphological parameters

like area, perimeter, waddle disk diameter, maximum feret

diameter... etc. for each image. Moreover, a 3-D model can

be constructed for spheres, plates, and columns as will be

discussed in detail below (see Sect. 4.1.6). An important ad-

vantage of constructing a 3-D model of the ice particle is the

possibility of determining an exact size (or particle dimen-

sions) independently of the particle orientation relative to the

camera, which has a big influence on the area projected on

the CCD chip, if only a single camera is used. Even in the

case of more complex habits (e.g. particle aggregates), where

construction of a 3-D model from two cameras is impossi-

ble, it is still possible to reduce the scatter in results when

plotting size distribution, for example, by selecting the larger

evaluated size from the two images of each particle. The

software package of PHIPS is programmed to optionally se-

lect the largest, smallest or averaged value of a parameter

extracted from two corresponding images.

2.3 Detection volume and volume sample rate

The volume sample rate is defined by the cross sectional area

As of the detection volume in the scattering plane and the

particle speed. As mentioned above, Fig. 2 shows a cross

section of the overlapping volumes at the scattering center. In

order to select only those particles that are within the depth-

of-fields of both cameras, a pinhole is used in the particle

detector to confine the detection volume. The pinhole diam-

eter (dph) and, hence, area (Aph =π(
dph
2

)2) is selected to fit

in the intersection area of the two DOF×FOVh planes of

both imaging units and not to exceed the laser diameter (see

Fig. 2b). The trigger detector uses a telescope of magnifi-

cation power = 0.5. This results in an image of the pinhole

with a diameter ds = dph/2 (or area As =Aph/4) at the scat-

tering center. The diameter of the largest inscribing circle

of this intersection area is 0.5mm for the current PHIPS de-

sign. The intersection between a cylinder of As base area and

FOVw = 0.8mm height with a beam of w = 0.5mm results in

a quasi cylindrical detection volume (see Fig. 2c) of:

Vd ≃ As × w (1)

Vd was about 0.004mm3 (corresponding to a 200 µm pinhole

diameter) during the two campaigns discussed here and has

a maximum of 0.1mm3 for the current PHIPS design (this

can be achieved using a pinhole of 1 mm diameter). This

volume can be increased by decreasing the magnification of

the microscope units and increasing the pinhole diameter ac-

cordingly, which might be useful for detecting the few large

ice crystals in mixed-phase cloud situations. The volume can

be increased even further by several orders of magnitudes by

increasing the laser beam diameter when using PHIPS as an
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ordinary polar nephelometer, i.e. without scattering-imaging

correspondence. However, as mentioned above, this is not

the aim of PHIPS, since this instrument is planned to cor-

relate the particle habits to the optical microphysical proper-

ties. The volume sample rate is defined as the flux of particles

crossing the sensitive area:

Volume sampling rate = As × vp, (2)

where vp is the velocity of the particles moving through the

sensitive area. This article presents exemplary results of

AIDA cloud chamber studies for a particle flux of 2m s−1

that results from pumping air through the PHIPS housing

(see Schön et al., 2011). In addition, As has a maximum

value of 2.5× 10−3 cm2 corresponding to the current PHIPS

magnification, beam waist, FOV, and DOF. The resultant

maximum volume sampling rate is then 0.5 cm3 s−1.

3 Calibration

3.1 Imaging system

The imaging system is calibrated by a well-defined fiber op-

tics placed in the scattering center. The calibration value dif-

fers from one experiment to another depending on the ex-

act magnification used by the telescope units (see above).

This value was 0.74 µmpx−1 for the HALO02 campaign and

0.79 µmpx−1 for the ACI03 campaign. Oversizing and un-

dersizing may occur due to a slight out-of-focus position of

the particle and is probably dependent on the particle size.

This effect is discussed in detail in the image analysis section.

3.2 The polar scattering system

The calibration of this unit depends on the quality of the

imaging calibration. Water droplets are allowed to pass

through the probe and detected by the pre-calibrated imag-

ing system as well as the polar scattering system. Knowing

the exact size of the water droplets from the imaging system

allows for the evaluation of the scattering phase function us-

ing the well-known Mie theory. Comparing the experimen-

tally obtained scattering phase function with the theoretical

one gives a series of calibration factors, each of which cor-

responds to an individual channel of the 30 polar scattering

channels. This procedure is easier and more reasonable than

those that use theoretical calculations including solid angles

and optical apertures of the detectors only, since it also con-

siders the artifacts like the lateral displacement of the colli-

mating optics and the corresponding partial overlaps of the

focal points.

Figure 3 shows a comparison between the experimentally

obtained scattering intensity of light versus polar angle and

the theoretical curve for a water droplet of 94 µm diameter. A

disadvantage of the used laser is its narrow spectral line width

(about 0.15 nm or less). This narrow spectral line width re-

sults in the strong oscillations seen on the theoretical curve

Fig. 3. Comparison between the experimentally obtained scatter-

ing intensity of light versus polar angle and the theoretical curve

for a water droplet of 94 µm diameter. Crosses are the averages of

theoretical values over the solid angle covered by the correspond-

ing detector.Also keep in mind that the log scale emphasizes low

intensity values and, hence, the difference between experiment and

theory in our case.

of the angular scattering intensity of a single particle, Fig. 3

and also Fig. 13, which will be discussed in Sect. 5.2. How-

ever, a preliminary study of the lowest acceptable spectral

line width, which can reduce these oscillations sufficiently,

revealed that a laser of a spectral line width of about 2 nm

(like that used by Gayet et al., 1997) would be good enough

along the side scattering angles (from about 30◦ to 140◦).

The wider the spectral line width, the smoother are the angu-

lar scattering intensities of a single particle. Smoothing over

the full range (forward, side and back scattering) would be

achieved, if the spectral line width was higher than 5 nm. Ob-

taining such a laser with such a spectral line width and meet-

ing all other requirements (like compact size, low beam di-

vergence ... etc.) will be one of the challenges of the PHIPS-

HALO phase.

As the sampling volume has a finite size, the optical sys-

tem is not stigmatic. Therefore, a particle located outside the

focal point in the sampling volume scatters energy following

a certain angle which may not reach the corresponding detec-

tor. A numerical simulation is made in order to evaluate sub-

sequent errors of the measurements. The effect of the final

scattering volume (results from Monte-Carlo GO ray-tracing

simulations) on the measured scattering signal is given here:

for the 1–10◦ detectors, 24.16% of the bin intensity are lost

due to the final dimension of the scattering volume (rays

of the corresponding scattering angles do not reach the de-

tector). However, the same amount is gained from outside.

The maximum acceptance half angle is effectively increased

from 0.143◦ to 0.242◦ (however, only 12.86% of the rays in

this extra angular region hit the detector). For the 18–170◦

Atmos. Meas. Tech., 4, 2125–2142, 2011 www.atmos-meas-tech.net/4/2125/2011/
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detectors, 4.87% of the bin intensity are lost due to the final

dimension of the scattering volume (rays of the correspond-

ing scattering angles do not reach the detector). However,

the same amount is gained from outside. The maximum ac-

ceptance half angle is effectively increased from 2.386◦ to

2.715◦ (however, only 16.52% of the rays in this extra angu-

lar region hit the detector).

4 Data analysis

4.1 Image analysis and 3-D morphology

The data acquisition software triggers the system at each pre-

defined period of time to record background measurements

(blank images at the CCDs and background light at the an-

gular scattering sensors) during each experiment. The back-

ground images are averaged and subtracted from the raw im-

ages. As a result and thanks to the homogeneity and pointing

stability given by the PIIL, a couple of sharp and splotches-

free images can be obtained for each particle. On this basis,

the region of interest (ROI) which includes the particle can

be located. Each image is then converted into a binary image

where pixel values are placed as either 0 (black) for back-

ground light or 1 (white) for particle. The image analysis

process uses the steps and methods of the specially devel-

oped algorithm described by Schön et al. (2011), except for

those described below.

4.1.1 Extracting area(s) of interest from each image

In contrast to the algorithm referred to above, our algorithm

does not only process the object generating the steepest gra-

dient, but also those of lower but still sufficient steepness, if

more than one particle is imaged by one shot. It is rare that

more than one particle are detected within one image, as the

probability of two particles being accidentally present in the

tiny volume of detection at the same time is low. This is un-

favorable for the correlation process with the polar scattering

signals. Nevertheless, these particles are not ignored, but ex-

tracted and stored in different files and registered to the same

time of detection. This supports the size distribution studies.

4.1.2 Evaluation parameters

In addition to the area, aspect ratio, roundness, and equiv-

alent disk diameter, an additional algorithm was conceived

to evaluate the exact length, orientation, and basal-facet-

diameter of columns. This algorithm applies a stepwise ro-

tation to the image, measures the length and width of the

particle-bounding-rectangle (PBR), and locates the rotation

angle where the maximum length/width ratio of the PBR

is found. This angle defines the orientation of the colum-

nar particle relative to the original orientation of the image

and its length and basal-facet-diameter equaling the length

and width of the PBR, respectively. The PBR is defined as

a rectangular region, the sides of which are parallel to the

coordinate axes and bounds certain object. The function of

defining the PBR is used as it is included in the LabView

environment and in particular in the IMAQ package which

is used to perform the calculations described here. Determi-

nation of column-like particle dimensions and orientation is

required for the stereo imaging and 3-D morphology which

is discussed in a later section.

4.1.3 Edge detection and out-of-focus particles

Two different histogram-based edge detection methods were

used by Schön et al. (2011) to detect the particle edge: (1) the

triangle algorithm applied to the gradient image to effectively

find the ROI and (2) the isodata algorithm applied to the ROI

image in order to do the final particle segmentation. The

latter is an iterative method to find the gray scale threshold

value, but it has problems with small and out-of-focus parti-

cles. In the case of small particles, their images are faint and

produce a flat broad distribution. In the case of out-of-focus

particles, the histogram method fails, since the peak in the

histogram corresponding to the particle is masked by the his-

togram background. So, there is an urgent need for a method

that can correct for small and out-of-focus particles or at least

distinguish between in- and out-of-focus particles. It is also

necessary to define the acceptable displacement from the fo-

cal plane, which has no significant influence on the particle

size evaluation.

In order to find a better edge detection algorithm, we

started to investigate how human beings define the particle

edge in sharp and out-of-focus images. From these investi-

gations, we can conclude that humans automatically search

(or detect) a point where the trend of the gray scale (in the im-

age) changes curvature. The only point which satisfies this

criterion is the inflection point (IP) of the gray scale slopes

at the edge of the particle. The inflection point is a unique

point on the rising gray scale at the edge of a particle and

corresponds to the peak point on the curve of the first deriva-

tive of the gray scale value with respect to the distance along

a line perpendicular to the edge at any point. The slope at

the inflection point reflects the sharpness of the image. The

sharper the image, the steeper is the slope of the gray scale

gradient at the particle edge, Fig. 4.

To test how the evaluation of the particle size is influ-

enced by its displacement from the focal plane under this new

edge detection concept, an auto scanning-and-imaging sys-

tem was developed. A piezo-driven nozzle which produces

water droplets of constant size and predefined rate is used as a

source of identical particles. The piezo-driven nozzle was at-

tached to a motorized translation stage (THORLABS, Z725B

motorized DC servo) moving along the optical axis of the

imaging system. A simple program was written using Lab-

View to move the piezo with predefined steps (10 µm/step for

the results presented) along the optical axis and accumulate

a number (about 10 for the results presented) of images/step.
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 1 

Fig. 4. Gray scale variation at the edge of a spherical particle (a 94 µm water droplet) placed in focus (left panel) and 310 µm out of focus

(rightpanel) positions within the field of view of the PHIPS camera objective. The two upper graphs represent the gray scale values versus

distance. The two lower graphs represent the normalized partial derivatives of gray scale values versus distance in pixel unit on the CCD

chip. Distances are measured in pixel with respect to an arbitrary point positioned on the left side of the particle.

The particle sizes were calculated using the algorithm dis-

cussed above. The slope of the gray scale variation at the IP

is also calculated at each step. (The presented values are the

averages of those obtained at each step). It is worth mention-

ing that the piezo-driven nozzle produced identical droplets

with diameter values fluctuating around 94 µm at a standard

deviation of SD= 0.66 µm only.

Figure 5 shows the dependency of the investigated particle

diameter on the spatial position of the particle with respect

to the focal point. It also shows the slope of the gray scale

gradient at the IP, which can be fitted by a Gaussian profile.

The variance in the droplet diameter investigated using the

inflection point algorithm from images collected at a magni-

fication M = 8× is found to be 4% of the particle size over

a range of 1000 µm around the focal point. This means that

the DOF is about 1000 µm, which is three times larger than

that obtained by Schön et al. (2011). The vertical lines at

d− and d+ show the former limits of the DOF of PHIPS. It

is worth mentioning that improving the background (image

quality in general) using the incoherent laser contributed to

this enhancement. The advantage of a Gaussian fit trend is

that a threshold of the slope at the IP can be defined, above

which the particle is considered and below which the particle

is omitted. In contrast to Schön et al. (2011), the two differ-

ent histogram-based edge detection methods were replaced

by one IP-based method applied to the gradient image to ef-

fectively find the region of interest (ROI) and to do the final

particle segmentation simultaneously.

4.1.4 Particle size dependence

In order to analyze the influence of the particle size on the

validity of the size evaluation procedure, the developed algo-

rithm was applied to the same set of images which were se-

lected by Schön et al. (2011). In this way, increasing overes-

timation with decreasing particle size was studied. These are

standard well-defined tiny (several microns) ice analogues

(Ulanowski et al., 2003) made of sodium hexafluorosilicate
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Fig. 5. The calculated particle diameter (of a water droplet) versus

the displacement from the focal plane of the imaging system used

in PHIPS (black solid squares), the slope of the gray scale variation

at inflection point around the particle edge (blue solid triangles),

and its Gaussian fit (red line). The vertical dashed lines at d- and

d+ show the former limits given by Schön et al. (2011) of the DOF

obtained before using the pulsed incoherent illumination laser and

the inflection point edge detection algorithm.

(Na2SiF6). These crystals exhibit the shape of hexago-

nal columns and plates as well as complex combinations of

these two basic structures like those observed for ice crys-

tals. In addition, their refractive index is similar to that of

ice (∼1.31). However, Na2SiF6 is completely stable at room

temperature, which is not the case for ice. As shown in Fig. 6,

the investigated particle sizes agree well with those given as

a standard values with a SD= 3% of the investigated/given

size ratio along a size range from 9.4 to 187.8 µm. It is worth

mentioning here that these images were collected using the

old lighting system (flash lamp), which is more or less the

origin of the small fluctuations around the mean value.

4.1.5 Particle classification

It is necessary to distinguish particles according to their

habits in order to estimate the contribution of a certain habit

to a meteorological phenomenon. A homemade computer

program has been developed using LabView to classify par-

ticles according to their habit. For instance, the function of

selecting columnar particles out of a set of images was tested

as shown below in experiment HALO02 18. The program

is based on an algorithm that works on the set of binarized

images. In contrast to other algorithms which use a single

parameter only (e.g. circularity factor and aspect ratio) as a

classification criterion, the developed algorithm uses a mix

of criteria, each of which contributes with a certain weight

to the final decision of whether a particle is columnar or not.

Figure 7 shows a flowchart of the evolution of the decision

on the particle habit. The particle dimensions undergo three

Fig. 6. The ratio of the evaluated particle sizes (using the devel-

oped inflection point algorithm) to those given as standard values

for standard ice analogues.

tests: (1) particle area (A) to bounding rectangle area (BRA)

ratio (RA), (2) aspect ratio (AR), and (3) the Heywood cir-

cularity factor (Fc). The particle should have an area close

to its BRA (test 1) or a small aspect ratio (test 2) and not be

circular (test 3) to be a columnar particle with high proba-

bility. If test3 shows that the particle is a circle, the process

stops and the particle is classified to be non-columnar. Oth-

erwise, the process proceeds towards the weight box. In the

weight box, the weights of the tested criteria (WTest1,WTest2,

and WTest3) are measured. The sum of weights should exceed

a certain threshold value (Wth) to draw the final conclusion

that the particle certainly is a column; otherwise, it is defined

as a non-column. All threshold values are selected carefully

to meet the requirements of sorting columns out from a set

of images. These values may differ from one experiment to

another depending on the imaging quality. However, suitable

values used to sort out columns in the HALO02 18 experi-

ment areRATh = 0.7, ARTh = 0.4, FcTh = 1.04, andWth = 0.12.

The result was controlled manually by browsing the classi-

fied columnar and non-columnar particles visually and it was

found that the classification had been free of errors.

4.1.6 Stereo imaging and 3-D morphology

During a series of AIDA campaigns, the problem of habit

confusion turned out to be caused by particle orientation

(e.g. a plate can be seen as a column when its plane is located

perpendicular to the FOV of a single camera). This uncer-

tainty was reduced by stereo imaging in PHIPS. In the case

of pristine ice crystals like columns and plates, the 3-D habit

and particle orientation relative to the scattering plane of the

nephelometer could be reconstructed using the information

extracted from the two corresponding images of the stereo

imaging system. A direct advantage of obtaining two images
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Fig. 7. Particle classification. A flowchart illustrates the algorithm used to sort out columnar particles from a set of particle images. Three

tests contribute to the final decision with different weights; test 1: the ratio (RA) between the particle area (A) the bounding rectangle area

(BRA), test 2: the aspect ratio (AR) and test 3: the Heywood circularity factor (Fc). W: denotes the weight of the test. It is a measure of how

far the tested criterion is satisfied. The Heywood circularity factor is the ratio between particle perimeter and the circumference of equal area

circle. The subscript (th) denotes the threshold value of the corresponding parameter.

Fig. 8. The projections of a column of length l on two focal planes: (a) perspective view, (b) normal view along the common axis of

intersection (z). The laser beam propagates along the x-axis. The particle stream travels along the y-axis. The angle between the two focal

planes is 120◦ from the laser side 60◦ from the particle stream side.

for the same particle at two different angles is that the in-

vestigated parameters can be compared and/or averaged. For

example, the larger value of particle size from the two cor-

responding images of plates, columns or complex irregular

particles (e.g. rosettes, stars ...) was selected in order to re-

duce the scatter of points on plots like the size distribution.

Averaging can be used in case of spherical shapes, e.g. water

droplets, to enhance the quality of results. Furthermore, the

most important advantage of the two corresponding images is

the sense of 3-D morphology similar to human stereo vision.

Constructing a 3-D image of regular geometric shapes like

rods, columns, plates... etc. is possible. Figure 8 shows the

projection of a simple 3-D column on two focal planes. The

inverse process is the construction of a 3-D column from two

projections on two focal planes using the following scheme:
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Definitions of known and unknown parameters referring

to Fig. 8:

– l: the length of the column, (unknown).

– l1 and l2: the lengths of the projections of the column on

the focal planes of camera 1 and camera 2, respectively,

(known).

– θ : the angle between the column and the x-y plane,

(unknown).

– θ1 and θ2: the angles between the column projections

and the x-y plane, (known).

– The projections of l, l1 and l2 on the x-y plane are shown

on Fig. 8b.

– ϕ1 and ϕ2: the angles between plane of the column and

z-axis and the focal planes of camera 1 and camera 2,

respectively. This plane is not shown in Fig. 8 for rea-

sons of clarity.

The z-axis is a common axis where the three planes (two fo-

cal planes and a plane containing the column and z-axis) in-

tersect. Since camera 1 and camera 2 are placed in one plane

perpendicular to the z-axis, the two projections of l1 and l2
on the z-axis should be equal and equal to the projection of l

on the same axis, i.e.:

l sinθ = l1 sinθ1 = l2 sinθ2. (3)

From the geometry in Fig. 8a and b, the following relations

can be derived:

ϕ2 = 60 − ϕ1 (4)

l1 cosθ1 = l cosθ cosϕ1 (5)

l2 cosθ2 = l cosθ cos(60 − ϕ1). (6)

These are four mathematical relations in four unknowns (l,

θ , ϕ1 and ϕ2), which is why a unique solution is possible.

Solving Eqs. (5) and (6) together gives:

ϕ1 = tan−1

(

l2 cosθ2
l1 cosθ1

− cos60

sin60

)

. (7)

Using Eq. (4),

ϕ2 = 60 − tan−1

(

l2 cosθ2
l1 cosθ1

− cos60

sin60

)

. (8)

Using the equality (Eq. 3) with Eqs. (5) or (6) gives

θ = tan−1 [tanθ1 cosϕ1] (9)

or

θ = tan−1 [tanθ2 cosϕ2]. (10)

Finally, l can be obtained from Eqs. (3) or (4) as:

l (l1, θ1, θ, ϕ1) =
l1 cosθ1

cosθ cosϕ1
(11)

or

l (l2, θ2, θ, ϕ2) =
l2 cosθ2

cosθ cosϕ2
. (12)

In this way, the length and orientation of the column with

respect to the two focal planes of the cameras can be

determined. However, to determine the orientation of the

particle relative to the normal coordinates, (x, y and z), the

Euler angles can be used as follows:

Starting from the particle coordinate system (x′, y′, z′)

coincidence with the laboratory system (x, y, z) where x′//x,

y′//y and z′//z and having the column normal parallel to the

x-axis, we define the following operations:

1. A clockwise rotation by an angle when looking into the

positive direction of the z′-axis.

2. A subsequent anticlockwise rotation around the new x′-

axis with an angle = θ .

3. Since the column is symmetric around its axis and starts

from the coordinate origin, the third rotation (γ around

the new y′-axis has no effect on the particle orientation.

4. The diameter of the column can be obtained from one

image as the thickness of the shadow line.

In case of plates, the particle shadow is divided into differ-

ent columns (or lines), each of which is treated as described

above. The recombination of these lines in the normal co-

ordinates gives the skeleton of the particle morphology. For

example, a hexagonal shape can be represented as three di-

agonals (three lines) where the length and the orientation of

each can be obtained by the described method. Once a 3-D

model is constructed, the exact dimensions and orientation of

the particle can be defined. This information can be used to

interpret the scattering data taken quasi-simultaneously with

the images.

4.2 Scattering phase function

The time-resolved scattering signal (band) obtained from

each channel upon each trigger can be either integrated or

peak-selected. Integration enhances the detection at low

signals, but its resultant exact value depends on the parti-

cle speed. On the other hand, peak detection gives parti-

cle speed-independent values, but the noise-to-signal ratio is

high, mainly for small particles. The presented results are

calculated from band integration and the resulting intensities

from the 30 channels are plotted as a function of the scatter-

ing angles to be compared to the scattering phase function

modeled from the particle habit.
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5 Representative results

The full operation of PHIPS was tested at the AIDA facility

during two ice cloud characterization campaigns, HALO-02

and ACI03. We present some of the results demonstrating

the capability of PHIPS to probe the different habits of ice

crystals., including comparisons to other instruments which

participated in these campaigns. In addition, a 3-D model of

a hexagonal ice crystal, obtained during the HALO02 cam-

paign, will be represented including a comparison of its mea-

sured scattering phase function with modeling results using

the Ray Tracing with Diffraction on Facets (RTDF) program

(Clarke et al., 2006; Hesse, 2008). It should be mentioned

that the images collected in HALO02 are of lower quality

than those collected in ACI03 due to the different illumina-

tion system. In HALO02, particles were illuminated using

the same flash lamp used in the prototype particle imager of

PHIPS, while in ACI03, the flash lamp was replaced by the

PIIL for the reasons mentioned in Sect. 2.1.

5.1 HALO02 18 experiment

This experiment aimed at improving our knowledge of the

relation between ice crystal habits and their ability to depo-

larize light. Specifically, we were looking at the backscatter-

ing linear depolarization ratio inferred from in situ light scat-

tering measurements at AIDA with the SIMONE instrument

and its correlation with the microphysical properties of the

ice crystals measured by two complementary imaging sys-

tems, namely, PHIPS of KIT and HOLIMO of ETH Zurich

(Amsler et al., 2009).

The HALO02 18 experiment was conducted similarly to

the second experiment of the IN11 campaign in Decem-

ber 2007 described in Amsler et al. (2009). In contrast

to the IN11 2 experiment where plate-like ice crystals had

been investigated, columnar ice particles were analyzed in

HALO02 18. These columnar ice particles grew in the AIDA

chamber at a temperature between −5 ◦C and −6.5 ◦C,

which is well within the column regime of the Furakawa

morphology diagram for in-cloud ice crystal growth (Lib-

brecht, 2005). It was intended to have an extended period

where the ice crystals could grow and mix with new ice crys-

tal seeds at ice saturation ratios slightly above ice saturation,

followed by an extended period where the remaining crys-

tals (after the crystal seed addition had been stopped) could

grow under highly supersaturated conditions. In this way, a

broad range of aspect ratios χ =W /H could be investigated

in HALO02 18. It is important for the interpretation of the

data that the total water concentration, i.e. interstitial water

vapor plus condensed water of the cloud particles, is mea-

sured at the uppermost level of the AIDA chamber next to the

heated spray nozzle that is used to inject supercooled droplets

to the chamber volume. Interstitial water vapor measure-

ments by the TDL instrument and cloud particle sampling

by HOLIMO and PHIPS are located at the second and the

bottom levels, i.e. about 2m and 4m below the uppermost

level, respectively. Consequently, only relatively long peri-

ods of cloud droplet injection could be detected by PHIPS

and HOLIMO, since the droplets start to evaporate already

close to the nozzle.

Figure 9 depicts p, T , si (the ice saturation ratio), WE-

LAS, HOLIMO and PHIPS size distributions, scattering in-

tensities, and depolarization ratio data on the panels a–f, re-

spectively. Temperature and ice saturation ratio values from

AIDA are given with an accuracy of ±0.3K and ±5%, re-

spectively. Panel a of Fig. 9 shows the evolution of the mean

gas temperature inside AIDA during the expansion cooling

experiment. The wall temperature of the vessel stayed rather

constant throughout the whole experiment. Ice seed injection

took place shortly after 0s experiment time for about 600 s

(indicated by the two dashed black vertical lines in Fig. 9),

followed by a threefold water droplet injection into the AIDA

volume started at the experiment times 960, 1120 and 1320 s

for different durations (dashed blue vertical lines in Fig. 9).

The droplet injections lead to a moderate increase of the

mean gas temperature by latent head release only for the

longest injection period starting at 1320 s experiment time.

Panel b shows the ice saturation ratios versus the interstitial

and total water contents inside AIDA.

The injection periods of supercooled water droplets are

clearly visible by an increase of the total water content.

Meanwhile, the emerging ice cloud reduced the interstitial

water vapor content and confined the saturation ratio to ice-

saturated conditions after a short period of enhanced fluc-

tuations during droplet injection. The interstitial phase re-

mained close to a saturation ratio of 1 throughout the exper-

iment, but exceeded this value by about 2% after the third

and longest water droplet injection period. Panel c is ob-

tained from the WELAS optical particle counter and shows

the abundance of the particles and their optical particle diam-

eters based on droplet calibration measurements. The equiv-

alent particle diameter deduced from HOLIMO and PHIPS

images as well as the columns’ aspect ratios calculated from

PHIPS images are shown on panel d. Note that PHIPS data

are presented in two point styles corresponding to columnar

and non-columnar ice crystals, which demonstrates the abil-

ity of the PHIPS imaging and analysis system to classify par-

ticles according to their habits. The gaps between 500 and

600 s and 1200 and 1500 s in the PHIPS data are due to com-

puter crashes. In addition, the PHIPS results show that the

abundance of columns was dominant all the time and espe-

cially after the water droplet injections. The high fraction

of columnar ice particles was confirmed by accompanying

measurements with the novel cloud probe SID-3 (Kaye et

al., 2008) shown in Table 1.

Panels e and f show the scattered intensity (forward and

backward) and the linear depolarization ratios δ// and δ⊥

as given from SIMONE. The linear depolarization ratio for

parallel incident laser polarization δ// reveals low values

around 0.14 for the emerging ice cloud at the beginning of
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Fig. 9. Temporal evolution of the AIDA mixed phase cloud experiment HALO02 18. Panel (a): wall and gas temperatures and pressure of

the AIDA chamber. Panel (b): ice saturation ratio of the total and interstitial water contents si in the AIDA volume. Panel (c): optical particle

diameter as measured by WELAS. Panel (d): geometric particle diameters as measured by the HOLIMO and PHIPS imagers together with

the aspect ratio solely deduced for the PHIPS detected columns. Panel (e): near-forward (2◦) and near-backward (178◦) light scattering

intensities measured by SIMONE. Panel (f): backscattering linear depolarization ratio measured by SIMONE. See text for details.

Table 1. Fraction of columnar ice particles as given by PHIPS and

SID-3 in experiment HALO02 18.

SID3 PHIPS

I 0.74 0.90

II 0.80 0.87

III 0.78 0.92

IV 0.81 NA

the experiment. Those values increase towards 0.35 at the

end of the experiment along with an increasing trend of the

mean equivalent ice particle diameter. The linear depolar-

ization ratio shows a decrease every time after supercooled

water droplet injection, which is especially pronounced after

the third extended period of droplet injection. During this

event, the linear depolarization δ drops down to about the

initial value of 0.14. This means that the period of droplet

injection was long enough for the droplets to reach the sensi-

tive volume of SIMONE before they evaporated completely.

Hence, SIMONE probed a mixed-phase cloud for a short

time. Between 500 and 580 s, the incident laser polarization

was changed to be directed perpendicular to the scattering

plane. The corresponding linear depolarization ratio δ⊥ is

offset by about 0.08 with respect to δ//.

The ice crystal seed phase was rather long, which is why

columnar ice crystals of different sizes were to be expected.

This mixture of older columns that may have grown a little

during their residence time inside AIDA with younger and

smaller ice crystal seeds can be observed on the composite
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 1 

Fig. 10. Ice crystal habits of experiment HALO02 18 obtained by

HOLIMO during four different time slots showing phases of habits

and frequency of occurrences throughout the experiment.

images of HOLIMO and PHIPS. Sequences of smaller and

larger columns are shown chronologically and exemplarily

in Figs. 10 and 11 and can be observed especially during the

blue period. It is important to emphasize for the following

discussion of the measured backscattering linear depolariza-

tion ratio that the columnar ice particles observed in blue pe-

riod are extremely thin with a width in the range of the res-

olution limit of both imaging instruments. Figure 10 shows

a representation of the randomly oriented columnar ice crys-

tals observed by HOLIMO. This random orientation is due to

the relatively high velocity (26.5m s−1) with which the sam-

ple air is drawn through holographic microscope compared

to the moderate velocity of 2m s−1 applied in PHIPS. Such

high flow velocities result in a turbulent air profile inside the

inlet tube of HOLIMO which also has 10mm inner diameter.

During the injection period of the ice seeds, the ice crystals

experienced only a slow growth (if any) due to the nearly ice-

saturated conditions in this time period (see Fig. 9b). This sit-

uation was turned into phases of fast growth by the repeated

injection of supercooled water droplets. Hence, ice crystal

growth via the Bergeron-Findeisen mechanism took place at

the nearly water-saturated conditions which prevailed in the

vicinity of the spray nozzle at least.

We found a relatively low linear depolarization ratio of

δ|| = 0.14 for the thin columns observed in the blue and yel-

low experiment periods of Figs. 10 and 11. Subsequent pe-

riods with thicker and larger columns are nicely correlated

with the increase observed in the depolarization ratio up to

a value of 0.35. A wide range of aspect ratios between

about 0.02 and 1 was deduced from the HOLIMO and PHIPS

images throughout the experiment (see Fig. 9d). Figure 12

shows theoretical δ⊥ and δ|| values for randomly oriented

particles calculated for a scattering angle of 178◦ and for

an aspect ratio range of 0.0002 (needles)< χ < 200 (thin

plates). We used the same geometric optics ray-tracing pro-

gram by Macke et al. (1996) that was applied in the previous

 1 

Fig. 11. Ice crystal habits of experiment HALO02 18 obtained by

PHIPS during four different time slots showing phases of habits and

frequency of occurrences throughout the experiment.

study for plate-like ice crystals (Amsler et al., 2009). For

the observed aspect ratio range, the geometric optics model

gives a flat χ -dependence of the depolarization ratio δ||, and

δ⊥ values that are always larger than δ||. These findings are

in qualitative agreement with the flat temporal evolution of

δ|| and a larger δ⊥ value measured in the blue and yellow

periods where the sizes of the ice particles are comparable.

Still, the modeled linear depolarization ratios are generally

higher than the measured ones. This discrepancy might be

partly due to the small width of the investigated columnar

ice crystals, which brings geometric optics to the margin of

its applicability. A similar observation, i.e. a low depolar-

ization ratio for thin particles, was made for the plate-like

ice crystals investigated in the IN11 2 experiment by Am-

sler et al. (2009). From these results, we can conclude that

the observed low depolarization ratios of thin plates and thin

columns are rather a consequence of the extreme shape of

the hydrometeors than being caused by their actual hexago-

nal geometry, since we probed two extremes of internal pris-

matic reflections with hardly any influence of basal or prism

facets in either case.

5.2 3-D image and scattering phase function of a

hexagonal particle

Here, the scattering phase function of a hexagonal ice crys-

tal obtained in experiment HALO02 18 discussed above is

presented. To model the scattering phase function produced

by such a particle, it is mandatory to define the size, posi-

tion and orientation of the particle in space with respect to

the scattering plane. A 3-D model of a hexagonal ice plate

reconstructed from the two images obtained by PHIPS in the

HALO02 campaign is shown in Fig. 13 (inset). The dimen-

sions and projections of the three diagonals in each image
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Fig. 12. Linear depolarization ratios vs. χ of randomly oriented

hexagonal prisms calculated using geometric optics. The shaded

area represents the wide range of aspect ratios which was deduced

from the HOLIMO and PHIPS images throughout HALO02 18 ex-

periment.

Fig. 13. Comparison between the experimentally obtained polar

scattered signal and the one modeled using RTDF for a hexago-

nal ice crystal observed during the HALO02 campaign. The inset

shows the two images collected for the crystal and the reconstructed

3-D model.

were calculated with respect to the horizontal and vertical

sides of the image. These inputs were fed into the equations

described in Sect. 4.1.6. Referring to the definitions there,

it was found that α = 4.63◦, β = 38.0◦ and γ = 27.13◦. The

dimensions of the constructed hexagonal model are given in

Fig. 13. This figure shows a comparison between the exper-

imentally obtained polar scattering signals and, correspond-

ingly, p11 +p12 modeled using RTDF (6× 109 rays). The

polar scattering signal has been investigated for small vari-

ations of the azimuthal angle around φ = 0◦, and it has been

 

Fig. 14. Different ice nucleation paths depicted by PHIPS during

an AIDA expansion (HALO02 29 at −49 ◦C). The lines are just for

guidance to indicate two distinct nucleation and growth events.

confirmed that the standard deviation between measured and

calculated intensities for scattering angles larger than 5◦ is

smallest for φ = 0◦. For the azimuthal angle under investi-

gation, RTDF modeling results give p12≪ p11. Therefore,

the modeled graph resembles the phase function very closely.

The discrepancy between the experimental and modeled re-

sults in some angular regions might be due to alignment er-

rors, deviations from the pristine crystal shape and a possible

surface roughness. Surface roughness, rounded edges and

possibly inclusions might reduce the intensity of the peaks

modeled at 62◦, 78◦ and 115◦, which can be attributed to rays

undergoing multiple internal reflections between the basal

facets and less frequent internal reflections at prism facets.

5.3 HALO02 29 experiment

The HALO02 29 experiment was conducted similarly to

the previously discussed HALO02 18 experiment, but at

a lower initial temperature of −49 ◦C. Seed ice particles

were injected for a short period of a few seconds only at

the beginning of the experiment. These ice particles sub-

sequently grew in the chamber maintained under low ice-

supersaturated conditions with a maximum ice saturation ra-

tio of si = 1.1. During this growth period, compact irregular

ice particles were detected by PHIPS as depicted in Fig. 14.

At about 1000 s experiment time, the cooling rate was in-

creased to initiate a faster particle growth at higher super-

saturation, which resulted in the formation of more complex

and distorted ice particle structures. During this fast growth

period, the ice particle number concentration continuously

decreased due to sedimentation losses which further acceler-

ated the increase in saturation ratio. Eventually, the liquid

water saturation ratio was reached at about 1600 s experi-

ment time when the temperature in the chamber had already
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dropped to about −57 ◦C. This resulted in the condensa-

tion freezing of the background aerosol particles which were

present as interstitial aerosol at a low number concentration

of about 1 cm−3 throughout the experiment. This freezing

process could be detected clearly by PHIPS as a distinct sec-

ond growth trace in Fig. 14. The nucleation process under

water-saturated conditions obviously resulted in the forma-

tion of distinct ice particle structures appearing as four-arm

and six-arm rosettes in the PHIPS images. We are not go-

ing to dig deeply into the interpretation of these phenomena,

since our interest in this paper is to demonstrate the ability of

the novel technique to provide unique results.

5.4 ACI 03 23 experiment

As PHIPS has also been developed for operation on aircraft,

it is reasonable to link its size measurements to data obtained

by other airborne instruments. One instrument operated

during the AIDA campaigns HALO02 and ACI03 was the

Cloud, Aerosol and Precipitation Spectrometer CAPS. Its to-

tal number and size distribution concentration measurements

are based on two different sub-instruments: the CAS for-

ward scattering and the CIP optical imaging measurements

(Baumgardner et al., 2001).

Figure 15 displays the time evolution of the particle sizes

measured by CAPS and PHIPS for the ice nucleation exper-

iment ACI03 23. Flame soot particles from a propane dif-

fusion burner (miniCAST, Jing-CAST Technology GmbH,

Switzerland) were used as nuclei for the deposition freez-

ing in the AIDA cloud expansion experiment ACI03 23 per-

formed at an initial temperature of −38.5 ◦C. In these AIDA

studies it was shown that the ice crystal growth deduced from

PHIPS in case of small and compact ice particles is in good

agreement with retrieval results from in situ FTIR measure-

ments (Schön et al., 2011).

The CAPS is a combination probe. The size measurements

of the sub-instruments CAS and CIP are displayed in green

and blue in Fig. 15. The PHIPS size measurements are in-

dicated in black. The measurement techniques of the two

CAPS subparts are different. CAS measures the optical vol-

ume equivalent diameter, whereas CIP detects the area equiv-

alent diameter for each particle. Due to its small sample vol-

ume, PHIPS detects only a few particles per second. The

small sample volume is necessary when PHIPS is used in

the scattering-imaging synchronization mode as mentioned

in Sect. 2.3. Due to the larger sample volumes, CAS and CIP

detect a larger number of particles per second. For compar-

ison, the median volume diameters of CAS and CIP, calcu-

lated from the one second size distributions, are displayed

in Fig. 15. The agreement of the particle sizes measured by

CAS, CIP and PHIPS is remarkably good in the overlapping

size range, especially when considering the different detec-

tion methods of PHIPS and CAPS.

Fig. 15. The time evolution of the median volume diameter obtained

from CAPS measurements (CAS (green) and CIP (blue)) and area

equivalent diameter from PHIPS measurements (black), for experi-

ment ACI03 23.

6 Summary and outlook

The newly developed optical sensor PHIPS is able to si-

multaneously measure the 3-D morphology represented in

the stereo-image and the corresponding optical and micro-

physical parameters represented in the polar scattering func-

tion of individual cloud particles. These two complementary

measurements provide the missing correlation between the

cloud particle habit and its scattering properties which are

used in radiative transfer models. The particle detector of

PHIPS ensures that only those particles are captured, which

are located in the field-of-view× depth-of-field volume of

the microscope unit. Particles ranging from a few microm-

eters to about 800 µm diameter in size were detected with a

maximum scattering acquisition rate of 262 kHz and imag-

ing acquisition rate of 10Hz. The optical resolving power

was 2 µm for stereo imaging and the angular resolving power

was 1◦ in the forward scattering directions (from 1◦ to 10◦)

and 8◦ in the side and backscattering directions (from 18◦

to 170◦) for the polar scattering. The imaging quality of

PHIPS was improved by two different means: (1) the use

of a pulsed incoherent illumination laser instead of a flash

lamp to illuminate cloud particles enhanced the image qual-

ity regarding the background light and the edge sharpness

without suffering from diffraction patterns and (2) the inflec-

tion point detection algorithm increased the practical depth-

of-field of the imaging system from 300 µm to 1000 µm. The

overall imaging quality was tested in two ways. First, the

dependence of size evaluation on particle size for small par-

ticles was characterized using standard ice analogues and

found to be negligible in the size range from 9.4 to 187.7 µm.

Second, the influence of particle displacement from the fo-

cal plane on the investigated particle size was tested using
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an auto scanning-and-imaging system. It showed negligible

variances in the investigated particle size for water droplets

of ∼94 µm diameter imaged at different displacements from

the focal plane ranging from −500 µm to 500 µm along the

optical axis of the imaging system. A complete mathematical

description was presented to construct a 3-Dmodel of regular

geometric shapes like rods, columns and plates from two pro-

jection images. The construction of a 3-D model of a hexag-

onal ice plate from two images was demonstrated, including

a comparison between the measured and modeled scattering

phase function. A specific particle classification algorithm

was introduced to effectively classify particles according to

their habits. Finally, the instrument was operated in a se-

ries of experiments in the AIDA cloud simulation chamber

in the temperature range from 25◦ to −90◦ during homo-

geneous and non-homogeneous temperature-dependent ice

crystal growth studies. A comprehensive discussion of one

of these experiments was presented, which aimed at improv-

ing our knowledge of the relation between ice crystal habits

and their ability to scatter and depolarize light. In conclusion,

PHIPS proved to be a novel optical sensor which can help to

establish the link between the microphysics of cirrus clouds

and the single scattering properties of their cloud particles.

The transfer process of PHIPS into PHIPS-HALO has

already started and its stereo imaging part is finished and

tested. The mechanical part of the polar scattering detec-

tion is also finished. The next step is to set up the optical and

electrical connections and program the electronic cards of the

scattering part. A big challenge is to set the synchronization

of both detection parts to handle the detection of high-speed

particles (200m s−1), which is the expected speed of the Ger-

man research aircraft HALO that is planned to carry PHIPS-

HALO. External housing design and aerodynamic studies are

needed to meet the requirements of HALO.
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J., Xie, Y., Shcherbakov, V., Yang, P., and Gayet, J. F.: Coupling

of the microphysical and optical properties of an Arctic nimbo-

stratus cloud during the ASTAR 2004 experiment: Implications

for light-scattering modeling, J. Geophys. Res., 115, D23206,

doi:10.1029/2010JD014016, 2010.

Kaye, P. H., Hirst, E., Greenaway, R. S., Ulanowski, Z., Hesse,

E., DeMott, P. J., Saunders, C., and Connolly, P.: Classifying

atmospheric ice crystals by spatial light scattering, Opt. Lett.,

33, 1545–1547, 2008.

Lance, S., Brock, C. A., Rogers, D., and Gordon, J. A.: Water

droplet calibration of the Cloud Droplet Probe (CDP) and in-

flight performance in liquid, ice and mixed-phase clouds during

ARCPAC, Atmos. Meas. Tech., 3, 1683–1706, doi:10.5194/amt-

3-1683-2010, 2010.

Lawson, P. R., Baker, B. A., Schmitt, C. G., and Jensen, T. L.: An

overview of microphysical properties of Arctic clouds observed

in May and July 1998 during FIRE ACE, J. Geophys. Res., 106,

14989–15014, 2001.

Libbrecht, K. G.: The physics of snow crystals, Rep. Prog. Phys.,

68, 855–895, 2005.

Macke, A. and Mishchenko, M. I.: Applicability of regular particle

shapes in light scattering calculations for atmospheric ice parti-

cles, Appl. Optics, 35, 4291–4296, 1996.
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