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Abstract. The number and shape of ice crystals present in mixed phase and ice clouds influence the radiation
properties, precipitation occurrence and lifetime of these clouds. Since clouds play g major role in the climate
system, by influencing the energy budget by scattering sunlight and absorbing heat radiation from the earth, it is
necessary to investigate the optical and microphysical properties of cloud particles particularly in-situ. The
relationship between the microphysics and the single scattering properties of cloud particles is usually 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-spherica ice
particles. There is a demand to obtain both information correspondently and simultaneously for individual cloud
particles in their natural environment. For evaluating the average scattering phase function as a function of ice
particle habit and crystal complexity in-situ measurements are required. To this end we have developed a novel
airborne optical sensor (PHIPS-HALO) to measure simultaneously the optical properties and the corresponding
microphysical parameters of individua cloud particles. PHIPS-HALO has been tested in the AIDA cloud
simulation chamber and deployed in mountain stations as well as research aircrafts (HALO and Polar 6). It isa
successive version of the laboratory prototype instrument PHIPS-AIDA. In this paper we present the detailed
design of PHIPS-HALO including the detection mechanism, optical design, mechanical construction, and

aerodynamic characterization.
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1. Introduction

Better understanding of the radiative impact of different clouds requires knowledge of the link between the cloud
microphysics and the single scattering properties of the cloud particles which are used in radiative transfer
models. The existing single scattering models like Mie theory usually use the in situ measurements of the ice
crystal size distributions as input for optical scattering calculations. Such calculations assume spherical particles
to calculate the size distribution from scattering measurements and vice versa. In the past sophisticated optical
methods for the computation of the single scattering properties have been developed and applied to non-
axisymmetric and irregularly shaped ice particles. These include exact/near exact like T-matrix methods (e.g.
(Havemann and Baran, 2001), the Finite Difference Time Domain Method (FDTD) (Yang and Liou, 1999),
Discrete Dipole Approximation DDA (Draine and Flatau, 1994;Yurkin and Hoekstra, 2007), or methods based
on the geometric optics approximation (Macke et al., 1996), Improved Geometric Optics (IGO) (Bi et al.,
2011;Liu et al., 2013;Yang and Liou, 1996), RTDF (Hesse et al., 2009). Despite all these efforts discrepancies
remain between cloud radiative properties measured by spaceborne and ground based remote sensing and those
driven from in-situ measured microphysical properties (Baum et al., 2010).

A number of airborne in situ instruments were developed to measure particle number concentrations as a
function of size evaluated by light scattering. The amount of scattered light is proportional to the particle size
and can be modelled provided the knowledge of the shape and refractive index of the particles. A recent
overview of different airborne instruments is provided by (Baumgardner et al., 2011). The Passive Cavity
Aerosol Spectrometer Probe (PCASP) measures side scattered light (~30° to 120°) and covers particle size range
from 0.12 to 10um (Strapp et al., 1992). The Ultrahigh Sensitivity Aerosol Spectrometer (UHSAS) measures
also side scattered light but covers size range from 0.06 to 1.0 um. The Forward Scattering Spectrometer Probes
(FSSP) Model 300 measures forward scattered light (from 4° to 12°) and covers size range from 0.3 to 20pum
(Baumgardner et al., 1992). PCASP and UHSAS require a deceleration of the particle flow to be able to
measure. These instruments measure the intensity of light scattered from individual particles that pass through a
focused laser beam. The particle shape is not detected in these measurements. Interpretations of microphysical
parameters of cloud particles are usually based on assumptions on the particle shape. Shcherbakov et al. assumed
crystals to be hexagonal columns/plates in their modelling approach to retrieve ice particle parameters
(Shcherbakov, 2013;Shcherbakov et al., 2006a;Shcherbakov et al., 2006b). The airborne Polar Nephelometer
(PN) (Crépel et al., 1997;Gayet et al., 1997) measures the scattering function of the ice particles and was used in
conjunction with results from the Cloud Particle Imager (CPI) probe (Lawson et al., 2001) to investigate the
impact of the ice crystal habits on the radiative properties of cirrus clouds. This could be done only in a statistical
approach with assumptions made on the particle shape within an ensemble of randomly oriented particles.
Jourdan et al, 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 microphysical and shape properties of cloud particles to
their single scattering properties (Jourdan—et-al5—2640). 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 um, as the
optical contribution of small particles could not be determined directly in a mixed-phase cloud. Measurements of
particle morphology are done by some airborne in situ instruments like the Cloud and Aerosol Spectrometer with
Polarization (CASPOL) and the Small Ice Detector (SID). CASPOL measures light scattered by individual
aerosol and cloud particles, of sizes from 0.6 pm to 50 pm, in the forward (4° to 12°) and backward (168° to

176°) directions, with an additional polarized detector in the backward direction (Glen and Brooks, 2013;Glen
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and Brooks, 2014). The particle size is determined by the side scattering using Mie theory, and the roughness (or
asphericity) is determined by the comparison of the signals from two back detectors at two different angles.
SID3 measures the spatial light scattering pattern of individual aerosol and cloud particles in forward direction
(6° to 25°) for particle sizes range from ~ 1 to 22um (Kaye et al., 2008). The 2D pattern textures reveal
information about the particle roughness as could be shown for mid-latitude mixed-phase clouds (Ulanowski et
al., 2014).

Different optical array probes like the Two-Dimensional Cloud (2D-C) probe, the Two-Dimensional Stereo (2D-
S) probe and the Cloud Imaging Probe (CIP) have been used to measure the size, shape, and concentration of
cloud particles. 2D-C and CIP record the two-dimensional shadow of the hydrometeor as it passes through a
collimated laser beam (Baumgardner et al., 2001;Knollenberg, 1970). The image of the shadow is focused onto a
plane containing a linear photodiode array, and the status of the elements of that array is recorded at a rate that
permits reconstruction of the image. Compared to 2D-C and CIP, 2D-S uses two orthogonal laser beams cross; in
the middle of the sample volume and produces two shadowgraphs on two high-speed linear arrays. The overlap
region is defined by the two laser beams to improve the sample volume boundaries and sizing of small particles
(smaller than 100um). The stereo views improve the determination of three-dimensional properties of some
particles (Lawson et al., 2006). These optical array probes require the aircraft speed as an input to evaluate the
real particle dimensions and to reconstruct a relevant 2D image. Holographic imaging is used in the Holographic
Detector for Clouds (HOLODEC) to obtain the size, 2D shadow image and 3D position of every cloud particle

coincident in its, particle-size independent, sample volume via digital in-line holography (Fugal et al., 2004).

A direct link between the particle habit and the corresponding microphysical parameters is still lacking, at least
for complex shapes. Therefore, and for accurate correlation, the microphysical and optical properties of ice

crystals have to be measured simultaneously by an in situ instrument.

PHIPS-HALO is one of the novel instruments that is developed for the German DLR HALO GV-SP aircraft and
certified by Gulfstream, USA. The resolution power of both microscope units is about 2um. The dual imaging
configuration facilitates a 3D morphology impression of the ice crystals. The scattering unit of PHIPS-HALO
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°). The development of the airborne version (PHIPS-HALO) had sems, challenges-from-different-types; High
particle speed, which may reach to 200m/s due to a carrier like the HALO air-craft, required some special
considerations for the aecrodynamics and detection mechanism. Data acquisition and storage were required to be

included within the same compartment.

2. Basic Instrument Concept

PHIPS-HALO is the aircraft version of the laboratory prototype PHIPS-AIDA, which is described in details by
tAbdelmonem et al.; 2011). Both instruments are successive developments of a prototype particle imager (Schon
etal., 2011). This prototype particle imager was eempleted-by, a second identical imaging unit to image the same
particle under different viewing angles and by a polar nephelometer for the simultaneous measurement of the

single particle angular light scattering function. The basic measurement concept of PHIPS, therefore, is the
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simultaneous acquisition of stereo images and the angular light scattering function of individual cloud particles.
PHIPS-HALO sadvanees, the other aircraft probes mentioned above with its ability, for the first time, to directly
measure the link between the microphysical properties of individual particles and their angular light scattering
function. This opens new opportunities to develop and validate single particle light scattering models based on

in-situ measurements of atmospheric ice particles.

Forward Scattering
Folding Mirror

Q
TIe

Fiber Array (1°-10° @ 1°) Trigger Optics

Parabola Mirrors (18°-170° @ 8°) 8x Zoom Objectives

CCD Cameras

lllumination Collimators Illlumination Deflection Mirrors

C

Figure 1: Schematic drawing of the optical detection units used in the PHIPS-HALO probe, (a) side view and (b)
top view. The main components of the polar nephelometer and stereo-microscopic imager are labelled in blue

and red, respectively. The trigger optics links the two components. (c) A real photo of the probe.

The basic idea of the instrument is presented in details in ¢(Abdelmonem et al 72011) and the basic design of the
aircraft version is illustrated in Figure 1. In brief, the optical head of the probe is composed of two combined
optical systems. The polar nephelometer part measures the angular scattered light from individual cloud particles
as they intersect a polarized collimated continuous wave laser. Light scattered into the angular range from 1° to

170° with respect to the laser propagation is collected by a specific fiber based optical system (Sect. 3.1.1.), and
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is measured by a 32 channels Photomultiplier array. One of these channels is used as a trigger input to detect
those particles that are in the sensing volume of the instrument. In this way the trigger channel combines the two
parts of the instrument. The second system is a stereo-microscopic imaging system composed of two identical
camera-telescope assemblies and a pulsed illumination laser. The two imaging assemblies are separated by an
angular distance of 120° to image the same particle from two directions. With this approach, a three dimensional
information of the particle shape and its orientation with respect to the scattering laser can be inferred. The
particles are illuminated by the flash laser using a Y-like fiber optic and two optical collimators. Bright field
micrographs of the particle are imaged on the CCD of each camera. Both optical systems are controlled by an
electronic assembly. This electronic assembly (i) triggers the light scattering measurement and the image
acquisition and, (ii), processes the scattering signals. The electronic assembly is described in Sect. 3.2.

The major difference between the aircraft and laboratory versions is the compact, light and streamline design of
the aircraft version. In addition, a gpeeifieatty developed compact electronic assembly, by the University of
Hertfordshire - UK, is used to control the optical systems of PHIPS-HALO. Other important differences are

mentioned below within the context of the discussion.

3. Set-Up
3.1. Optical Head

All structural parts of PHIPS-HALO are made of Aluminum AA6060 or AA7075. The covering parts of the
optical head are made of DURAL-sheet metal (AA2024). The optical head has a cylindrical shape with an outer
diameter of 203mm and a length of 465mm. The sample flow outlet gxtents the head diameter by S1mm. The
outlet faces the ground when the instrument is attached to the aircraft. The volume of the optical head is divided
by the main optical plate yhere different components are fixed-to. The stereo-microscopic imaging system and
the air outlet tube are fixed on one side of the main optical plate while the trigger detector, the scattering laser
and the flash laser are fixed on the other side. The front part of the optical head is composed of a gpeeifieatty
designed inlet. It has a glear diameter of 30mm at the front most and 32mm at the detection volume side and a
length of 98mm. The main task of this inlet is to transfer cloud elements to the sensing area of PHIPS-HALO
with a minimum disturbance of their thermodynamic state. All optical components are heated to temperatures

above the dew point to avoid water condensation on optics or ice aggregation which may clog the air path.

3.1.1. Polar Nephelometer

The polar nephelometer, Figure 1, consists of the front optical ring, back optical ring, 20 off-axis parabolic
mirrors (Kaleido Technology, EFL=15, CA=10mm), 20 individual fiber couplers, forward scattering mirror,
forward scattering coupler for 10 fibers, 30 PMMA optical fibers of 600um diameter and 0.39 numerical
aperture (not included in drawings for clarity), scattering laser beam steerer, trigger optics, and scattering laser
source. The scattering laser is a frequency doubled Nd:YAG laser (CrystaLaser, model CL532-300-L) with a
wavelength of 532 nm, an output power of 300mW, a beam waist of 0.36 mm, and a beam divergence of 2mrad
and a beam pointing stability of less than 0.02mrad. The emitted radiation is linearly polarized with a
polarization direction vertical to the base plate of the laser head. The plane of scattering of the polar

nephelometer is perpendicular to the main optical plate and includes the center of scattering of the detection
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volume which is 20mm above the optical plate and coincides with the central axis of the inlet tube. The
scattering plane is a virtual plane lies between the two optical rings at a distance of 10 mm from the back optical
ring and includes the scattering center and the off-axis parabolic mirrors. The off-axis parabolic mirrors, which
replace the collimating lenses in the laboratory version, are fixed to the optical ring and have their field of view
at the detection volume. The CW green laser beam of the scattering laser source is gteered-by a beam steerer,
fixed between the two rings, to the plane of imaging and travels along the axis of intersection between the plane
of imaging and the plane of scattering. The beam passes through the detection volume to the forward mirror and
then reflected to a beam dump in the forward scattering coupler which is fixed on the back optical ring. This path
defines the 0° of the polar scattering angular distribution. The forward coupler has 10 holes after the beam dump
positioned at equidistant angular separations of 1° (i.e. from 1° to 10°) and is placed at a scattering distance of
200mm from the scattering center. The 20 off-axis parabolic mirrors are placed at equidistant angular separations
of 8° (from 18° to 170°) and a scattering distance of 83mm. They are fixed to the first ring on a virtual arc of
diameter 83mm. The scattered light sampled at the angles between 18° and 170° is reflected and focused by the
parabolic mirrors to the fiber couplers. 30 fiber optics are coupled to the forward coupler and the individual fiber
couplers and connected to the multi-anode photomultiplier array (MAPMT, Hamamatsu, model H7260) in the

electronic part of the probe.

PMMA
Fiber 1

MAPMT Window

Anode 1 Anode 2

Normalized Irradiance

MAPMT Channel No.

Figure 2: Results of optical gagineering calculations for the light coupling between the PMMA fiber system and
the multi-anode photomultiplier. A crosstalk of at least 15% can be expected that needs to be taken into account

in the analysis of the polar nephelometer measurements.
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Optical design calculations were performed to define the specifications of the fiber system that couples the
scattered light collected by the polar nephelometer to the MAPMT. These calculations were performed by using
the optical engineering software FRED (Photon Engineering, LLC, USA). Based on the results of these
calculations, an optimum distance between the fiber end and the off-axis parabolic mirror of 16mm was found
that reduces the focal spot to a reasonably small diameter. Further, the numerical aperture of the off-axis mirrors
was specified to be smaller than the numerical aperture of the fibers which is the second requirement for a good
coupling. The modeled coupling between the fiber end and the MAPMT is shown in Figure 2. The optical
modeling shows that a residual crosstalk between the individual channels of about 20% can be expected, even
though the fibers are placed close the protection borosilicate window of the MAPMT. To minimize the influence
of this crosstalk onte the measurement, (i) the fibers were arranged in a respective order, i.e. the angular
arrangement is mapped on the MAPMT, and (ii) channel 106° is placed next to the trigger channel (channel 1 of
the MAPMT). The latter point was necessary to avoid the instrument to trigger on particles outside the sensing
volume via crosstalk sensitivity. The strong angular variability of the scattering intensity is shown in Sect. 5,

where calculated scattering intensity functions are presented.

3.1.2. Stereo-Microscopic | mager

Two camera-telescope assemblies are placed after two reflecting mirrors to image the detected particle at two
different viewing angles with respect to the particle path inside the probe, +60° and -60° (in contrast to +30° and
-30° in the laboratory version) from the central axis of the probe). The imaging plane is defined by the scattering
centre and the two camera-telescope assemblies and is perpendicular to the scattering plane. Two identical
cameras (GE1380, Allied Vision Technologies Inc., Canada) are used with a 2/3 inch 12bit CCD sensor, an
image resolution of 1360x1024 pixels, a pixel size of 6.45pmx6.45um, a maximum frame rate of 20Hz, a trigger
delay of about 4ps, and a trigger jitter of £30ns. Microscopic images are generated on, the CCD sensors by using
zoom objectives (Zoom 6000, Navitar Inc., USA) with a variable magnification from 1.4 to 9.0, which
corresponds to a field of view range from 7.86mm to 1.22mm (diagonal size), respectively. The objectives have
a nominal working distance of 92mm. The detected cloud particle is illuminated by an incoherent pulsed diode
laser (Cavitar, model Cavilux, 690nm, 400W, Class 4) to produce bright field microscopic images. In contrast to
the ultrafast flash lamp used in the prototype version, the incoherent flash laser improves the homogeneity of the
image background and the quality of the image due to the high pointing and power stabilities and prevents the
chromatic aberrations. The incoherency gefrains—rem interference patterns at the CCD. A Jeng-pass filter
(THORLABS, FEL0600) is used to prevent the scattered light from disturbing the captured images. The
incoherent flash laser and its controller are attached to the optical plate at the other side from the camera-
objective assemblies. The illumination light is transmitted to the detection volume using a Y-like optical fiber
(2mm to 2x1mm diameter) coupled to a 90° telescope which collimates the light and aligns it along the axis
between the detection volume and camera telescope. The particle is reproduced as a bright field microscopic
image on the CCD of each camera. The two images for the same particle at two different angles give sense of the
3D morphology in a similar manner to the human stereo vision. The reconstruction of the full 3D shape is
possible for regular geometric shapes like rods, columns, plates, etc. (Abdelmonem et al., 2011). Aside from
that, the investigated parameters can be compared and/or averaged. For example, the larger (or smaller) value of

particle size deduced from the two corresponding particle perspectives of plates, columns or complex irregular
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particles (e.g. rosettes, stars) can be specifically selected in order to reduce the width in the averaged particle size

distribution.

3.2. Electronicsand Signal Processing

The electronics of PHIPS-HALO comprises the MAPMT and amplifier board, four analogue signal conditioning
and 12bit analogue-to-digital converter boards, and the backplane and control board. Particle data acquisition is
controlled by a FPGA controller located on the backplane board, and communication with the host computer is
via the USB daughter board mounted on the backplane. The FPGA controls all the functions of the electronics. It
sequences the control signals to the peak detectors and analogue-to-digital converters when a particle event is
triggered and then stores the returned data in the FIFO. At approximately 0.7s intervals, the FPGA stores a
particle data set irrespective of whether it has been triggered or not. This forced triggered data can be used to get
a continuous record of the background signals of the polar nephelometer channels. On a real particle event a
signal is generated from the control board to trigger the PHIPS-HALO cameras and the illumination laser. The
delay between these two triggers is programmable up to 10us to take into account the camera shutter latency.

The triggers are disabled when the camera busy signal is asserted.

Relative distance (mm)

0.0 0.5 1.0 1.5 2.0 25 3.0 356 40 4.5 5.0
1400 T I T T ' T T T T T T T T T T
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200 -] ;!

(a) Position of scattering data
(b) Position of imaging data
l:l Camera field of view

Trigger channel signal

Glitch period

—

FPGA/Camera trigger

Nephelometer signal acquisition
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1 Camera shutter

Camera busy

%|—| Flash trigger
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T T
0 2 4 6 8 10 12 14 16 18 20 22 24
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Figure 3: Signal detection and processing scheme for a valid particle event at a typical airspeed of 200m/s and at
an assumed trigger threshold of 200. The relative distance along the particle trajectory, i.e. the instrument axis, is
given on the upper axis. Note, that due to the camera field of view of 1.27 mm along the instrument axis, the

imaging system can be aligned in the laboratory by using test particles with particle speeds of only a few m/s.
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Figure 3 shows the schematics of the signal detection and processing sequence for a valid particle event. When a
particle passes the field of view of the trigger channel, a light pulse is generated on channel 1 of the MAPMT.
The analogue trigger signal (panel a of Figure 3) is routed to a comparator that is used to generate a TTL trigger
for initiating the data acquisition sequence controlled by the FPGA. The comparator is checking whether the
following conditions are fulfilled by the signal: (i) the signal is above a certain threshold set by the FPGA, and
(ii) the signal has stayed above this threshold for a certain time period to be insensitive to glitches. The latter is
also set by the FPGA in clock-cycle units of the electronics which is 48MHz, i.e. about 21ns. If both conditions
are fulfilled, the FPGA gets a valid particle trigger signal. The FPGA then immediately sends a trigger signal to
the cameras to open the shutter. As the cameras have reliable trigger latency times of 3.9ps, a period of at least
4ps is awaited before a second trigger is gend to the flash laser that illuminates the particle with a pulse of 10ns.
The delay between the particle event detection by the electronics and the particle imaging results in a relative
distance of about 0.7mm between the positions along the particle trajectory where the scattering and imaging
data are taken. However, a significant change of the particle orientation with respect to the scattering plane
during this delay is unlikely as this would require unrealistically high particle angular rotation speeds of the

order of 1 kHz.

4. Modeling of the Aerodynamic Properties of the Instrument Head

As mentioned above, the probe is gssumed to fly with a speed of 200m/sec at an altitude up to 16km and
temperatures below -60°C. An aerodynamic study was necessary to estimate the mechanical gehdity of the probe
and to verify the geometry for a turbulence-free detection volume. To this end, CFD simulations were carried out
using ANSYS CFX 15.0 to evaluate the temperature, pressure and velocity distributions inside and outside the
probe.

To reduce computational effort and improve solution stability the original complete CAD model of the probe has
been simplified to include only the crucial geometrical features influencing the flow field. Smaller features as
screws and cables as well as objects further away from the open paths are omitted. Additionally mirror symmetry
with respect to the y-z-plane was applied. Shear Stress Transport with automatic wall function and high speed
compressible wall heat transfer option was used as the turbulence model on a non-buoyant domain using air ideal
gas as the fluid. The model was run with an inlet normal velocity of 200m/s with low intensity turbulence at a
pressure of 187mbar and air temperature of 227K. The radial boundary was set as an opening with activated Zero

Gradient Turbulence Option.

4.1. Flow velocity and Mach Number

As a basic requirement for overall stability of the probe and to minimize structural stress on the probe as well as
on its mount and the airplane, supersonic speeds of the flow field around the probe should be avoided. Figure 4
shows the modelled Mach number distribution which is the ratio of relative local air speed to the speed of sound
inside and outside the probe at a flight speed of 200 m/sec. The simulation shows that Mach numbers are
generally below 0.8 with maximum values as high as 0.9 at the outer edges of the probe. However, the speed of

sound (MN=1) is not reached or exceeded.


Darrel
Cross-Out

Darrel
Inserted Text
sent

Darrel
Cross-Out

Darrel
Inserted Text
designed

Darrel
Cross-Out

Darrel
Inserted Text
stability


Atmos. Meas. Tech. Discuss., doi:10.5194/amt-2016-42, 2016 Atmospheric g
Manuscript under review for journal Atmos. Meas. Tech. Measurement - EG U
Published: 14 March 2016 Techniques

(© Author(s) 2016. CC-BY 3.0 License.

Discussions

The static mechanical stress on the probe can be estimated from the pressure data shown in lower panel of Figure
4. Due to the open design the inside of the probe has an overall average pressure elevated by 8 hPa compared to
the background pressure. At probe front tip and front edge higher pressure differences of 56 hPa and -79 hPa

occur. This is sustainable with the lightweight aluminum-structure of the probe under static conditions.
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Figure 4: Mach number distribution (upper panel) and pressure distribution (lower panel) of the flow field inside
and outside the probe.
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4.2. Temperature

To make sure that pristine and unaltered particles are measured within the detection volume, the temperature
along the particle trajectories is important. The temperature distribution inside and outside the probe is shown in
the upper panel of Figure 5. The simulation along the particle trajectory crossing the detection volume in the
lower panel shows, that the particles experience a short-term temperature change due to adiabatic heating of the
surround air which lasts for about Ims and gives rise for a period of subsaturation and particle evaporation. Basic
diffusion growth theory (e.g. (Pruppacher and Klett, 1997)) can be used to estimate the mass loss for an ice
particle during this period of non-equilibrium conditions. For simplicity, the ice particle is assumed to be
spherical for this estimation. The calculation shows, that a d=2 um particle reduces its size by about 5 nm
through evaporation corresponding to a mass loss of Am/m=0.8%, whereas a d=10 um particle shrinks by less
than 1 nm (Am/m=0.01%). This dependence on particle size originates from the fact, that due to their larger mass
and thus increased heat capacity, larger particles do not accommodate quickly enough to the fast changing
temperature of the surrounding air. The lower particle temperature directly results in a lower evaporation rate. In
conclusion, very small ice particles of d=2 um and below will experience a short term evaporation of a few mass

percent at maximum. Larger particles will essentially be unaffected by the short term heating.
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Figure 5: Temperature distribution inside and outside the probe (upper panel) and along the centre line trajectory
(lower panel). Incoming particles experience a short-term temperature change of the surrounding air by about

10K within 1 ms at 200 m/s flight speed.

4.3. Turbulence

Another important parameter for the correct operation of the probe is to estimate whether the degree of
turbulence ice particles experience on their path from the undisturbed air outside towards the detection volume.
The upper panel of Figure 6 shows the distribution of Turbulence Kinetic Energy (TKE) which is the kinetic
energy per unit mass associated with eddies in turbulent flow. The square root of the TKE is a measure of typical
velocities associated with the turbulent fluctuations. The typical turbulent velocity close to the walls of the air
channel is about 10m/s being sufficiently low that potential ice crystals originating from the turbulent region

close to the wall do not enter the sample volume and only unperturbed crystals are detected. The TKE along the
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center line trajectory is shown in the lower panel of Figure 6 reaching a value of about 0.7 m?s? at the detection
volume (red square). This corresponds to typical turbulent velocity of about 0.8 m/s which should be low enough
to not destroy primary i.e. not-aggregated cirrus cloud ice crystals. However, larger cloud particles consisting of
weakly bound aggregates could potentially disrupt. No conclusions can be drawn from this analysis about ice

5 crystal shattering at the probe inlet tip.

Turbulence Kinetic Energy

" 50

- 38

[m*2 s-2]

35 _
Detection

3.0 volume -

Flow
direction

TKE [m?/s?]

z position [m]
Figure 6: Upper panel: Turbulence Kinetic Energy distribution within the particle flow tube of the probe. The red
10 square marks the detection volume. Lower panel: The TKE along the horizontal centre line trajectory (shown

above) is only slightly increased compared to the background value.

To verify that the probe may be operated at a variety of conditions different from the above scenario several
simulations have been performed which reflect the typical range of conditions encountered with the HALO and

15 Polar 6 aircrafts. For the operation of the probe, the most important simulation results are the degree of
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turbulence at the detection volume, the temperature change cloud particles experience along the trajectories to
the detection volume and the estimated mass loss due to evaporation. The results along with the flight parameters
are given in Table 1. The first case corresponds to the simulation shown before. The results confirm the
conclusions drawn in the analysis above. Turbulence induced by the flow at the probe inlet walls does not
propagate to the detection volume due to the speed of air inflow. The degree of turbulence at the detection
volume is thus only slightly elevated to the background value for all conditions. The maximum temperature
difference cloud particles experience along their trajectory to the detection volume clearly depends on the speed
of the aircraft and is thus highest at the maximum flight speed of 250 m/s of the HALO aircraft. Nevertheless,

even at high speed the mass loss due to evaporation is below 0.1 % for ice particles with a diameter of 10 pm

and above.
Flight type Flight parameters Results

TKE ATmax Am/m [%] Am/m [%] Am/m [%]

p[bar] v[m/s] T [K]

[m¥s?]  [K] d=2pm d=10pum d=15um
HALO
Typical 0.187 200 227 0.7 11.8 0.8 0.01 0.003
Low altitude 0.78 200 256 0.3 12.4 2.4 0.05 0.001
Maximum speed | 0.187 250 227 1.5 20.0 1.5 0.02 0.004
Polar 6
Typical 0.78 75 256 0.06 1.4 0.6 0.02 0.006

Table 1: Simulation results for different model settings corresponding to possible flight conditions. Turbulence
kinetic energy at the detection volume (TKE), maximum temperature difference along the center trajectory

(ATmax), estimated mass loss due to evaporation (Am/m) for three different cloud ice particle diameters.

Ice particle shattering may significantly affect the measurements of any airborne particle probe. The shattering of
cloud particles at the inlet of the probe is not discussed here; however, the nozzle of the instrument is designed
with a very sharp edge to minimize the probability of collision with that edge. The advantages of sharp tip and
probe-inlet design are described in details by (Korolev et al., 2013). Particles hitting the outer part of the tip are
forced to follow a trajectory outside the instrument. Shattering out of collisions with the inner walls of the inlet is
greatly reduced due to the straight design of the inlet. In addition, the inlet has been designed with an slowly
expanding diameter (from 30mm at the front tip to 32mm at the detection volume side) which further reduces the

probability of particle shattering.
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5. Modeling of the Instrument Response and Detection Range for the Scattering Optics

The PHIPS-HALO probe is designed to image water and ice particles in mixed-phase clouds and ice crystals in
cirrus clouds, where the diameter of these particles can range from few microns to several hundred microns.
Simultaneously, the scattering optics measures the scattering phase functions of the imaged particles. The
difficulty in the scattering measurements is that a high dynamic range is needed for the detectors, as the ameunt
ef—intenstty, reaching them can range several orders of magnitudes depending on the laser power, detector
geometry and the particle microphysics.

To determine the sensitivity threshold and the dynamic range of the polar nephelometer part of the PHIPS-
HALO instrument, we modelled the response of the detectors to scattering e spherical particles. The total power
that arrives tg the solid angle of a detector from scattering ef a sphere with known refractive index is dependent
on the incident laser intensity, on the distance of the detector to the scattering center and on the detector

geometry through the following equation

PO) = % f], S2(d,0)d0, (x1)

4mrR? d
where I, is the laser intensity, R the distance from scattering centre to the detector, Q the solid angle of the
detector and % (d, 8) the differential scattering cross section of a particle with diameter of & Since the detector
areas are spherical for both forward direction fibres and for the parabolic mirrors in the sideward direction, the
double integral (x1) can be analytica] solved with respect to the azimuthal angle, and the resulting integral

depends only on the polar angle as follows

6 dc.
P(0) = 21, [, 52

(d,0) sin @ arctan \/tan? a — tan?(0 — 6,) d#, (x2)

where « is the half opening angle of the detector (arctan(r/R)). The scattering cross section of the spherical
particles can be calculated using the Mie-theory (for this Bohren and Huffman code was used,(Bohren and
Huffman, 2007)) and for vertically polarized laser the scattering cross section can be expressed as following

15112

dcs
@ W

an (d.0) =

(x3)
The theoretical power measured by a detector (nW) was calculated for five droplets with different diameters
(refractive index 1.34 and diameters ranging from 5-200 um) and using a 300 mW laser power with 1 mm
diameter and wavelength of 532 nm. The first 10 forward scattering angles are positioned so that they have one-
degree resolution at a distance of 200 mm to the scattering center, and the detectors have a diameter of 0.6 mm.
The light scattered to the sideward detectors is gathered with parabolic mirrors (diameter of 10 mm) that have a
distance of 83 mm to the scattering center. The results of the calculations are shown in Figure 7.

The total scattered intensity measured at a single detector varies three orders of magnitude between the 5 pm and
the 200 pm droplet. Also, the intensity measured at the 18° detector is two orders of magnitude higher than the
intensity measured at 90° angle for the same droplet. The calculation for the differential scattering cross section
(black and green solid curves) shows oscillation features those are typical for spherical particles. However, these
features have a frequency that is significantly higher than the angular resolution of the instrument, and thus
cannot be resolved from the measurements. Larger features, like rainbow between 100° and 120° or decrease in
phase function around 100° for 5 um droplet and around 130° for 200 um droplet, can be detected.

Although the MAPMT has a high dynamic range, the electronic processing of the scattering data restricts the

resolution of the detection to 11 bits. We simulated the possible response to the electronics assuming ideal
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optical components with perfect transmission and no crosstalk. The particle size region of interest was chosen to
be from 50 pm upward, since at larger particle sizes the imaging part will provide more information ef the
particles. We set intensity at the near 90° detector of the 50 um droplet to be equivalent &£ 5 counts (assuming
that the MAPMT has a background of few counts) and scaled the scattering responses of other droplets
respectively. This would represent one gain setting of the MAPMT. From Figure 7 we see that with the proposed
gain setting we could detect the scattering phase function of 50 um and 100 um droplets frer angular range of
18-170° and the scattering phase function of 200 pm droplets from 42° onwards. In conclusion, we eettd be able
to image and simultaneously measure the scattering phase function of particle from 50 pm up to almost 200 um
in diameter. It has to be kept in mind that with ice particles we can expect somewhat flatter scattering phase
function, which would increase the measurement range, when measuring in cirrus clouds. By adjusting the
MAPMT gain, the measurement range can be shifted to smaller or larger particle sizes.

The forward scattering detectors (1-10°) were positioned to larger distance from the scattering center to get one-
degree resolution. The theoretical calculations, however, show that this decreases the intensity in the forward
detectors to a degree that the dynamic range of the instrument is not enough to measure the low intensities. To
improve this, the forward channels would need a separate MAPMT, whose gain can be adjusted independently
of the MAPMT for sideward channels, or the forward channels should be brought to the same distance as the

sideward detectors, which would mean that we would give up the one-degree resolution.
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Figure 7: (Left) Theoretical light power that reaches the detectors by laser light scattering on water droplets with
diameters of 5 um (black squares), 10 um (orange squares), 50 pm (yellow squares), 100 pm (purple squares)
and 200 um (green squares). For 5 um and 200 pm droplets also the scattering cross sections are shown in high
angular resolution. (Right) Digitized particle scattering functions that are expected for a single MAPMT gain

setting.

Although we focus in this part (Part I) on the design and operation of the probe, we shortly demonstrate here two
sample measurements og standard glass beads which were dere, #-purpese-of calibration. An ensemble of glass
beads (DRI-CAL, Duke Scientific) is allowed to pass through the detection volume and is detected by both
detection systems. Two standard sizes are used; 19.3 pm +0.7pm (DC-20) and 49.7pm +2.0pm (DC-50). The
theoretical scattering phase functions of the given size distributions of the two standards were calculated using
the Mie-theory and integrated over the solid angles of the detectors (black crosses in Figure 8). The measured

scattering phase functions are plotted in solid lines for the 20pum (blue) and 50um (red) glass beads. The upper
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panels of Figure 8 a and b show the raw background corrected data before the crosstalk corrections. The 20um
glass beads are used as a reference to define the correction factors for each channel by overlaying the theoretical
and measured intensities. We used the 50° as a reference angle and corrected the other measurement angles with
respect to it. The obtained correction factors for the individual channels were then used to correct the measured
intensities for the 50pum glass beads (red solid line in the lower panel of Figure 8b). The good agreement
between the corrected measured intensities and the theoretical values of the 50pm particles validates the

crosstalk correction factors.

10° Uncorrected data 10* Uncorrected data
=—==Beads 20 um uncorrected E ==—=Beads 50 pm uncorrected
5 X Mie calculation sl X _Mie calculation
2 10°F 3 210%¢ E
£ x s 7
o > b X &
O1o'f R (= X 1
3 XX XX %
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S €
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S’k O 107 1
10° . L L L L L . . 10! . L . . . . . .
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Angle Angle
{a)20um glass standards {b) 50um glass standards

Figure 8 Theoretical (black crosses) and experimental (coloured solid lines) scattering phase functions of two
standard glass bead ensembles of 20 pm (blue) and 50 pm (red) diameters. The upper panels show the raw
background corrected intensities and the lower panels show the crosstalk corrected intensities. The missing

experimental point at 66° is due to a failure in the corresponding physical channel during the measurement.

6. Summary and outlook

We presented here a novel airborne optical probe (PHIPS-HALO) which is developed at the Karlsruhe Institute
for Technology (KIT) to be attached to the German DLR HALO GV-SP aircraft as well as other research
aircrafts. The probe is unique in its ability to collect two simultaneous and correlated measurements (the 3D
morphology represented in the stereo-image and the corresponding optical properties represented in the polar
scattering function of each individual cloud particle. Fhereef, PHIPS-HALO provides the missing correlation
between the cloud particle habit and its scattering properties which are used in radiative transfer models, and can
be used as a reference for other airborne cloud-particles-probes applied simultaneously in the same flights. In
this part (Part I), we focused on the basic concept of the instrument, the design of the optical head, the
electronics and signal processing and the aerodynamic properties. The optical head consists of two optical
systems; 1) The stereo-microscopic imager composed of two camera-telescope assemblies placed after two
reflecting mirrors to image the detected particle, with a resolution down to 2um, at two different viewing angles.
The dual imaging configuration produces two shadowgraphic images at two different angles for each detected

particle which enables the 3D morphology impression in a similar way ef the human ocular system.
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Reconstruction of a 3D model for regular shapes like spheres, plates and columns is possible. 2) The polar
nephelometer measures the polar scattered light from the cloud particle as it passes across a collimated laser
beam. The angular resolution of the differential scattering function is 1° for the forward scattering direction
(from 1° to 10°) and 8° for the side and backscattering directions (from 18° to 170°). The scattered signal is
transmitted from the scattering plane to a multi-anode photomultiplier via PMMA optical fibers. Optical
engineering calculations for the light coupling between the PMMA fiber system and the multi-anode
photomultiplier are presented and showed a potential crosstalk between different channels of at least 15% that
needs to be taken into account in the analysis of the polar nephelometer measurements. Detailed signal detection
and processing schemeg 1§ discussed. A comprehensive aerodynamic analysis is performed to investigate the
mechanical sehdity, of the probe and the possible turbulences at the detection volume. The crucial aerodynamic
parameters (flow velocity, Mach number, pressure, temperature, turbulence) are discussed in details gt a variety
of conditions to estimate the mechanical gehdity of the probe and to verify the geometry for a turbulence-free
detection volume. Finally, we modelled the response and detection range of the scattering optics and

demonstrated the measurement and crosstalk correction using standard glass beads.

The problem of the crosstalk in the scattering signal requires a better optical design for the fiber-MAPMT
coupler. So far, the gain value of the MAPMT can be changed manually only by a mechanical potentiometer on
the electronic board of the MAPMT. This should be replaced by a digitally controlled potentiometer to allow
software access to the gain voltage. Another shortcoming of the MAPMT electronics is that the set gain value
applies to all channels. Adjusting the gain to an optimum value which allows detection at all channels but no
saturation of signal at any of them is difficult. An access to individual gain for each channel is required. The
_shuttering of cloud particles at the inlet of the probe is not discussed in part I in details and will be considered in

future work in line with field measurements.
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Figure Captions

Figure 1: Schematic drawing of the optical detection units used in the PHIPS-HALO probe, (a) side view and (b)
top view. The main components of the polar nephelometer and stereo-microscopic imager are labelled in blue
and red, respectively. The trigger optics links the two components. (c) A real photo of the probe.

Figure 2: Results of optical engineering calculations for the light coupling between the PMMA fiber system and
the multi-anode photomultiplier. A crosstalk of at least 15% can be expected that needs to be taken into account
in the analysis of the polar nephelometer measurements.

Figure 3: Signal detection and processing scheme for a valid particle event at a typical airspeed of 200m/s and at
an assumed trigger threshold of 200. The relative distance along the particle trajectory, i.e. the instrument axis, is
given on the upper axis. Note, that due to the camera field of view of 1.27 mm along the instrument axis, the
imaging system can be aligned in the laboratory by using test particles with particle speeds of only a few m/s.
Figure 4: Mach number distribution (upper panel) and pressure distribution (lower panel) of the flow field inside
and outside the probe.

Figure 5: Temperature distribution inside and outside the probe (upper panel) and along the centre line trajectory
(lower panel). Incoming particles experience a short-term temperature change of the surrounding air by about
10K within 1 ms at 200 m/s flight speed.

Figure 6: Upper panel: Turbulence Kinetic Energy distribution within the particle flow tube of the probe. The red
square marks the detection volume. Lower panel: The TKE along the horizontal centre line trajectory (shown
above) is only slightly increased compared to the background value.

Figure 7: (Left) Theoretical light power that reaches the detectors by laser light scattering on water droplets with
diameters of 5 um (black squares), 10 pm (orange squares), 50 um (yellow squares), 100 um (purple squares)
and 200 um (green squares). For 5 um and 200 pum droplets also the scattering cross sections are shown in high
angular resolution. (Right) Digitized particle scattering functions that are expected for a single MAPMT gain

setting.

Figure 8 Theoretical (black crosses) and experimental (coloured solid lines) scattering phase
functions of two standard glass bead ensembles of 20 um (blue) and 50 pm (red) diameters.
The upper panels show the raw background corrected intensities and the lower panels show
the crosstalk corrected intensities. The missing experimental point at 66° is due to a failure in

the corresponding physical channel during the measurement.
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