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Abbreviation / Acronym

Description/meaning

2DS 2D Stereo

2DVD 2D Video Disdrometer

A/IC Aircraft

AC292C Advisory Circular 229G

AG Aggregates

AH Airbus Helicopters

AMC25 Acceptable Means of Compliance 25

AMSL Above Mean Sea Level

ANR Agence National de Recherche

Ar Aspect ratio

BAMS Bulletin of the American Meteorological Society
BASTA Bistatic rAdar SysTem for Atmospheric studies
BL2006 Baker & Lawson 2006

B&W Black and White

CAS Cloud Aerosol Spectrometer

CA ComplexAssemblages of Planes, Columns, and Dendrites
CBC Combination of Bullets or Column

CC Capped Columns

CCD Charge Coupled Device

CDP Cloud Droplet Probe

CIP Cloud Imaging Probe

CP Compact Particles

CPC Columnar and Planar Crystals

CNN Convolutional Neural Network

CNRS Centre National de Recherche Scientifique
CPSPD Cloud Particle Spectrometer Probe with Depolarisation
Csl Cloud Spectrometer and Impactor

CSP Combined Single Parameter

CVI Counterflow Virtual Impactor

Co Columns and Needles

CwcC Condensed Water Content

DDU 5dzv2y i RQ! NODAf €S

DFIR Double Fence Intercomparison Reference
DFR Dual Frequency Ratio

DMT Droplet Measurement Technologies

DSD Droplet Size Distribution
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Abbreviation / Acronym

Description/meaning

D, Dmax, Dm, Deq, DO Diameter, maximum diameter, mean volume diameter, :
equivalent diameter, mean maximum diameter

EPFL Ecole Polytechnique de Lausanne

F20 Falcon 20

FA Fragile Aggregates

FAA Federal Aviation Administration

FCDP Fast Cloud Droplet Probe

FMCW FrequencyModulated Continuous Wave

FIT Flight Test

FTRA Flight Test Report and Analysis

GAN Generative Adversarial Networks

GIT Gound Test

GTRA Ground Test Report and Analysis

GPM Global Precipitation Measurement

GR Graupel

HPC Hexagonal Plan&Zrystals

HVPS High Volume Spectrometer Probe

HVSD Hydrometeor Velocity and Shape Detector

HAIC High Altitude Ice Crystals

HSI High Speed Imager

ID5.1 Internal Deliverable 5.1

IKP Isokinetic Evaporator Probe

IWC Ice Water Content

KMA KoreanMeteorological Administration

LUT Look Up Table

LWC Liguid Water Content

MASC Multi Angle Snowflake Camera

MASCDB MASC Data Base

MCS Mesoscale Convective System

MMD Median Mass Diameter

MRR Micro Rain Radar

MS Melting Snowflakes

MSD Mass Siz®istribution

MT2010 MeghaTropique 2010

MXPol X-band polarimetric radar

NSD Number Size Distribution

OAP Optical Array Probe

PAMTRA

PC Planar Crystals

PDI Phase Doppler Interferometer
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Abbreviation / Acronym | Description/meaning

PFA Particle Flux Analytics

PHIPS Particle Haliilmaging Using Incoherent Light
PIP Precipitation Imaging Probe

PPI Plan Position Indicator

PSD Particle Size Distribution

RA Rimed Aggregates

RASTA RAdar SysTem Airborne

Rc Riming Index

RHI RangeHeight Indicator

ROI Region Of Intrerest

SAFIRE

SID Small Ice Detector

SP Small Particles

SSRGA Selfsimilar RayleigiGans approximation
SVI Snowflake Video Imager

TWC Total Water Content

Vit Terminal fall velocity

WD Water Droplets

WMO World Meteorological Organisation
WP5, 7, 10 Work Package 5, 7 10

Ze, ZeX Effective reflectivity
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1 Executive Summary

Background & purposeQverall, the top level objective of the ICE GENESIS project is to
provide the European aeronautical industry with a validated new generation of 3D icing
engineering tools (numerical simulation and test capabilities), for safe, efficient, and cost
effective design and certification of future aircraft and rotorcraft. BesideseAgdixC & O,

this top level objective is also addressing snow conditions.

Today,with respect to snow, there are no validated engineering tools (test facility and
numerical tools) available to support design of power plant systems by assessing the risk of
snow accretion or accumulation. In addition, the characterisation of snow ptatgmn
microphysics is not well defiden the available regulation€S25/29and guidance material
(Advisory Circular ACZEG Acceptable Means of Compliance AMC25.)083he Federal
Aviation Administration (FAA).

Theseregulations andhe guidance matrial prescribe temperature conditions betweef

and +2°C, busolelyprovideroughrecommendations for the types of snow conditions to be
tested, if tests are requiredzurthermore the conditionsare less detailed than for othecing
conditions especially concerning numbparticle size tstribution (PSD)snow particle
density, knowledge about morphological shape and associated microphysical properties,
distinction between wet andiry snowflake characteristicsthers..

Context andlimiting factorsfor quantifying snow microphysical propertiesstarting point:

From literature we gtnered information about snow microphysical properties at the
beginning of the ICE GENESIS project, stating that snowflake diameters are mainly between 2
and 5 mmPruppacher & Klett; 201)) ranging up to 15 mm. Snowflake density varies, ranging
from 0.005to 0.2 g cr?, being inversely proportional to snowflake diameter, i.e. the larger
the flakes, the lower the density. This constant of proportionality between snowflake
diameter and the density of the snowflake is almost four times larger for wet thadrfor
snowflakes. Overall, microphysical data fronpast measurement campaignsncluding
precipitating iceduringwinter seasonjike OLYMPEX or GCP&p¢ barely detailed in terms

of statistics of solid particle / snow particieicrophysicalbproperties. As a further starting

point for the work to be performed withit'wP5and final deliverable D5,14t has been also
stated thatground based and some limited airborne in situ snm@asurementsn snow
conditionsperformed in the pastvere rarely set up for pure and extremely detailed analysis
of the microphysical properties of snow. Often the microphysimabsuremens roughly
served to validate precipitation related remote sensing retrievals within GPM for example,
without presentingdetails on a series of microphysical parameters, as is needed within ICE
GENESIS for WP4@owaccretion modelling.

This is whywithin ICE GENESy&perground and flight tests have been conducted in snow
conditions with the overallobjective of a detiled characterization of all relevashowand
precipitationrelated microphysical parametetisat wereiteratively feeding the development
of snow numerical tools andere used for comparison with artificial snow generatedest
facilities during the ngoing project

Main results / discoveries / findingsA close collaboration has been established between
TechnostreamSNOWrelated workpackages of ICE GENESIS Wb, WP7, and WP10
primarilyin order to meet WP10 needs of 3D descriptors (size digiohs of mass, volume,
surface, area, sphericity, orthogonal or crosswise sphericity, ice effective density) for particle
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trajectory and particle melting model$his is whylie measurements conducted during the
ground based and airbornigeld-campaignin the Swiss Jura (GTRA documented in D5.5 and
FTRA in D5.@)imed to give momentum toquantitative and detailedsnowfall microphysics
including all above snow parameteet temperatures ranging from10°C to +2°C. The
combination of ground basedremote seng;g (multiple radar systems)in-situ (MASC
snowflake camerajnd aircraftbased measurement techniqués situ and remote sensing)
was designed to sample clouds and precipitation in the entire column and at different scales;
from the large sampling volues of radar data to the depiction of individual hydrometeors or
imagers.The abundance of isitu data offers the rare possibility to provide groutrdth for
hydrometeor classification algorithms based on remotely sensed observafidmes.main
scientific workwithin WP5has then been the common quantificatiaf 2D &3D descriptors

on the one handrom ATR42 and MASC 4situ snow data and on the other hafidm closure
studies, including in situalidationof Doppler cloud radar TWCtreevals,of duatfrequency

radar 2D and 3D descriptor retrievablnd of dual-polarization radar retrievals of crystal
morphology and TWC.

YSe 20aSNBIFiA2ya FTNRY Lkad RFEGE FylFLfearaa oL
performed within the frameof ICE GENESIS are:

- b-sec snow water content values reached-Q.B g/m?3 rather frequently, with values
peaking up to 1.5 g/m3 and few events up to 2.0 g/m3.

- Median mass diameters (MMD) varied significantly during single flight missions and
from one flight to the other. Overall MMDs of-2 mm were rather often measured
and maximum encountered snow MMDs were peaking up to 4 mm and sometimes
even 5 mm, which are reasonably high values for snow MMDs.

- The crystal density and sphericity parameters as a funatifoparticle size is strongly
depending on the morphological shape. More or less rimed aggregates and graupel
are comprising the main classes of snow particles.

- Afinal table is produced giving quantitative numbers within specific snow particle size
ranges and next within three distinct temperature intervats@ to-4°C;-4 to 0°C; 0 to
+2 °C) of number and mass fractions of different morphological classes, crystal density
as a function of size and morphological classes, likewise for the sphericity garame
20 KSNRARXULO D

Use of this deliverable / Future key issueshe 3D descriptor statistics are calculated and
plotted in a series of figures as function of morphological claghreé distinct temperature
ranges, and of the size of the snow partisl@he scientific statistics are presented in the most
important chapter 9 of this deliverablefnally, all thisinformation is condensed in
guantitative tables, reading out values of ice density, sphericity, orthogonal sphericity, mass
fractions, number frations of morphological classes thatll be still used within ICE GENESIS
for snow accretion modelling, budtanbe also usedn near future by regulation authorities,
SuOX
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2 Introduction

Gontext / background ofwork: At the beginning of the IGEENESIS projectgtiminary snow
characterization hasden performedfrom literature study andareful analysis gbast snow
andprecipitatingice data gathered at the grour{dccess to three datasets of the MASC triple
snowflake camera via the EPFL partwithin ICE GENES#I from some dataof scarce
relevant airborne campaignsAirborne in situ data were available from helicopter flight
explicitly performed in snow conditions during winter 2017(t&mpaignAirbus Helicopters
(AH) and thenCNRS SA®E Falcon 20 campaigns in precipitating veigh in particular the
2010 Megharlropiques campaign data including a significant amount of data in the relevant
temperature range 0f10°C to +2°C (campaign Meghapiques 2010 / MT2030Those two
most promisng datasetsAH MT2010) availableithin ICE GENESI&veneverthelessome
significant limitations since only omecipitatinghydrometeor imaging probe (PIP) could be
installed on the helicopter, anth paralleldoubts exist on theomparabilityof winter snow
andprecipitating ice in the stratiform part of deep convectiornthe Tropics or midatitudes
(-10°C to +2°C rangdhp general, MCS or deep convection have cloud bases at completely
different temperaturescompared to winter snow clouds, and thus the melting |=yer0°C

can beobserved at completely different atmospheric altitudes.

Thusnhewsnow data near/above the ground in the temperature rang@ to +2 °@ave been
gathered within the ICE GENESI§4qumt, in orderto enrich the small and incomplet@H/

lack of extensive instrumentatiomjrborneand ground basedataset of natural snow within

the ICE GENESIS projektsmall but sophisticatedCE GENES$S8ow campaignhas been
performedduring winter 2020/21in the Swiss Jura, includiagVlASC snowflake camera and
multiple radar remote sensing instrumeniastalled & G KS F AN1LI2 NI W[ Sa 9 L
the ART42 performed five scientific flight missions, thereby overflying the airport etethff

flight altitudes (temperature domainlO to +2°C). This combined approggnound remote
sensing and aircraft in situ and remote sen3@tpws forvarious closure studie¥he data of

the ICE GENESIS snow campaign have been processed, includingettevdologies
implemented for the in situ and also remote sensing retrieval of detailed snow microphysical
properties. The deliverable D5.7 now documents the final version of snow microphysical
properties of the ICE GENESIS data, also recalling\plasid MT2010 data andomparing
retrieved resultsto literature snow relevant campaigns, however withainly scarce
guantification of detailed snow microphysicBhe results of thdinal quantification ofthe

snow crystal / snowflakenicrophysical propertiegre particularly needed for WP10 with
details about size, mass,ice density morphological crystal shapes, riming degree,
differentiation dry and wet snow, number and mass size distributigrasticle sphericity
information) of individual snow crystals as well alsentire snow crystal populations (per
volume of air)

Content of the documentAfter i KA & AAyKIZNEIR ¢dOtivd fallgwing chapters are

dediOF G SR (2 (GKS & ahextate dihg dehaNd theSligk (o \BIP5 with
workpackages WP7 & \WPdedicatedtosnow | YR | 06 NKICEHGENESGIFArand2 ¥
G/T measurement campaighdkeports and first analysis of ground and flight tests performed

within ICE GENESIS have baé&eadydocumented in the GTRED5.5)and FTRADS.6)
deliverables, respectively.

The four subsegent chapters briefly recall:

() Insitu measurements and derived parameters perfothua the ATR42 research aircraft:
Therein aCNN neural networkJéffeux et al., 202Rfor shape classification of optical
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FNNI & LINPO6SAaQ &aKFR2g¢g AYlF3ASa o0t Ol 3 GKA
implemented, allowing to quantify 2D &D descriptors(requested by WP10as a
function of morphological class, tdmperature, and of partle size

(i) Microphysicalesults of themeasurementperformedwith the MASGnowflake camera
at the groundin addition to shapanalysisriming degree, and wet/dry snow distinction
according toPraz (2018)aGAN neural network has been developed for the retrieval of
3D descriptors (mass!) from image triplets of the MASC snow camiéra. 3D
reconstruction einonen, 202} is operational

(i) Show propertiesretrieved from remote sensing on the ATR4@oud Doppler radar
RASTA

(iv) A finalretrieval method implemented within ICE GENE& $ual frequency radar data
(X, Wband). The idea is that dual frequency Doppler velocities originate in Doppler
spectrograms with underlying microphysics (PSD, denfitlyvelocity to size relation)
and meteorology, driving the Doppler spectrum. The Doppler spectrum simulations using
PAMTRA code for reflectivity simulatiafpdech et al:2020), coupledwith deep learning
produces as output TWC,ean Dmax of logiormal number size distributions, aspect
ratio, and alpha &beta coefficients for m(D) and A(D) relationships. This method
produces a comparable 3D descriptor dataastthe ATR in situ snow dateeded for
WP10 simulations.

Thedsynthesis of the snow properties statisidsom the four abovemeasurement/retrieval
approaches is then presented ihe importantchapter 9 before the finaléconclusion/way
forwardé chapter.

Relation to other relevart ICE GENESRID workThe snow properties retrieved from data

I3 GKSNBR Ay GKS FTNIXYS 2F L/ 9 D9b9{L{ o62tp
LINPLISNIASAaé0 NB O2yldAydz2dzat e SNOWY dn2A BISH AR S
as realistic input andor validation purposes for numerical modeM/P10 and icing wind

tunnel developmentsWP7).
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3 Requirements / State of the Art & link with WP7/WP10

3.1 Requirementsiextracted from paper AC. BillaultRoux, J. Grazioli et al.,

2022, in revisiorBAMS)

The aviation industry faces numerous safstjated challenges in cold atmospheric
conditions. The risk of aircraft icing in supercootgdmixedphase clouds is a wedthown
example Cao et al. 2018 Likewise, ice crystal icing, often associated with flying in-high
altitude regions near deep convective systernhawson et al. 1998Hallett and Isaac 2003
leads to the ingestion of ice crystals by jet engines and sulesgquower loss or engine
damage Kason et al. 2006Haggerty et al. 201

Snowfall has also been reported to induceflight power interruptions on certain engines,
while at ground level, snow accretion on aircraft is an additional threat téie-off
(Rasmussen et al. 1992000 2001, Taszarek et al. 2090 To comply with certification
requirements addressing these risks, aircraft and helicopter manufacturers need to
substantiate that each engine and its air inlet system can safely operate in sndwiatiotg

and blowing, without adverse effect on engine operation. The available regulatory and
guidance documents define approximations of conditions to be tested: concerning snowfall
and blowing snow, the Federal Aviation Administration (FAA) in theségvCircular AC29

2C and Accdpble Means of Compliance AMC25.1093 prescribes temperature conditions
between-9°C and +2°Eowever, there are no validated engineering tools (test facilities and
numerical tools) available to support the design of airtisiesstems by assessing the risk of
snow accretion or accumulation within this prescribed temperature range. Demonstration is
thus performed at the end of the program development during certification flights, and any
issue found at this stage of the devefopnt can lead to significant delays and costs. In order
to secure future program development and certification, there is a need to better characterize
the microphysical properties of snowfall for individual particles or particle populations
(number, massmasssize relation, fractal dimension, density, sphericity, ice water content,
to list a few), tosupport the development of engineering tools andilk design before in
flight demonstration.

The measurement effortgr the ICE GENSIS projact tailored to provide observations of
and insights intaletailed and size dependent most quantitatiseowfall properties at this
temperature range, slightly extended fel0, +2€], with the primary motivation to cover this
important industrial need.

What makes the mentioned temperature rang&0, +2@ so interestings related to the fact

that different precipitation and heat transfer processes take place betwd®iCand +2C

depending on the population of ice particles, relative humidity andlabéity of supercooled

liquid water Gtewart et al. 201% Their proper understanding and characterization
(Grabowski et al. 2019Morrison et al. 2020 is a challenge beyond aircraft industrial
concerns, in particular for theevelopmentof more accurat numerical weather and climate

models. Among the processes leading to particle growth, aggregation is maximized between

-5°C and O°C (Pruppacher and Klett 2010Heymsfield et al. 2016 RdzS G2 GKS LJ
increased sticking efficiency.

The actualimportance and quantification of aggregation and bregk of changes in shape
and bulk density, across the melting layer, are important and debated queskabsy( 1995

Li and Moisseev 2019 Although recent progress in modeling have helped gain ingsnght
particlescale melting mechanismsSZyrmer and Zawadzki (1999nd more recently
ICE GENESIHE2020- 824310 © ICE GENESIS Consortium Pagel7
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Leinonen and von Lerber (200)8k gap remains to be filled to fully comprehend the interplay
of microphysical, thermoand aerodynamical processes in wet snawet al.2020).

Current knowledge about processes occurring near the melting layer consists of indirect
weather radar observations (e.giao et al. 2009Tromel et al. 2019Li and Moisseev 2020

and to a minor extent of direct measurements collected by instruradraircraft Heymsfield

et al. 2015, groundased insitu observationsKnight 1979 Barthazy et al. 1998 laboratory
studies Mitra et al. 199Q Oraltay and Hallett 20056Hauk et al. 2016Aguilar et al. 202},

and simulations lleinonen and von Lerber@8). ICE GENESIS, with its multiple work
packages, recognizes that it is crucial to act on all these fields. It will contribute to better
understand these processes thanks to the coordinated collection of high quality data from
both remote sensing and isitu measurements and to the reproduction and modeling of
associated physical phenomena like drag or melting.

3.2 State of the art: literature reviewof snow microphysical properties

(shortedversion of literature review documented in ICE GENHBIE3)

3.2.1 Properties of snow particles

Snow particles are precipitation sized ice particles that form in clouds and precipitate to the
ground. Falling snow formation has its origin in a complex interplay of microphysical
processes and properties (vapor deposition, riggiand aggregation, hydrometeor fall speed)
which are governed by cloud dynamics (vertical and horizontal transport) and
thermodynamics (temperature and humidity vertical profiles). The terminology of
Pruppacher and Kletf2010)isadopted here: ice partles grown by vapor deposition and/or
riming are called snow crystals and aggregates of snow crystals are referred to as snowflakes.
Due to the variability of atmospheric conditions prevailingsnow clouds, the shape, size,
density, and related properties such as drag and fall speed of natural snow particles (snow
crystal and snowflakes) are found to be highly variable. Regarding the shape for instance,
Figure3-1 presentsMASGamplegmulti angle snowflake camer&arett et al. (2012)of ice
crystals (columns, columns with plates, plates in the top row, planar dendrites in the third
row, graupel (or snow pellets) in the fifth row) and snowflakes with different degree of riming
in the three last rows.

Historically, scientific studies of snow particles were based on ground observations from
experiments in which precipitating particles wecellected manually, photographed and
studied under microscope. Individual snow particle properties such as shape (type or habit),
size, mass, degree of riming and melting, and fall speed were derived for each individual
particle (ocatelli and Hobbs (1974 Mitchell et al. (1990) The development of
optoelectronic instruments such as those listedTiable 3-1 and automatic classification
algorithms mae the sampling statistically more quantitative and the measurement of
ensemble properties such as size distributions, median volume diameter, snowfall rate, and
habit classification possiblégdwson et al. (1998), Praz et al. (201.7)
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Figure3-1: MASC picture of hydrometeor illustrating thanability in the shape and size of snow particles

Applicatio
n Instrument Reference
Kruger and Krajews}
2D Video Disdrometer (2DVD) 2002
Ground Hydrometeor Velocity and Shape Detecl
(HVSD) Barthazy et al. 2004
Snowflake Video Imager (SVI) Newmann et al. 2009
Multi-Angle Snow Camera (MASC) Garrett et al. 2012
2D-P Knollenberg 1970, 1981
Airborne PIP Baumgardner et al. 2011
HVPS Lawson et al. 1993

Table3-1: Contemporary instrumentation for observation siow particles andnowflakes.

Morphological properties

One of the mosttomprehensiveace particleclasification scheme identiéisnot less tharll21
typedcategoriesof solid precipitation particlegKikuchi et al.(2013). The scheme is based

on solid precipitations observed fro mid-latitude to Polar RegionsThese categories are

NBE I NR dzLJISR A y (i 2Colymn¥ NE 2 [Rlaie@IBREA dbni@atian ofdColumn

and PlaneD NE a (Abdrefiates Riméda Yy 2 4 ONBeins2 T aX QS a@edilar O | £ & €
ay26 LI NGAOf Saé¢ O602YLINRaAy3d A0S LI NIAOfSa NJ
éOthersolid predlJA G A2y ¢ OAYyOf dzZRAY3 KIFIAfadz2ySs gKAO
authors).These particks were sampled with CCD cameras which have basicallie2&kbf

greyscaler more, however are suffering from the principal drawback thaise instruments

haoS @SNE fAYAGSR al YL Ay3 @2fdzySaz adzOK (KU
concentrations of snow particles.

Praz et al. (2017developed an automatic classification method to sort snow particles
observed on ground, thereby utilizing tvitestruments: MASC and 2DVD. The series given in
Figure3-2 (a) illustrates the evolution of snow precipitation microphysics recorded by the

MASC instrument during a snowfaVent in Davos, Switzerland. The habit classification,
developed and presented in this study, includes Small Particles (SP), Columnar Crystals (CC,
needles and columns), Planar Crystals (PC), Aggregates (AG), Graupel (GR), and Combination
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of Columnar andPlanar Crystals (CPC). The precipitation particles that were dominated by
aggregates before 0BUTC are mostly comprised of heavily rimed psidicte graupel after
0830 UTCThe series given faigure3-2 (b) shows temporal evolution of the riming index (Rc)
and the proportion of melting snowflakes (MS)

2016.04.23 - 03:00 to 2016.04.23 - 12:00

(b) 1 . — . . . —

T05k

0 A S L -
03:00 04:00 0500 0600 07:00 0800 0900 10:00 11:00 12:00
Figure3-2: Evolution of the dominant Hzt during a snowfall event in Switzerland (from Praz et al. 2017)

Dimensional properties:

As the generakule, single snow crystals have a maximum dimension less than 5 mm,
regardless the degree of riming, and the dimension of snowflakes is usually Betow
(Pruppacher & Klett, 201j@7]). Several studies reported on observatioof very large
snowflakes(e.g. Lawson et al., 1993, 1998In the following,for the sizedefinition, the
maximum linear dimension is used.

For the recent OLYMPEX campaifidon et al (2019are showingneanmass diameters of

1 to 4mm from2D-S+tHVPS combined datbinfortunately, in those projects (as OLYMPEX
other GPM related cold precipitation campai@yms situ snow microphysical data are often
used for validation of snow IWC and precipitation rain / snow rates, however without
detailing snow microphysical properties which would have been needed for INESEE,
particularly WP accretion modelling.

{ Ay OS i, k8useablgsar @réaging prob@msed on linear photodiode arrayallowed

the measurement of size distributions based on the actual size of particles (derived from 2D
projected images as particles cross the laser beam). In more recent studies, the size
distributions of millimetric snow particles (larger thas2 Inm) wererepeatedly confirmedo

be well represented by exponential lawddymsfield et al., 200Balthough a gamma law,
00 0 0A@b_ 0, may provide more flexibility to describe the evolutions of the
spectra at the smallest size en@drrett, 2019.

Thesize distribution obtained biawson et al. 199&om airborne measurements (HVPS) in

a 30km long cloud region comprising very large snowflakes (aggregates of up to 5 cm with an
estimated effective density of about 0.015 to 0.02 g3mwere well fitted vith an exponential
model ¢ 'O 0 Q ) with the slope parameter of the order of p& @ , a total
concentration of 0.1 m, and an ice water content up to 1.8 gngestimated from HVPS
measurements)Brandes et al. 200Analysed ground observations realized with a 2DVD
instrument during the 2002005 winter periods along the Front Range, Colorado. They
describe winter precipitation as dominated by almost spherical aggregates with size
distributions well represented by gama laws whose parameters)Bnd_ vary from 16-5m-
Smm?tto 10°m3mmt and 4 to 2 mm, respectively.
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Mass properties:

The bulk density of a snow particle depends on the definition oféference particlezolume
(Dmaxsphere, others)which is foud to differ from one study to another and can lead to small
inconsistencies. The bulk density of snow particles covers more than two orders of
magnitude. The densest snow patrticles (sleet particles) have a density laying between the
density of bulk ice an@.99 g.cn? (Pruppacher and Klett, 20901In contrast, the density of
snowflakes (aggregates of snow crystal) can be as low as 0.002 ilagono and Nakamura
1965computed the density from several hundred particles collected at Sapporo, Japan from
1958to 1962. They found the density to decrease as size increasé€s ( T3t , D in

cm), ranging from approximately 0.005 g.@rat (2.5mm) to 0.6 g.cn¥ (at 0.3mm), as shown
in Figure3-3.
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These measurements were further presed to derive two densigize relationships

F LILX AOFo6tS (2 aRNRdwsdnytR,18BSG¢ ay2¢Ftl1Sa o
1 Drysnowflakes: 18t p®@ with D in cm is the mean chord diameter
1 Wetsnowflakes? 18t x ¢ with D incm is the mean chord diameter

The parametrizatiors of the mass propertieof ice crystals are often based anass
dimension (mD) relationshipswith power law assumptiorfe.g. & | 'O ). Locatelli and
Hobbs (1974 report on the fall speed, masand size of hundreds of solid precipitation
particles observed during the winter months of 1971/72 and 1972/73 in the Cascade
Mountains, Washington State, USA. They observed a large variety of snow patrticle types with
sizes generally ranging from 400 pumfew millimetres, and which could even exceed 1 cm
(aggregates of rimed/unrimed radiating assemblages of dendrites or dendrites).

In principal, snow particles were imageddesubsequently melted for the mass estimation.
Mitchell et al., (1990)complemened the dataset with information on the masses,
dimensions, and habits of precipitating ice particles with size ranging from 0.2 to 7.7 mm.
Theseobservations, based on more than 2800 natural ice particles sampled at temperatures
between 0T and -5°C, wereobtained during orographic winter storms in 1985/86 and
1986/87 winter seasons in central Sierra Nevada. The natural variability in the morphological
and mass properties of solid particles precipitating on ground is well illustrated by the

numerousmasssize relationshipof Locatelli andHobbs (1974)rnd Mitchell et al. (1990)
given inTable3-2:
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: R_ange o SH Masssize relation

Type of particles diameter; length mg, mm Study
(mm) ’

Unrimed side planes 0.3-2.5 0.02133 M90
Densely rimed dendrites 0.2-4.0 0.01503°3 LH74
Heavily rimed dendritic crystals 0.2-2.8 0.06803+2 M90
Densely rimed columns 0.8-2.0 0.033123 LH74
Long columns 0.2-1.5 0.0121:8 M90
Rimed long columns 0.2-2.4 0.0231# M90
Short columns 0.2-0.6 0.06412° M90
Aggregates of unrimed dendrites or radiatii 2.0- 10.0 0.0730+ LH74
assemblages of dendrites
Aggregates of densely rimed dendrites 2.0-12.0 0.03783° LH74
radiating assemblages of dendrites
Aggregates of unrimed side plane 1.0-3.0 0.037D° LH74
assemblage of plates, columns, bullets
Aggregates of side planes, bullet and colun 0.8-4.5 0.02201 M90
Aggregates ofinrimed side planes 0.5-4.0 0.040+ LH74
Aggregates of unrimed side planes 0.6-4.1 0.021B32 M90
Graupellike snow of lump type 0.5-2.2 0.05903+ LH74
Graupellike snow of hexagonal type 0.8-2.8 0.02103+4 LH74
Densely rimed radiating assemblages 0.8-2.8 0.039031 LH74
dendrites
Hexagonal graupel 0.8-3.2 0.04403° LH74
Lump graupel 0.5-3 nonp X LH74
Conical graupel 0.8-3 0.07303° LH74
Elementary needles 0.6-2.7 0.0049¢t:8 M90
Rimed elementary needles 0.5-2.8 0.0060B1 M90
Hexagonal plates 0.2-1.0 0.0280° M90
Radiating assemblages of plates 0.2-3.0 0.01903+ M90
Aggregates of radiating assemblage of pla 0.8-7.7 0.023038 M90

Table3-2: Masssize relations describingnow particles : example from Locatelli and Hobbs 1974 (LH74) and

Mitchell et al. 1990 (M90)

These relations are examples and the literature provides plenty of other studies reporting on
the mass properties of snow crystal$he above mentioned studies rely on the direct
estimationof the mass of snow patrticlemainly collected at the groundome sophisticated
G§SOKYyAljdzSa KIF @S 06SSy LINRLIZASR AY
for automatic sampling during airborne measurement campaigakér and Lawson (2006)

Schmitt and Heymsfield (2010).eroy et al (2016)Coutris et al (2017)

3.2.2 Melting of snow flakes
ICE GENESIB2020- 824310 © ICE GENESIS Consortium
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Melting wasstudied in both field and labWwind tunnel experimats (Fujiyoshi, 1986Mitra

et al., 1990. All these experiments lead to the description of melting as a four s{ageess:

1) small drops of meltwater form at the upstream tips of crystal branches exposed to the flow,

2) inward migration from the snowfl] SQ& LISNRLIKSNE G2 GKS f Ay 3
the melting branches uncovered with water. 3) As some interior branches start to melt, the

flake mesh changes from one with many small openings to one with few larger openings. 4)
Finally, the main & frame suddenly collapses and a drop of melted water forms with
unmelted ice portions embedded inside.

In Mitra et al., 199Q a theoretical heat transfer model is derived to describe the rate of
melting of idealized snowflakes (oblate spheroid) as atfanof environmental conditions
(temperature, humidiy). With this model, estimates of the falling distance below the 0°C
layer necessary for the snowflake to melt entirely can be computed. Results obtained for
various conditions are presented figure3-3.

Experimental assessment of the degree of melting of individual snowflakes is difficult to
assess during field campaigriaifiyoshi, 1986Mitra et al., 199Q. Asalreadypresented in
Figure3-2 (b), the proportion of melted snow (MS on the figure) may be estimated from MASC
grey scale triplet imagmeasurements.
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pradicnts; theoretical computations with Eq. (2).

Figure3-4Y a St dAy3 2F ay2¢Ftl 1Say O2YLlzil GA2y 2F YStiAy:
atmospheric conditions (from Mitra et al. 1990)

3.2.3 Remote Sensing retrieval of snowfall microphysics

The potential of remotesensing to characterize the microphysics of clouds and precipitation
has been investigated over the past few decades. A satisfactory level of uncertainty has been
achieved regarding rainfall properties (eLgao et al., (2008)ut characterizing snowfall has
been more challenging, mostly due to the greater variability in snow particle habits and
density. Various approaches have been explored, and are currently being developed, to
improve the retrieval of snow properties based radar measurements.

Radar polarimetric variables (e.g. differential reflectivity, specific differential phase shift)
measured by dugbolarization radars provide valuable information on hydrometeor types
(raindrops, hail, snow...), and are now operaadiy used for hydrometeor classification (e.g.
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Besic et al 2016 Such classification approaches are however insufficient to quantitatively
characterize snowfall microphysical properties.

The use of multiple frequencies in the radar retrieval of rain amairgall microphysics has
been under development since the 1990s, relying mostly on \agicor nadirpointing
radars, andhe radar eféctive reflectivity (Ze) dependirggsentially on the frequency of the
signal and on the snow particle size distribat{PSD) at a given range. This PSD is commonly
represented through two parametershe size parameter lambda anthe concentration
parameter N (exponential or modified gammdistributions are often usedBfaham, 1990).
Studies have showihi@o et al., D05 & 2016 that retrieving those two parameters is possible
when using two (or more) radar frequencies: one for which snow particles are Rayleigh
scatterers, and one for which they transition to the Mie scattering regime. In that case, the
duakrequencyreflectivity ratio from measurements only depends on the size parameter
lambda, of which it is a monotonous function.

However, the great variety in snowfall processes makes the reality more complex. The
backscattering efficiency of snow particles not odgpends on their size but also on their
shape and dielectric constant. More realistic scattering models have been designed (based on
selfsimilar RayleigiGans approximatiorHogan and Westbrook, 20130]), oblate spheroid
T-matrix approach Nlishchenko, 200], or on theDiscrete Dipole approximatiorGarrett,

2019. If such forward models are able to accurately represent the way snowfall microphysics
influence radar returns, the hope is to identify signatures that are specific to certain snowfall
types, or relevant quantities that describe the particle distribution. Bayesian methods like
optimal estimation are commonly used in such retrieval techniqees. Tridon et al., 201%

Based on this approach, a triplieequency retrieval was used to identify different particle
types: for instance, signatures from snow aggregates were identified, both in simulations and
in experimental datde.g.Leinonen et al. 201§.

Anotherapproachof retrieving snow microphysical properties is basedDmppler spectral
analysis. Essentially, spectral reflectivities are measured for a range of Doppler velocities:
these velocities contain information on vertical air moti@ml particle fall speeds, which are

in turn related to the particles' sizeand also environmental parameterdflowever, a
accurate understanding of sielocity, massize and are&ize relationships is required to
retrieve quantitative information fronthose spectra.

Finally,using Doppler spectra from multiple frequencies, seems a promising way to move
forward. This methodology was thus implemented for the retrieval of snow microphysical
retrievals in the frame of ICE GENESIS.

3.3 State of the art:existing datasetgshortenedversion of snow properties
from existing datasets documented in ICE GENESIS internal deliverable

ID5.1)

At the very beginning of the ICE GENESIS project a preliminary characterization of the snow
microphysical properties has be performed, thereby using few available datasets of
measurements performed in snow conditions. In particular, it has been intended to provide
valuable information on the morphological, dimensional and mass pt&se of snow

particles to the €chnostreamSNOW partners involved into numerical modelling (WP10
GbdzY SNAOF t  OF LI 6 A f A)iadd icRSMNE turd el Dp&afion (WBT NI {8yy2260 €
G§Sad O ddlivioes.t A (& ¢
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The datasets analysddr a preliminary snow characterizati@iem from three gound and

two airborne field campaigns made at different locations on the globe. For each dataset, the
subsequent two sulthapters include brief description of the campaign and of the tools and
methods used to produce the data and some figures presentiagesults. The size of snow
particles ranges from few tens of micrometres to about one centimetr@ (Bm typically).

The concentration of particles decreases with size and the size distribution of millimetric
particles is well represented with an expont&al model. The estimated bulk density of ice
particles is found to decrease with size, from about 0.1 g/cm34mni particles to less than

0.01 g/cm3 for icm particles. The results from ground measurements show that snow
precipitations are mostly commed of aggregates (snowflakes), followed by graupel and
small particles (less than few hundreds micrometers in size), more than 85% of all particles
falling into these three categories. Small particles is the dominant type when blowing snow is
also considred.

3.3.1 MASCGround Measurements

EPFL made accessible and analysed data from the MASC instruments collected at various

locations (Alps, Korea, Antarcticpjior to the start of the ICE GENESIS project. Ground
observationgerformedduring snow fall eventshow that the composition of snow particles
varies from one observation site to another. In general, small particles account for more than
one third of the total number of particles observed on ground. This is due to blowing snow
and the proportion increass as the surface wind increases. If episodes of blowing snow are
removed from the analysis, aggregates, graupeasl small particles are the dominant types
accounting for more than 85 % of the snow particles, regardidsthe location of the
observationsite. The variability in the shape of snowflakes and in their physical properties is
such that it seems unlikely that a limited number of snow particle models with typical size and
AKFLIS O02dxZ R 6S RSTAYSR (2 NBLINBasudbe béteK I
described by a combination of statistical quantities such as size distribution, bulk density law,
habit composition law (the 6ategory classification listed FPraz et al (2017)night offer a
simplified yet accurate classification of smdor the purposes of the ICE GENESIS project,
compared to the 80+ categories snow particles classifications one may find in literature). The
definition of these approximates fanow is a key task within theeGhnostreamSNOW The
resultsof the preliminay ground measurement analysis have besed as preliminary inputs

or first assumptions by modellergithin the Technostream SNOW/P10

3.3.1.1 MASC: Tools and Methods

The Multi Angle Snow Camera (MASG@rett et al. 2012 is a device developed RBarticle

Flux Analyticfor precipitation mesurements Installed on ground, it automatically reced
detailed images of snow patrticles falling through its sampling volirtieree different angles

and with a resolution of abol85 pm As detailed after, the MASC was sometimes placed into

a Double Fence Intercomparison Reference (DFIR) which limits the influence of horizontal
winds on the measurements

A processing chain has been specifically developed to process MASC datsifecatian
algorithm was first proposed raz et al. (2017)providing for each image the probability of

being part okixdifferent shape categories: Small Particles (SP), Columnar Crystals (CC), Planar

Crystals (PC), combination of Column and Plagsta@ls (CPC), Aggregates (AG), and Graupel
(GR)Schaer et al. (2018)roposed an algorithm to distinguish MASC images corresponding
to either blowing snow, precipitation, or a mixture of those. Finaljlien (2018ombined
ICE GENESIBE2020- 824310 © ICE GENESIS Consortium Page25
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the two to obtain statisticebout the size, shape and type of observed solid hydrometeors for
each campaign.

3.3.1.2 MASC: Results

Few details on the three MASC datasets used for the preliminary study:

In the framework of the WMO international SPICE project, a MASC was deployed
inside adoublefence intercomparison reference (DFIR), hence shielded from the
wind, at the experimental site managed by the Swiss Federal Institute for Snow and
Avalanche (SLF) at 2536 m of altitude near Davos in the eastern Swiss Alps, for the
winter 20152016.About 965 GB of MASC data were collected.

During the winter Olympic and Paralympic Games in PyeongChang in Korea in
February and March 2018, the Korean Meteorologidadministration (KMA)
organized an international field campaign named-RCE 2018. During this campaign,

a MASC was deployed at tMayHill site (790 AMSL) inside a DFIR like in Davos. The
campaign was shorter and less precipitation events occurred, so the data set is smaller
with about 113 GB of raw MASC data.

In collaboration with French colleagues in the APRES3 ANR projeci TERBE
involved in two field campaigns at the coast of Adelie Land in East Antarctica, at the
5dzY2y i RQ! NIA tderfhores d.,! 2018 Andohglothe ifistrdments, a
MASC was deployed at DDU in summer 22056 and 2012017. The MASC was not
shidded from the wind, and DDU is prone to fierce katabatic winds. This data set is
unprecedented in the Antarctic environment.

The following sections present associated statisifafie shape classificatigirigure3-5) and
sizedistributions(Figure3-6) of the three datasets.

a) Shape/morphology classification from three MASC datasets with AG (aggregates)

dominating snow crystal morphology

Without BS - Davos Without BS - IcePop Without BS - APRES3
CPCO9% CPCO8% CPC2:1%

AG 403 %

ccsanPCE1%

Davos dataset South Korean dataset DDU Antarctica dataset

Figure3-5: Number proportions of the 6 classes of snow particles for the Davos, South Korean and DDU

Antarctica data sets.
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b) Normalized distribution of snow patrticles for the past MASC snow datasets
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Figure3-6: Size distribution (normalized by the total number of particles) for the entire Davos, South Korean
and DDU Antarctica data sets.

The Davos MASC data set is large (nearly 1 million images) and provides relevant data for
Alpine conditions. Despite being located within a DFIR, wind had a notable influence and a
significant proportion of the images were affected by blowing snow (frof 8r aggregates

up to 75% for small particles). Once those images removed, it is interesting to note that the
aggregates dominate (40%) against all other types, followed by graupel (20%) and then planar
crystals (10%). It should also be noted that there many small particles (24%), too small to

be correctly resolved by the MASC resolution (abouB®f. Finally, the size range is large,

with a larger proportion of small particles when blowing snow time steps are not removed,
as expected.

The ICEPOP MASG data set provides relevant data for n@ipine conditions. Similar to the
experimental seup in Davos, the MASC was in a DFIR, but the proportion of images affected

by blowing snow is lower than in Davos (from 12% for combination of columnar and planar
ONB&GFfa dzLd G2 nce> F2N) O2f dzYylF NJ ONBadltaoo
affected by the filtering compared to Davos (from 36 to 30%, while it was from 41 to 25% in
Davos). Here as well, the dominant type is aggregate (44%), followgdaupel (16%) and

planar crystal (6%). The removal of blowing snow time steps has a smaller impact on the size
distribution than in Davos.
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The DDU MASC data set provides unique information about Antarctic snowfall microphysics.
The filtering on the imag quality is less severe than for the two other data sets, mostly
because the DDU set consists of a large majority (80%) of small particles (before blowing snow
filtering). As expected because of the strong and frequent katabatic winds as well as because
of the lack of wind shield, the data set contains much more images corresponding to blowing
snow, with a proportion going from 60% for aggregates up to 94% for small particles. After
removal of blowing snow images, the dominant type remains aggregate {@8&tyed by
graupel (15%), but it must be noted that small particle still represents 46% of the total. The
size distribution indicates that there are less large particles and more small ones than in the
lower latitude data sets.

3.3.2 Airbus Helicoptergirborne Measurements

The campaign took place in South of France during 2017/2018 winterinthin objectiveto
support thedevelopment andertification of Airbus Helicopter vehicles in inclement weather
conditions (snow precipitation conditions), CNRS iretiadl PIP on a test vehicle. Three flights
were conducted in order to sample snow precipitations. The results from two flights, labelled
A and B, are presented here. For each flight, sevenairite periods (P-P3 for flight A and
P4-P7 for flight B) of iterest have been selected based on following criteria:

A stabilized flight conditions, variation of Altitude, Roll, Pitch and TAS less than few %

A constant temperature;

A no large variations in terms of particles populations, based on subjezsiiation of the
shape aspects conservation of particles images during one period.

The selected periods of intere§including average CW@je summarized in th&able3-3

below:

Flight ID | Periods of interest (UTC) Mean temperature (°C) CWC (g/m)

P1:10:48:2@ 10:50:20 | -4.00 +£0.44 0.705
A P2:11:06:4@ 11:08:40 | -4.05+,0.13 0.916
P3:11:45:0@ 11:47:00 | -3.00 +£0.12 0.974
P4:09:46:20¢ 09:48:20 | -2.75 ++0.00 0.173
B P5: 09:50 0@ 09:52:00  -2.75 +,0.03 0.246
P6: 10:00:0@ 10:02:00  -3.21 ++0.10 0.291
P7:10:51:4@ 10:53:40 | -2.60 +£0.9 0.860

Table3-3: Flights of theAHcampaign

3.3.2.1 Tools and Methods

The Helicopter was equipped solely with a Precipitation Imaging Probe (PIP, DMT Inc.,
Baumgardner et al. 2001 This probe records 2D projected images of every partictessing

its sampling volume. With its linear array of 64 photodiodes, the probe is able to record
precipitation sized particles (axup to 1 cm) with a resolution 100 um. The mass of individual
snow particles is retrieved from the 2D images using Bater and Lawson 200@6nass
retrieval method. More details on OAP probe image processing is given in chapters 5.1 and
5.4.

The Condensed Water Content (CWC) and Median Mass Diameter (MMD) are estimated from

the masssize distributionsMSD. The CWC is the culaiive mass of hydrometeors per
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volume of air and the MMD is defined as the particle diameter that splits the cumulative mass
size distribution in two halves: half of the CWC is carried by particles smaller than MMD and
particles larger than MMD carry trether halve.

¢CKS LI NGAOESAaQ @SN 3IS odzZ { RSyaarde
I 9SNF 3SR Yl aa 60GKS adzy 2F GKS LI NI A Of
in the bin) by the volume of a sphere with diameter equathte bin midpoint

X O
"0 (PO"
“0O

For each perid of interest, mean values @ercentie valuesare calculated from 1 Hz results.

Aa OF £
§5Q AyF

3.3.2.2 Results

In below figuregFigure3-7, Figure3-8, Figure3-9), fewresults of the analysisf flights A and

B ofmeasured snow and precipitating ipeoperties are illustrated in subsequent figures in
terms of number size distributions (NSD), mass dig&ibutions (MSD), and density size
distributions:

a) Variability of snow number size distributions (N8Ding two flights

Fight n°A Flight n°B
1.0E+00
1.0E+00

1.0E-01
1.0E-01

1.0E-02 [
1.0E-02

1.0E-03
1.0E-03

1.0E-04

NSD #L/ium
=
=
m
s
®

NSD (#/L/pm)

1.0E-05
1.0E-05

1.0E-06
1.0E-08

1.0E-07
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Figure3-7: number PSD duringirbus Helicopterdlight periods P1P7
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b) Variability ofsnowmasssize distributions (MSD) during two flights
Fight n°A Flight n°B
1.0E+00 1.0E+00
et

1.0E-01 1.0E-01
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Figure3-8: Modelled mass PSD using Baker and Lawson mass parametrisation.

c) Derived bulk snow/ice particle densgyze distributions during ta/flights

Flight n°A Flight n°B
1.0E+01 1.0E+01

—— Dry Snowflake (Holroyd 1971) —— Dry Snowflake (Holroyd 1971)
—— Period 1 —Period 4
—— Period 2 ——Period 5

1.0E+00 Period 6
—— Period 7

1.0E+00

1.0E-01 1.0E-01

Density (g/cm3)
Density gicm?®

1.0E-02 1.0E-02

1.0E-03

1.0E-03 0o 1 2 3 4 5 6 7 8 9 10 11 12

0 1 2 3 4 5 6 7 8 9 10 11 12

Dmax (mm) Dmax (mm)

Figure3-9: Derived density distribution

The comparison between the numbgee distribution®f various flight periods of flight A and

B illustratesthe variability one may expect in the size distribution of snow particles. During
flight A for example, the concentration of 5Qn large particless about10 timeslarger in

P1 (between 1 and 2of air) compared to P3 and the drop in concentration with size is more
pronounced in P1 than in P2 and P3: there is a two orders of magnitude difference for 6 mm
large particles between P1 (less than patticle per cubic meter) and P3 (about 4&mSuch

large concentrations of 6 mm and larger particles is not found in the four periods of flight B
where NSD curves look similar to P1, despite the overall less numerous particles observed
during the perials P4 to P6. The total number of particles larger than 1.2 mm ranges between
576 m®(P5) and 3409 m(P7).

An exponential modeld( © 0 'Q ) is fitted to the NSD values in the 2 to 6 mm size
N} y3aSed ¢KS &f 2LIS LI NF YS (BSimbgAirtscaks vaties ffoSilRne 6 &
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period to another: the shallower slopes dmindfor P2 and P3 (10 and 6.5 gmespectively),
GKSNBIFE& ff 2GKSNJ LISNA2RE S E@&hdig 20ccmforPBlE OK I N
For the seven periods, a tgraral series of Median Mass Diameters (MMD) is calculated. The

25", median and 78 percentiles are given in table 5. Median MMD values range frdf 1.

(P1) to 3.85 mm (P3), demonstratitfte strongcontribution of millimetric particleso the
snowmassin the atmosphere The largest values are found for P2 (2.65 mm) an(BR%

mm) periods where the slope parametesthe lowest.

The densityrelationsretrieved for P1 toP3 (left) are similar with a valfed.12 g&m? found

for 1-mm large particles, 0.03 g/chfor 4-mm aggregates and less than 0g)tm? found for

1-cm aggregates (P3).The variations of density with size is a regular decrease thatebuld
be modelled with a single power law model, suggesting that millimetric particles have similar
average mass properties, hence a more uniform distribution of shapes over an extended size
range. In contrast the pattern of variations of the density |laefsieved for the periods P4

and P7 of flight B is more irregular: for P4, the density-ofr2 large particlegquals 0.025
g/cm? and then increases to about 0.04 g/&for 3-mm particles. Since the density is mainly
O2yUNRff SR o0& (K< irredulNiities &ré &hanQicatiok of charges inKHe
dominant habit of the particles sampled over the 120 seconds of P4 from one subinterval to
another.

The experimental values are compared to the density law deriveddisoyd 1971for dry
snowflakes (fotted in purple). The density values retrieved for the snow particles observed
in the Airbus Helicoptersampaign are found to be systematically lower than the values found
by Holroyd 1971 for dry snow. Most of the difference is likely due to the defimiif the
reference volume used to compute density: Holroyd 1Biilt uponMagono and Nakamura
1965where the particles mass is divided by the volume o&lipsoidwhich is by definition
smaller that the reference volume (volume of a sphere with diamBk@y used in this study.

The different microphysical quantities derived for the seven periods oAtHmus Helicopters
dataset are summarized ifable3-4.

\ (mm)
Period CWC (g/if) < 6% /12°§ (25", 50" and 75"
(#/m?) percentiles)

P1 0.705 1.685 1659 1.1231.187 1.273
P2 0.916 1.003 1982 2.4902.649 2.784
P3 0.9174 0.647 1703 3.617 3.848 4.066
P4 0.173 1.425 595 1.1431.338 1.539
P5 0.246 1.097 576 1.5801.912 2.290
P6 0.291 2.047 1381 1.4211.476 1.552
P7 0.86 1.749 3409 1.5621.7251.921

Table3-4: Microphysical properties retrieved from tharbus Helicopterslataset

3.3.3 Falcon 20 MT2010: Airborne Measurements

The MeghaTlropiques 2010 field campaign took place in Niamey, Niger in August 2010 during
the monsoon period. The objectives were to collattsitu data in Mesoscale Convective
System in order to calibrate/validate the remote sensing inversion algorithms used to retrieve
cloud products from the Megh@ropiques satellite measurements. Five flights were
conducted with the French Falcon 20 (F283earch aircraft from SAFIRE. For each flight,
three 2minute periods of interest have been selected based on the following criteria:
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A Ambient temperature betweenl0 and +2 °C
A CWC larger than 0.1 g/m3
A straight and level flight.

The selected periods of intest (including average CWC) are summarized inTéigle 3-5
below:

Temperature CWC

Flight ID Periods of interest (UTC) C) (g/m?)
P1:18:04:59¢ 18:06:59 -10.0 0.50

15 P2: 18:21:04 18:23:04 -10.0 0.46
P3: 18:42:3@ 18:44:30 -4.7 0.60

P4: 10:24:42,10:26:42 -9.8 0.30

17 P5: 10:30:3%2, 10:32:32 -9.6 0.25
P6: 10:55:42, 10:57:42 -6.7 1.11

P7:14:32:1@ 14:34:10 -3.4 0.91

18 P8:15:00:40¢ 15:02:40 -9.9 0.71
P9: 16:05:3@ 16:07:30 -9.7 1.28

P10: 11:26:32,11:28:32 -9.4 0.33

19 P11:11:32:02, 11:34:02 -4.1 0.44
P12:11:39:02, 11:41:02 -0.60 0.20

P13: 01:25:48 01:27:48 -6.9 1.42

20 P14: 01:29:0§ 01:31:08 -5.7 1.0
P15:02:14:58¢ 02:16:58 -5.1 1.28

Table3-5: Selected data from the MegkEropiques 2010 campaign

CWC values range from 200 md/fP12) to more than 1 g/ (P6, P9, P135). The
temperatures range from10 to almost 0°C (flight 19P12, where the sampling altitude is
about 4.5 km high). Note that the dynamic and thermodynamic conditions prevailing in West
African MCS (deep convection, high moisture) are meant to be representative of the
atmospheric conditions conducive to snow fall. However, the daitected inthe lower
portion of the anvils osuch MCS might still enclose interesting microphysical properties,
especially for the large particles growy aggregation.

3.3.3.1 Falcon 20 MT2010: Tools and Methods

The F20 was equipped with a-8bereo probe (2E5, SPEC Incawson et al. 2006and a PIP.

The 2DS records 2D projected images of every particles crossing its sampling volume. With
its linear array ofL28 photodiodes, the probe is able to record particles larger than 1.28 mm
with a resolution 10 um. The data of the two probes are combined in order to derive
composite spectra (concentrations, size distributions and mass distributions) spanning 10 um
to 1.28 cm. The 2{3 data are used from 10 to 800 um. The PIP data, binned irionl\@ide

size bins to match with 28 are used in the 12602800 um size range and in the overlap
800-1200 pm, data from the two probes are combined with linear weighting, agildeltin

Leroy et al.(2016).
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t F NOAOEt SaQ AYRAODGARIZ f YI&aa Aa O f Bakdr bnd SR
Lawson 200&nd particle bulk density is calculated as explained in se@ti®r2.1

T NJ

3.3.3.2 Falcon 20 MT2010: Results

The composite PSD obtained for the 3 periods of flight 18 as well as déulednow/ice
particle densityare given irFigure3-10as an example.

Flight n°18 Flight n°18
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Figure3-10: Number PS2nddensity distributiors duringflight n°18 of MT2010fight periodsP7-P9.

The more quantitativeresults of the microphysical properties retrieved from the Megha
Tropiques2010 datasefor all 15 periods are presented Trable3-6: Microphysical properties

retrieved from the Megha Tropiquesnmn RFGF&aSdie® Ly F2dz2NJ OF aSa
calculated due tahe scarcity of particles in the considered size rariger almost all the

periods, the exponential model WeRS & ONRA 6 Sa& GKS QI NARFGAZ2Y 2F L
aAlT S ¢KS aAl S RAaAGNRodziAzya KF@S o0SSy |yl
concentration of particles larger than 1.2 mmu£d). For 4 periods (PR6 and P14), the linear
regression could rdoe performed due to the small amount of particles in the 2 to 6 mm size

range. For these periods, the MMD values are smaller than 600 pm which confirms that these
cloud areas were dominated by small particles. For the remaining 11 periods, the slope
parameter varies from 0.76 to 1.65mig A 0 K | (GSYy RSy Oe& F2NJ < (2 A
concentration of particles larger than 1.2 mm (computed from the PIP data only) varies from

261 to 4575 particles per cubic meter of air, increasing as CWC increases.

Findly, the median MMD values calculated for each period from the series-s#cbnd
averaged 24 MMD values are presented in the last column.

, mm
Period CWC(g/M) | < O0YY Nio(#m?3 (50" perE:enti)Ie)
P1 0.50 1.47 847 1.045
P2 0.46 1.52 1404 1.635
P3 0.60 0.98 1453 3.145
P4 0.3 - 261 0.495
P5 0.25 - 613 0.515
P6 1.11 - 1146 0.605

ICE GENESIB2020- 824310
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P7 0.91 1.02 2244 2.675
P8 0.71 1.20 1835 1.645
P9 1.28 1.65 3344 1.235
P10 0.33 1.18 743 2.385
P11 0.44 0.85 965 2.405
P12 0.20 0.76 305 2.04
P13 1.42 1.81 4575 1.205
P14 1.0 - 918 0.485
P15 1.28 1.60 2998 1.095

Table3-6: Microphysical properties retrieved from the Megha Tropiqes M1 Rl G ASd® Ly F2 dzNJ ¢
could not be calculated due tihe scarcity of particles in the considered size range

Figure3-11presents the average densisize law calculated from the selected periods of the
Megha Tropiques dataset. This empirical law (black cross) is derived by taking the average of
the 15 densityvalues calculated for each bin. The grey shaded area, delineated by the
minimum and maximum values calculated in each bin, illustrate the variability associated with
the average law.

102

+  MT2010 - Mean
power law model (1 to 6 mm)

——— MT2010 - minimum
— MT2010 - maximum
———"Dry snow (Holroyd 1971)
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Figure3-11: Mean partcle bulk density retrieved for the selected data from Megha Tropiques 2010 campaign

The purple curve shows the power law model fitted to the data on the 1 to 8 mm size range.
For particles larger than 1 mm, the relation between density and size is giée following
equation:

"0 mpmOe® W O waa

Asobservedn the example of flight 1@-igure3-10), the retrieved bulk densitgf the particles
sampled in MCS is found smaller than the model proposed by Holroyd for dry snow,
suggesting either the low melted fraction, if any, or the more elongated shape of the
aggregates present in MCS.

ICE GENESIB2020- 824310 © ICE GENESIS Consortium Page34



D5.7- Synthesis & Characterization of snow microphysical properties Co
10/02/2023

4 ICE GENESS and G'T measurement campaigns

4.1 Instrumentation selection for F/T measuremenfmore details in ICE
GENESI&eliverable D5.1)

Within ICE GENESIS the French ATR42 research aircraft frols SN RBerformed aflight

test campaign out of France/Switzerland represegta totd of 20flight hours. The primary
objective is to best characterize snow particle microphysical properties to complement
existing partial databases with a set of data for detailed microphysical closure studies of snow
crystal populations. These pariments providd a modern extensive data set of snow
conditions to be taken into account for icing studies and as such will be a unique resource for
fundamental research, development of snow capabilities and for airworthiness authorities.
This collaborave task has been performed with the overall objectives to:

1 Synthesize the state of the art and to specify of the F/T measurement needs of snow
and
1 Review the respective available instrumentation in the scientific community (in
particular the ICE GENESt8sortium).
Most sophisticated state of the art in situ measurements are particularly adapted for number
PSD measurements (individual snow particle imagery) of falling snow, bulk condensed snow
water content measurements, and optical measurements of aargight scattering. In order
to extrapolate the knowledge of in situ snow measurements beyond the flight trajectory,
active remote sensing is used, with in particular Webandcloudresearch radar (Doppler).

The requirements for the selection of the mi@lequate microphysical payload for research
aircraft have been to:

1 Perform quantitative measurements of single ice particle properties from 2D imagery
for N(D), m(D), MMD. We expettrather weak mmber concentrations of snow cloud
particles far below trystal per liter and of ice particle sizes from few micrometres (or
tens of micrometres) up to 4 cm, the latter are considered as very large snowflakes;

f t SNF2NY KAIK NBaz2fdziAzy AYIFISNEB F2N aljdz €

allowed to collectvaluable and necessary information in flight with respect to most

detailed crystal morphological description of individual snowflakes includiming
degreeand if possible reveal some indications on the dry/wet status of snow;

Ensure and quaify bulk/integral measurement of IWC/TW/ to maximum 2gns;

Detect and quantify supercooled water coexisting with snow patrticles, if encountered

during flight missions.

The ATRI2 measurement campaigfocused on the insitu and active remote sensing

characterization of falling snow events. Therefore, one important strategy in the ICE GENESIS

projectwasto evaluate cloud Doppler radar observations-fahd for ATRI2) with stateof-

the-art in-situ microphysical measurements on the flight trajectory. Tndti-beam 95 GHz

Doppler cloud radar RASTA (RAdar SysTem Airldenotat et al. 2004, allows retrieving the

three-dimensional (3D) wind and microphysical properties of clouds (IWC, terminal fall speed)

in a vertical crossection along the flight trackn thick ice clouds (including precipitating
ones).

The ATRI2 in situ payload configurationgasadapted to cover the complete size range of

2D imagers for quantitative number and size analysis (from optical array probes, OAP, with
good statistics from@3to 10* snow partite images per second of flight). The ARpayload

also containedptical spectrometers for supercooled water detection and quantification, as
well as bulk TWC instruments.
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The high volume particle spectrometer (HVPS, OAP imagsup&antially increasing the
maximum measurable size range (19.2mm) as compared to the state of the art precipitation
imaging probe (PIP, OAP imager) with maximum measurable size of 6.4 mm. Cloud imaging
probes CIP and 2B (2BStereo)gave agood descrifion of the shape of snow crystals in the
intermediate size range. A considerable effort in bulk TWC measurements consists in the
modification of the ATR2 CVI cloud inlet, thereby adapting the inlet to perform properly in
snow conditions. The calibratioof NEVZOROV and ROBUST probes in snow conditions is
unknown, even though the ROBUST and also the NEVZOROQV probes have been compared to
the IKP2 in the frame of the HAIC project for temperature ranges arodridC resembling

snow measurement temperatureSherefore, the Snow CVI is considered a 100% reference
probe, which is due to its measurement principle of sampling all hydrometeors thereby
rejecting entirely background water vapour. The Snow CVI measuremantse used for

better TWC estimations of ROBUSIO AIEVZOROQV probes on research aircnaftt having a

CVI probe.

Particularly, the entire datasetllowsan improved closure of IWC estimates from different
measurements and retrieval methods: bulk TWC measents, TWC from 2D imagery
(different approaches: using PSD and crystal geometric parameters, area A(D), mass m(D)
relations), combined retrievals (radar reflectivity Z and terminal fall speed of hydrometeors
Vil + particle size distribution (PSD)).

Theabove rationale for A/C instrument recommendation is resumed in the subsedgute

4-1, presenting current state of the art instruments for snovejperties measurements, the
AYAGNHzYSyidaQ YSIF&aAdz2NBYSYyd LINAYOALX Sax FyR |
instruments. The instruments in red colour are those that are recommended within this task
and that will be used for ICE GENESIS flegits$ onthe ATR42.

Particle sizes in snow environments
1pm 10 pm 100 um 1mm 10mm

CIP, CIP-Grey, 2D-C
2D-S

Individual Imagery:

PIP, 2D-P
- CCD camera HVPS
- Photodiode array CPI, Hsl, Hawkeye
PHIPS
Airbus Nephelometer
oteorel/ Sl Iedniguss evz0ro IWG/IWG, LWC-100, King IWC2gm3____
IWC, TWC, LWC: —
WCsh (VI Hygrometrie) ;"2 gme3
Robustprobe TWC/IWC:6:10gm:3 .
WRICE supercooled waterdetector,,

Figure4-1: Recommended F/T instrument combinations, measurement techniques, size ranges covered by
individual instrumental devices. Instruments in realor will be installed on YAK2 and/or ATR42.

4.2 Airborne measurements of snow crystal populationsnore details in ICE
GENESI@eliverable D5.6)
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Extended detail®n airborne snow measurements within ICE GENESIS can be foilmed in
deliverableD5.6 (Flight Test Report & Analysis (FTRAR&SAFIRE ATR#A&Id campaign

The ART42 flight campaign (AIH, CNRS), was limited in time and took place-8biahtiary
2021. Overall this winter campaign in the Jura Mountairas a success. A climatology study

of snow conditions led to the decision to fly during the second half of January. The radar
research systems operated continuously during the month of January 2024 ,iribluding

the period when the ART42 sampled snow clouds at chosen flight altitudes during five
research flight§2021 SAFIRE AR flights 04, 05, 06, 07, and 08)

& 3 T\ -

(AR ERNALNS

Q-FRANCE =% © FoTo [
CIP [25-50um]

PIP [100-6200um]

ar s
CDP [2-50um] and Robust (TWC)
2D-S [10-1280pm]
HVPS [150-19200pm]

Figured-2: ATR42 scientific instrumil configuration. Microphysics isitu, Cloud remote sensing, and Icing
devices.

A specific collaboration with MeteBrance and Meteduisse was also sap in order to
provide meteorological support during the campaign and make the best use of avélilgtitie
hours.

The [ns:[ruments fo'r thq ATI34? paquagl were selqcted according to thAe regommendations
YIRS Ay (KS RStAGSNIroftS 5pom a{StSOGA2y 27
where a comprehensive review of stabé-the-art flight test insruments can be found. The
location of the different instruments comprising the scientific payload is showigure4-2.

First and foremost, the ATR4scientific payload included a suite of cloud microphysics
instruments installed outside the aircraft on five undeing stations and on fuselage hard
points. These probes sample clouds and precipitation and provide high quakiyuin
measurements of ssw microphysical properties (individual size and shape) as well as derived
hydrometeor number particle size distributions (PSD), total or ice water content (TWC/IWC),
with high spatial resolution (100 m typically) along the aircraft trajectory.

The insitu microphysics instruments with their characteristics are listefahle4-1.
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Cloud Droplet Probe (CB®

DMTInc., Scattering probe

DSD, 350 um, res. 2/4 pm
LWC

2D-Stereo (2B8)

SPEC Inc., Imager (OAP)

PSD, 10 puml.28 mm
B&W images, res. 10 um

Cloud Imaging Probe (CIP)

DMT Inc., Imager (OAP)

PSD, 10 prdl.28 mm,
B&W images, res. 25 pm

Spectrometer (HVPS)

Precipitation Imaging Prob{ DMT Inc., Imager (OAP) PSD, 100 prg 6.4 mm
(PIP) B&W images, res. 100 um
High Volume Precipitatio SPEC Inc., Imager (OAP) PSD, 150 umg 1.92 cm,

B&W images, res. 150 um,

Counterflow Virtual Impactot
(CViSnow),

LaMP & Enviscope GmbH

CVlinlet + 5 hygrometers (Vaisala HMT 330/2
Licor 850, TDL, chilled mirror, Lym&an0)

TWC

ROBUST W&D00 probe SEA Inc., Hatire type probe TWC
Nevzorov SkyTech Inc., Hatire type probe TWC, LWC
LWG300 DMTInc., Hotwire type probe LwcC

Tabled-1: ATR42 Scientific payloa&now cloud microphysical instrumentation

The second cerinstrument deployed on the AZR is the combination of the mulbeam 95
GHz Dopmr cloud radar RASTA (RAdar SysTem Airb&nogat et al. 2004 Delanoé et al.
2013 and theside facing bistatic FMCW (Frequency Modulated Continuous Was)léD
cloud radar BASTA (Bistatic rAdar SysTem for Atmospheric stDdiles10€ et al. 2016
RASTA allows to retrieve the thresimensional (3D) wind, and particularly microphysical and
radiative properties of clouds (IWC, visible extinction, particle size, terminal fall speed, and
concentration) thanks to the multibeam configuratioRidure 4-3Figure 4-3: RASTA and
BAST Aonfiguration on board the ATR42. Green arrows show the pointing direction of BASTA

FyR of dzS I
pointing).
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Figured-3: RASTA and BASdawfiguration on board the ATR42. Green arrows show the pointing direction of
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A snow accretion monitoring /recording device was specifically developddraegrated on
ATR42HKigure4-4). It is consistingf a deiced cylinder (décing on demand) and a camera to
record potential snow accretion.

Hgure4-4: Snow accretion monitoring
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4.3 Ground neasurements of individual snow crysta(s situ) andretrieved
snow microphysicsin the atmospheric column using ground based

remote sensing observationseealso ICE GENESEiverable D5.5)

Extended detail®n ground measurements can be found in deliverable D5.5 (Ground Test
Report & Analysis (GTRA) for Radar Ground Test).

The grand based part of the ICE GENESIS campaign (EPFL, CNRS) included multiple
instruments Figure 4-5), for both insitu and remote sensing measurementdheTfield

campaign was located in the vicinity of La Chdesfonds, in the Swiss Jura, at 1020masl.

A suite of remote sensing instrumentswRS LJt 28 SR G GKS OAG&@ | ANLR
was the main ground site with a higtensitivity Xoand Dopple spectral profiler (ROXI), a K

band Doppler spectral profiler (MRR), a dpalarization Wband Doppler spectral profiler
complemented with an 89 GHz radiometer (WProf), an additionddand profiler (BASFA

mobile), and a scanning system (BALI) compo$edW-band radar (mirBASTA) and a 808

nm micropulse lidar. BALI performed hemispherical scans during aircraft flights, along the
direction of the flight track.

Two secondary sites completed the setup. A MAltigle Snowflake Camera (MASC) and a
sonic aemometer (CSA3) were installed about 500 m away from the landing runway, within
the enclosure of a MeteoSwisgeather station of the SwissMetNet network (site 2). This
installation provided a detailed 4igitu charaterization of falling snow at grounevel. The
weather station complements the measurements with standard atmospheric variables, as
well as precipitation amount and snow height.

Finally, an »and polarimetric radar (MXPol) was deployed 4.8 km away from the airport (site
3), and performed Bninute scanning cycles with 4 RHI scans in the direction of the main site,
as well as one verticaird bathPPI scarit collects measuremestof standard radar variables
with dualpolarization: Z, R Kip, €tc. The detailed descriptiaf the variabless provided in

DEL 5.6In addition to thesea hydrometeor classification algorithm (Besic 2017 and Besic
2018)is run which retrieves the proportions of various hydrometeor types (e.g. aggregates,
rimed particles, crystals).

An operational @and polarimetric radar of Mété&rance, located 36 km to the NE of la
Chauxde-Fonds, performs routine volume scans at lelevations, thus providing additional
large scale coverage of precipitation systems in the area of interest.
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|Safire ATR42)

site 3

Figure4-5: Instruments deployed in the three ground measurement sites during the campaign

Thesynoptic weather situation during the timeframe of the campaign was dominated by a
succession of low pressure cells over Néfflestern Europe, which maintained mostly
dynamic and wet conditions over Switzerland, and was favourable for the campaign. Betwee
January 23 and January 27, the weather was cold enough to bring snowfall at ground level,
while the last days of January were characterized by warmer temperatures with rainfall at
ground level, and a melting layer around 1500 to 2008msl. 140 mm of t@l precipitation

were recorded during this period (Jan-2&@n 3%, during 120 hours of precipitation, whereof

70 hours were snowfall at ground level at the airport site. As showfigare4-6, ground
temperatures during precipitation events ranged freénto +6°C.
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Figure4-6: Top: Time series of radar reflectivity from WProf, during the-Ad Rightperiod. Bottom: Average
hourly temperature at ground level, during precipitation, cetmded for positive (red) and negative (blue)
temperatures

The MASC instrument operated from December 2020 until February 2021 with minor
interruptions. Inparticular, it operated continuously in the ABR flight period in January
2021 Figure4-7). As noted in the previous section, the temperature ngeound level was

often close to 0°C, sometimes slightly above, sometimes below. The MASC thus often
recorded melting snowflakes or rainfall (rainfall data are not reliable for this instrument,
though).
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Figure4-7: Time evolution of hydrometeor types recorded by the MASC near ground level
and average proportion of particles showing melting morphology (MASC data averaged over 1 h consecutive
intervals). Only MASC data collected at temperatures lower tham2*@hown and hourly time intervals with
at least 5 particles recorded.

ICE GENESIB2020- 824310 © ICE GENESIS Consortium Page42



D5.7- Synthesis & Characterization of snow microphysical properties Co
10/02/2023

5 Characterization of snow microphysical properebased on in
situ flight data

5.1 Microphysics mstrumentsutilized for the final characterization

The ATRI2 scientific payload includea suite of cloud microphysics instruments installed
outside the aircraft on six undewving stations and on fuselage hard points. These probes
sample clouds and precipitation and provide high qualitgitn measurements of snow
microphysics such as Totallce Water Content (TWC/IW@umberParticle Size Distribution
(PSD) and patrticle concentrations with high spatial resolution (approximately 100m) along the
FANDONI FG GNI2SOG2NE Fa ¢Sttt Fa RSGlIAfSR
properties (individual shape and siz#). below table areecalledsolely those instruments

that were utilized in this deliverable to produce the final resuti§the in situ derived snow
properties. The complete table of all instrumentsin¢luding severalinstrumental
redundancies) has been presented and extensively discusSebie 3 ofieliverable D5.6.

Name Manufacturer, Type Outputs
Cloud Droplet Prob¢ DMT Inc., Scattering Probe Droplet Size Distribution, -30um,
(CDR2) resolution 2/4um
LWC
2D-Stereo (2E6) SPEC Inc., Imager (OAP) PSD, 10uAi.28mm, res.10um
Black and White Images
Precipitation Imaging DMT Inc., Imager (OAP) PSD, 100pA6.4mm, res.100pum
Probe (PIP) Black and White Images
Counterflow Virtuall LaMP & Enviscope GmbH CVIin TWC
Impacter (CV¥Bnow) | + 3 hygrometers Kicor 850, TDL
Buckchilled mirrop

Table5-1: Microphysics instruments used in this deliverable from the-AZRayload

The twoOptical Array Probes cited ifiable5-1 are used to image and count particles from
about 10um up to 6.4mn{and even 12.8 mm using the reconstruction sifigle/double
truncated imagesKorolev and Sussman (20Q0with pixel resolutions of 10ur(for 2D-§

and 100um(for PIP) In these probes, the faduilt-in electronics allows the&ounting of
particles crossing a laser sheet and tiespectiverecording(as a function of timedf a 2D
black and white image of each particle projected onto a linear array of photodiddhese
OAPprobes are particuldy well adapted to count and size snow ¢ajs and snowflake © ©AP
measurementsre prone to artefacts such as shattering and partial imaging of large particles,
out-of-focus imaging of small particles, and electronic failures. These artefacts areiatentif
and corrected using posgirocessing algorithms described in detaiLgroy et al. (2016)

The valid or corrected images are then analysed in order to extract geometrical and
morphological information from individual particle©ver the years, theCNRSaMP
laboratoryhas also developed single particle analysis for OAP images (illustr&iigdiig5-1)

that produces the followingize andshapeparameters for everngingleparticle: maximum
length passing through the center of gravity (also called Dmax), vadtthe diameter
orthogonal to theabove D_maxDiameter of the smallest circle englobing the iméiips is
another D_max definition) D_x D_y, perimeter, projected area, surface roughness,
sphericity, aspect ratio, area ratio, area of holes, order of symmetry and fractal dimeAsion.
composite number PSD spanning-IZB00 um (combining 2B6 and PIP image data
ICE GENESIB2020- 824310 © ICE GENESIS Consortium Paged3
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presented here for ICE GENBS$Sproduced by merging the data from the-3Dand PIP
accumulated over 5 seconds of flight (about Knbat typical ART42 airspeeds).
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Figure5-1: Extracted geometric information of angleparticle.

The CVBiow is a LaMP thouse development that uses an Enviscope GmbH CVI inlet
modified for the purpose of snow measurements in the framework of ICE GENESIS.-The CVI
Snow is considered as the reference probe for bulk snow water contentigampaign. In

this twofold instrument, particles such as snow crystals and flakes are first collected through
a counterflow virtual impaction syste(®chwarzenboeck et al. 20Dhto a heated snow trap

and evaporated in a hot and dry air environment. Tasulting water vapour is then brought
inside the cabin to a set of three high tech humidity sensors (Tuneable diode laser, Licor 850,
Buck dew point sensor). The TWC (LWC+IWC) is retrieved from tisaineeavater vapour
mixing ratio and

Finally, he Clowd Droplet Probe is an optical scattering spectrometer that measures cloud
droplet size distribution (DSD) in thesBum range, total droplet concentration, and LWC in
liquid clouds. It may be used to discriminate mixgthse conditionswhere supercooled
liquid droplets are present.

5.2 Classification of OAP images

Snow crystals and flakes may exhibit a variety of shdppending on how they accumulated

mass. Within the life cycle of ice crystalsthree primary growth processes have been
identified: water v@our deposition, aggregatignand riming. Water vapour deposition

manifests itself by crystals with sharp edges, symmetrical shapes and relatively smooth faces

such as columns, dendrites, cappealumns or bulletrosettes. Aggregation happens when

two or more ice crystaladhere to eah other after collision, the resulting crystal is usually

large and complex and is called an aggregate. Finally riming is defined as the collection of
avylffs adz2ZJSNO22f SR RNRLIX Sia o0& Iy AOS ONEadll
shape a&d changing its surface roughness.

OAP black and white images can be used to identifyctisgacteristic shapes resulting from

one or more of the three primgrgrowth processesifge OARMaging probes arprodudng

10°to 10*images per second (order ofagnitude) an automatic classification tool is required

for this task. Using Convolutional Neural Network®R& aMP has recently achieved to

develop such a tool with promising resulfaffeux et al2022). Themorphologicaktlasses for

the PIP and th@D-S are presented iffable5-2.¢ KS (¢ 2 LINR 0 S &lgoritAnis | LIS NX
by CNNhave five classes in commoumith in additionthree specific classdsr the 2DS and

one specific class for the PIP. The defined classes were primarily chosen for scientific reasons,
however depend to a minor extent also qamobe limitations in terms of size range and
resolution (for both probes) The conditionsfor usingthe CNNalgorithm are that the image
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has enough pixelgleads to minimum size threshold for the analysas)d that it is not
truncated ¢thus, notLJ NI A f £ @ 2dziaARS 2F GKS LINRo6SQa

The ability of automatic OAP imageasdificationhas great benefits in the scope of the
guantificationof the snow microphysicglroperties andgrowth processesFirst it represents
very useful information to identify what is the dominant microphysical process happening
inside a cloud at aigen time(including nevertheless entire life cycle of the cryst@8gcondly

it can be used to explain the variations in crystal geometric descrippamticularly bulk
density. And finally, it provides a detailé#D representation of hydrometeors thatan
possibly be used byodellersof WP10.

Class name Supported probe | Examples 2DS(>300pm) | Examples PIP(>2000pm) Description Dominant micro-physical processes
2 m m 2 m m Vapor Riming | Aggregation
Compact particles 2DS, PIP B Heavily rimed, compact, Graupels
P r ] L2389
| .
[
© L4005
Fragile aggregates 2DS, PIP Irregular, likely aggregated, unrimed, weak
p u‘] ﬂ bridges I
Columns and Needles 2DS, PIP m “ n “ Singular columns, needles or sheethes
(Co) G
S [S
\|
2Ds, PIP y;] . r1 [0} Singular stellar dendrites or plates
Hexagonal planar | B 5:] | B
crystals = e
(HPC) N 3
- m ;:! L! a
Rimed Aggregates PIP Truncated on 2DS Large, likely aggregated heavily rimed
(RA) h !
® Xl k.
Combination of 2DS,PIP gl 4 Bullet rosettes, aggregation or combination
bullets or columns el k m of bullet rosette and/or columns. Only
(CBC) . aggregated columns and/or rosettes for the ==
- X
4 2
Complex assemblages 2DS N P9 Resolution is not adapted | Unrimed, aggregated or not, combinations
of planes, columns, u to see small details or of plates, columns, dendrites
dendrites* 3 . render clear edges [
(cA)
S ;
.
Capped columns 2DS No capped columns of size
(CC) >2mm
— [oe— =
S
@ o8 4
Water droplets 2DS No 2mm droplets in ice
(WD) (- clouds I I

Table5-2: Morphologicalclasses usetbr CNN shape recognition of Zband PIP imageG&reenand redcircles
indicate presence/absence of growth regintising particle growthGray circle means the migohysical
process might have happened at some point but there islaar evidence.

5.3 2D &3D descriptors from 2D images

In collaboration withWPL0, acceptable meant derive 3Bdescriptors from 2D imagdwmve

been developed. These 3D descriptors are used as model inputs for accretion models. Their
definition depends on the oblaté prolate approximation for snow crystals, illustrated in

Figure5-2.

ICE GENESIB2020- 824310
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Figure5-2: Oblate (left) and prolatéright) spheroids as 3D approximation for snow crystals from 2D images. In
the oblate case, a=Dmax andwidth. In the prolate case a=width and c=Dmax .

The2D and3D-descriptors are computed for every complete image with enough pixels. Dv is
the diameter of a sphere of same volume as the ellipsoid of the corresponding iflage.
most important equationselated to the spheroid approach giving access to 3D descriptor
related snow quantities are given frable5-3.

Full name Abbreviation | Formula SET) parameter

required

Aspect ratio (for As o — h = (Figure5-1) or Length, Width
conversion of 20 C0E &b O
image into 3D bi 2o 20 o @B E @R
ellipsoid) a w Q& w Qi
Q& Q4 ¢ COWA'G QQ
Volume of ellipsoid &) -« ta QEXID "QQ@oblate) Length, Width
-t“ 10 "Q@d a Q £Qprolate)
Qurface of ellipsoid Y my e fp R )tarctanh(e) Length, Width
t
with Q=1- —"  (oblate)
Y ¢tO top S ) tarcsin(e)
with Q=1- —  (prolate)
Diameter of the Dy , Length, Width
sphere with same (o) (poo_
volumeasellipsoid t
Sphericity “t0 Length, Width
(=surfaceratio S_ 5 Y
| Sliipsoid)
Area ratio o]} L3 oas 0 Projected area, length
_ _ 0f =—— 101 — idth
(=Proj. ared disc of ot -to wi
dia. D (with D=Dhax
or D=D))
Orthogonal —i0o Length, Width,
Sphericity B L 5 Projected Area
(=inverseodi )
Crystaldensity ” P a Length, Width, particle
(@) ® mass estimation (seg
5.4)

ICE GENESIB2020- 824310
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5.4 Mass propertiegetrieval: methodology

The mass of individuahow patrticles from 2D imagéscalculated usindgdakerand Lawson
(2006 mass retrial method. Shortly, the masMj of a particle is related to its length (L),
width (W), area (A) and perimeter (P) irc@ambined single parameter (CSP), which is then
used in a power law:

0 T o) WP ¢ & goaYD otm t—).
Therebyis calculated M in (mg) and CSP in Gm

This mass is then used to compute a 1Hz MassDsstebution (MSD) considering the same
size parameterl(=Dmax) as forthe number FSD.In addition, the MSD can be also calculated
as a function of the idmeter of the sphere Phaving the same volume as the ellipsoid
representing the imagelhe Median Mass Diameter (MMD) is then estimated from the MSD.
It is defined as the particle diametgt=Dhax or D)) that splits the cumulative massize
distribution in two halves: half ohie cumulative mass of hydrometeors is carried by particles
smaller than MMD and particles larger than MMD carry the other halve.

¢CKS LI NGAOESAaQ F@SNFXr3IS odzZ |1 RSyaate Aa
averaged mass (the sumofthe pafti€da Q AYRAGARdzZI f Yl aad RAGJA
in the bin) by the volume of a sphere with diameter equal to the bin midpoint.

A< O
K™

S

” (pf.t.—. D is eithel.=Dmaxor Dy

Likewise we also compute bulk density for eaicidividualparticleas:

" N tp——or” I tp—
O Ag 0y

An alternative method for the mass computation of individual crystaksbeen developed to
RSRdzOS i TFTNRBY &ikeS\(D)LINR tBeSEximSeRize IP(MBrelationships that

can be directhdeduced from OAP image populatio®(taine et al. (2014andLeroy et al.

(2016). The method creates artificial 3D ice crystal models of various shapes and their
projections on a 2D plane that were used to produce 2D binary images in a manner similar to

that of OAP probes. Then, these simulated images were used to study the relationships
between their 3D volume and various 2D parameters (area, perimeter, size, etc.). From these
aAYdzZ FGA2yas | NBf I GA2 MDprédiahhip ghddiSK S ES B2Ly2Sy iyl
YR _ 2 Jizeliekatonshil® [ 'O and the perimetersize relationshig) O

1 'O, respectivelyhas been established. BothO [ 'O andd ‘O | O can be extracted
dynamically as a function of time frommagesof aystal populations

hy OS i Aad OF £t Odzf  GSR | & |  ThiziEDioAbe iitegeated (A Y S =
thereby matching the SnovgVI TWC (the TWC reference measurement during ICE GENESIS
flights).
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6 Characterization of snowmicrophysical propertes based on
ground data (MASC)

Ground levemicrophysical properties are estimated by the Mufitigle Snowflak€€amera
(MASC). Data are stored in a databaSAECB) including also other field campaigns in
various locations worldwide. The data processing chain, data format and data type are
extensively described iGrazioli et gl2022but we recall here thenain details, elevant for

the ICE GENESIS community.

6.1 Data and data processing

The MASC is an-gitu imaging device, built by Particle Flux Analytics (PFA) that allows for
detailed microphysical studies of snowfall before ground deposition. As a snow particle falls
through a hexagonal frame, it triggers threanceras that take 3@legreeapart coplanar
LIA QU dzNBA 2F Al 6A0GK | NBazfdziAzy 2F oodp kY
provided. The main processing steps and integration of data in the database are the following:

W The identificationof the main region of interest (ROI) corresponding to the

same snowflake in each of the three pictures (from the three viewpoints). Only one

triplet of images, corresponding to one individual snowflake, is kept for each image.

W The estimation ofnany geametrical and textural descriptors of the images,
including image quality.

1 Filtering of lowquality images

W The estimation of hydrometeor type according to a classification scheme
distinguishing between: aggregates (AG), planar crystals (PC), small ice particles (SP),

combination of columns and planar crystals (CPC), columns (CC) and graupel (GR),
described irPraz et al 2017

w The quantification of the apparent degree of riming (0 to 1, with 1 being
graupel), also followingraz et al 2017

w The quantification of the probability that the snowflake under investigation is
melting, also followindPraz et al 2017.

1 The estimation of mass, volume and 3D gyration radius of the snowflakes,
according to the method of Leinonen et al 2021. Only very-bigdity images can
produce such estimates.

1 The estimation of the nature of the population of particles the current snakefl
is belongingo. These being: blowing snow, mixed, or pure precipitation.

1 The addition of environmental information, provided by-logated instruments
(Pressure, Tempetare, Humidity, Wind) at the time of measurement of each
snowflake

1 Resizing of he image triplet, cropped around each snowflake ROI, into a dataset
of images

An overview of the data processing step is illustrateBigure6-1.
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Blowing [caMO | [CcAM1 | [CAM2 | Environmental info |

snow ID
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*
CAM 0 Hydrometeor ID
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Riming ID
} 3>
Melting ID
} -
Volume, mass, gyration
I >|

Image triplet store

Crop Main ROI selection
ROI identification Quality evaluation
ROI matching Geometrical descriptors

Textural descriptors

Figure6-1: conceptualization of the data processing steps of MASC data. Figuré&itaioli et 812022

6.2 Image descriptors examples

Stored inMASCDRBhere are many geometrical and textural descriptors as well as the
microphysical retrievals listed before (an example of some geometrical ones is shown in
Figure6-2Figure6-2). While the type, format and details about all the descriptors can be
found in the referenced manuscripts, it is worth to ntiem here at least a few parameters,
certainly of interest for the ICE GENESIS community, as listed for exarmplaef-1.
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Figure6-2: Example of (some) geometrical descriptors calculated individually for each of the 3 views
MASC capture. Figure froBrazioli et §l2022
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Descriptor description Desc. type

flake_Dmax Maximum apparent diameter, th¢ Geometry
largest over the threeiews

Dmax_ori Orientation of the maximum Geometry

eq_radius Equivalentarea radius Geometry

area_porous Area, internal holes subtracted Geometry

ell_fit X Characteristic X of the fitted ellipse { Geometry

can be major axis, minor axi
orientation, eccentricity, axis ratio)

frac_dim_boxcounting Fractal dimension computed with th| Geometry
box-counting method

skel_X Property X of the morphologica Geometry
skeleton (perimeter, area, number ¢
ends or junctions)

contrast Image contrast Textural
complexity Particle complexity factor Textural
har_X Haralick feature X (energy, contras Textural
correlation, homogeneity)
riming_class_X Property X of riming degree lev( Microphysics
estimation (id, name, probability
level)
melting_class_X Property X of melting level estimatio Microphysics

(id, name, probability)

snowflake_class_X | Property X  of  hydrometeo| Microphysics
classification (id, class, probability)

bs X Property X of blowing snow estimatig Microphysics
(id, name, mixing index)
env_X Colocated environmental informatior; Weather

X (temperature, pressure, wind spee
direction, relative humidity)

gan3d_X Property X about 3i@stimation (mass,| Microphysics
volume, gyration radius)

Table6-1: Nonexhaustive list oparticle descriptors or retrievals which are available in the MASCDB dataset.
For a full list, reference tGrazioli et 412022.
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7 Retrieval of snowfall microphysical properties bag on inflight
remote sensing (RASTA)

7.1 Introduction

hyOS GKS 52LJJ SNJ @St 20A08 Aa dzyF2ft RSR I yR 02
calibrated, it is possible to retrieve both dynamical and microphysical cloud properties. RASTA

is capablef retrieving the 3D wind field, i.e. the three components of the wind on the vertical

plane above the aircraft (thanks to thea®itenna configuration), by combining independent

Doppler velocity measurements from the mtligam antenna system (the 3 compamts of

GKS 6AYR Ay GKS I ANDODNI FiQa NBTSNBwgkivindahd> +E A
Vz the vertical wind is retrieved). The two horizontal components can be converted into Earth
referential horizontal wind components (U, V) or wimtensity and direction. From these
measurements one can make the most of the vertical velocity (Vz, combination of the
terminal fall speed of the hydrometeors and vertical air motion), the reflectivity and the
horizontal wind velocity.

The cloud/snow proerties are derived thanks to the Radonvar algorithm. This variational
approach is inspired from the Radon technique propose®blanoé et al. (2007and uses

the radar reflectivity and Doppler velocity to retrieve ice cloud/snow properties. This
techniquewas mainly based on the fact that the radar reflectivity once normalized by NO*
(Delanoé et al. 2005, 20)4an be parameterized as a function of the mean volume diameter
Dm. As the terminal fall velocity (Vt) is mainly a function of Dm, but is fairgpamtient on

NO*, the Vt measurement is a good constraint to retrieve Dm. Once Dm is calculated the
relationship between Z/NO* and Dm is used to retrieve NO*. Knowing Dm, NO* and assuming
a mathematical shape for the normalized PE2l&noé et al. 20052014), the different
moments of the PSD are calculated (Nt, extinction...). Ice water content is derived directly
from the combination of Dm and NO* as explainedDialanoé et al. (2005, 2014T.he new
version of the Radon technique combines both the varrai@approach proposed iDelanoé

and Hogan (2008knd the Delanoé et al. (2007Yetrieval principle, hence the name
Gwl R2Yy QDI NED® | 26SOSNE GKS RSTAYAGAZ2Y 2F GKS
the radar measurements and our current knowledge in ice cloud microphysics. NO* is
replaced by iwc. Therefore, we can directige iwc bulk measurement as an a priori
information. This has been possible thanks to the bulk measurements of iwc collected during
several field campaigns such as HAIC prodRxotat et al. 2016.

Note that On is defined as the mean volume weighted diaereand the ratio of the fourth
and third moments of particle size distributigDelanoé et al. 2014):

0 0O 0QnQO Equation7.1
0 0O 0QnQo

Where Rqis the equivalent melting diameter:

(PD O - Equation7.2

0
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where”  is the density of water (1000 kgfn D is the maximum diameter. By definitiogsD
X 53 GKS LI NI A OftDE largey B itsYnSakiriug RIEmeter: ¥ yicdld
correspond to an ice density exceeding the density of solid ice (917Zkgiich is obviously
not possibleM(D) is the massizerelationship.

7.2 Presentation of the wind velocity retrieval

The 3D wind is reieved using an optimal estimation approach (inspired frBrotat and
Zawadzki, 1999 which consists in using an iterative process to adjust the state vector
containing Vx (along track wind component), Vy (cross track) and Vz (vertical). The objective
isto minimize the difference between the forward modelled Doppler velocity and measured
one along each antenna. In the context of {GENESIS only the upwards antennas are used
for the retrieval due to a technical issue. The impact of this issue has begedlias the
aircraft was flying at rather low altitude. Therefore, the wind is only retrieved above the
aircraft. At each iteration, the state vector is updated. As the problem is well posed, 3
equations for 3 unknown variables for a at leasarBenna sygem, the convergence is
reached after 3 iterations. Practically the retrieval method is not applied in one shot but only
on ten continuous profiles to avoid processing of too large matrices at once, with the
advantages of speeding up the process and lirgithe required computing resources.

The forward model is straightforward and is defined by a single equation depending on the
radial pointing and the three components of the wind as follows:

W w AT & A| Qx o o Equation7.3

w OEdqd AT Gx » O EQx
¢KS dalyié &dzoAYRSE AYyRAOFGSAa GKFG GKS T2 Ndz
gate.

Raw retrievals of the 3D wind field are presentedrigure7-1 and Figure7-2 for flight 6 and

8 respectively, raw means that the area where the retrieved cannot be done with confidence
isstill shown(i.e. no quality flag applied at this level, including turns for example). The vertical
velocity (sum of the terminal fall velocity and the vertical air motion) is presented in top panel
whereas the horizontal wind speed and direction are itlted in middle and bottom panels
respectively. The vertical velocity is a proxy of snow fall intensity or allows one to discriminate
snow from rain. The dynamical conditions of these two examples were rather different with
a strong vertical gradient fd¥6, 10 m/s below 2000m and up to 35 m/s above 5000m. During
flight 8 the wind range spanned between 5 and 20 m/s but we can see the change in the wind
direction below 5000m during the second part of the flight.
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Figure7-1: Unfiltered wind components retrieved (vertical wind speed, horizontal wind speed and direction)
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Figure7-2: Unfiltered wind components teieved (vertical wind speed, horizontal wind speed and direction)
RdzZNAY 3 FEAIKG y 6AGK w! {¢! Qa o dzLlol NRa

ICE GENESIB2020- 824310 © ICE GENESIS Consortium Pageb4



D5.7- Synthesis & Characterization of snow microphysical properties Co
10/02/2023

7.3 Retrieval of snow microphysical properties

7.3.1 Methodology
7.3.1.1 Bridging the gap between micrdpysical properties and radar measurements

Themeasured PSDs and massze relationships retrieved during HAIC and HY NFaxtgine

et al. 2014, Leroy et al. 20)%re used to build the radar forward model of Radonvar. The iwc
reference comes from IKP measuremeia\IC project]the aspect ratio (@, crystal area (A),
crystal mass (M) and ice fractiondjf as a function of size are retrieved using 2D probes
measurementsl{eroy et al. 201h T-matrix simulationsl(einonen 2014Mishchenko et al.
2000 provide cross sectional backscatter, absorptiom axtinction for a given size (D),
aspect ratio (g and ice fractionf(e).

¢tKS NBFtSOlGA@GAGEe OFy o6S OF t Odz I,{§Rat givanA y 3
diameter:

— 0 0. OORQ QO0&d d Equation7.4
1] 3) s ”

where |Ky| >=0.93 The radar attenuation at 95 GHz is derived using the following equation:

&

6 ™ otol O00OHRQ QOQ6H 8 Equation7.5

where Qt is the total attenuation cross section obtained usimgalrix calculations.
The radar weighted terminal fall velocity is also computed using PSD spectra as follows:
0 0O Oom , OHAQ QO Equation?.6
0 0, OHHAQ QO
Wherew ‘O is an estimate of ice particle fall speed for a given diameter knowing M(D)

and A(D) (both from PSD measurements) ushigymsfield and Westbrook (201Q)a
approach.

To minimize the error in reflectivity calculation we used the true reflectivity measured by
RASTA instead of the simulated one. However, as the attenuation cannot be directly
measured, we rely on the forward modelled attenuation in these comparisons. Therefore, the
attenuation is derived from Hsitu measurements.

&)

7.3.1.2 The state andbservational vectors, the variational approach

The mean volume diameter, iwc and the vertical air motion are now retrieved. Dm is strongly
NBfFGSR (2 GKS GSNX¥YAYlLE TFlLtt @St20AG@& 0dzi
into Dm therefore weneed to add w with an a priori value equal to 0 but with a large error.
iwc has been selected since we can have better a priori thansdmething similar to IWC

Z-T relationship. Lagrithmis used for Dm and iwc to avoid retrieving negative value and cop
for the large dynamic of iwc.

ICE GENESIB2020- 824310 © ICE GENESIS Consortium Pages5

g



D5.7- Synthesis & Characterization of snow microphysical properties Co

10/02/2023
1 Da
. €
o Toa O
Y. ~.  ~
Al 1TQw 4 Equation7.7
O A~ € &
AN 1T Qo ~
(@ V) v
é
o 0 0}
The observation vector Y contains the radar vertical velocity (Vz) and reflectivity:
1T
. €& 4
o ow ¢
(I) ry s ~ .
a 9 & Equation7.8
é
6 w O

We will add more observations soon with the work on the spectral analysis.

The vertical velocity Vz (sum of vertical air motion and terminal fall speed of hydrometeors)
is not directly measured by the radar but the combination of at least two antennas (above
and below the aircraft) pointing in different directions belonging tolane at the vertical of

the aircraft allows Vz to be retrieved. It is important to note that there are two independent
measurements, Z and Vz, which in principle allow one to retrieve two parameters. An
important issue in deep ice clouds resides in themtation of radar reflectivity due to dense

and large hydrometeors. This will be discussed in the radar forward model section. Accounting
for attenuation is one of the reasons why we considered using a variational approach. The
strong vertical correlatiof successive reflectivity measurements along the radial direction
cannot be handled by classical methods such as radon. The previous gates affect each radar
gate measurement.

As we start with a first guess of the cloud state (I\D@,w) we can computé¢he associated

NEFt SOGAQGAGE YR GOSNIAOIE @St20AdG& QAL | aF
prevent negative values in the IWC retrieval due to numerical instability or noise
measurements effects.

The Rodgers (2000jormulation, as mentionedn Delanoé and Hogan (2008gquires the
definition of a Jacobian matr{).

The cost function is defined as follows:

W 1Y ®1wd 1T oY Equation7.9
Where R and B are the error covariances matrix for the observations and the a priori,
NB & LIS O ik ledSénts the diffErence between a priori information vectas) Gnd the
state vector. The difference between the measurement vector anditmellated observation
BSOUG2NI Aa ylIYSR &9
¢ Ad | -CYAWCKI2ROTARBAQg¥Ts, 200BARsSmann and Miller, 2005 This matrix
penalizes the second derivative of tBen and iwrofile, resulting in a smootBm and iwc
profile that is able to closely farard model thevertical velocity and reflectivityithout
reproducing any of its random measurement reis
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Yo i I n’fzv p T (p T p Tt 9 Equation7.10
8 h8 AT p 1 ® I 0~
Tt Tt P T §) C
Gm M M p G PO

For each iteration wean compute the small increment to be added to the state vector using:

) @ 6 VYT 0é oo o " Equation7.11

where A is the Hessian matrix and can be computed usinéptlmaving equation:

0 0OY O o Y Equation7.12

Radonvar uses an iterative process and therefore a first guess for the state vector is required.

For consistency purpose we use the a priori infation as a first guess, i.e. iwc as a function

of temperature and reflectivityDn as a function of temperature and reflectivity and W equal
toOmsgd ¢KS LINRPOS&a A& NBLISFGISR dzyiAft G2y OSNH
convergence test.

7.3.1.3 The brward model and Jacobian

A lookup table is built to provide us with the required relationships.
Current version of LUTUT_radonvarice_haic_v1.4.nc
LUT 1D for Z/NO* as a function of Doy T 2D are used otherwise.

A The attenuated reflectivityl ohE O

The nonattenuated reflectivity is computed using the relationship betweenoZ/adhd Dn.
Z/No* is not parameterised as a function teimperature

Reflectivity normalised bydXlas a function of Dnfrom LUT

N Equation7.1
Gﬁﬂz Q0 & guatio 3

Then the eflectivity.

e Equation7.14
d& dae a&n’ quatio

6 z
The combination of Rand iwc gives usdit

Equation7.15

. N L
I 16°  a¢& Qot@é Odl 1—
The next step is to compute the attenuated reflectivity.

From the LUT In(att in dB/km) as a function of Zfrm{ and temperature

Everything is converted to dBZ and then to In(Zmr?). This was due to the fact it was easier
to analyse the impact of the attenuation during the development of the code.
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The oneway attenuation (dB ki) is derived from the combination of-gitu measurement
and Fmatrix simulationsl(einonen 2014Mishchenko et al. 200)) as mentioned above. The
attenuation forward model relates attenuation in dB Knto iwc and temperatee through
the following parameterization, which has been derived from afliin measurements

Attenuation at each gate:

o0ooMN6 ¢ 0o OTDE Qz Qi Equation7.17

A The vertical veloci
oo "QOaY Equation7.18
6 WO W Equation7.19

Negative sign corresponds to the convention used for Vz

A The Jacobian

The Jacobiagontains the partial derivatives of each observation with each respect to each
element of the state vector.

T OEW., T AaED aeED. T aEWaeg R T a&.0
—— E E ¥

MO g 0a  TagOwae Qo Tae Qd 10 4,
11 é E é é E é é E é il
i aed., 1T aed ax e TdéT(I)(‘xéCbéT(‘xér.(b
o MTaEg0a™ 1 GE0at Qo Tat QW 'O " Equation7.20

::bedé T od ! ©od . Td)de)dET(bd”

T~ 1
(MG € 06 TaéOnaé Qw Tano o ~ 10,
11 é E é é E é é E é 1
ul o . dech@E Tc'of?TtbdéTd)du
uTad e 06 TaegOlae Qoo TagE QbW 1o ©

7.3.2 Examples of retrievals

Thanks to the combination of the vertical velocity and the reflectivity we can retrieve ice
cloud/snow properties through our variational algorithm. Once again two examples are
shown inFigure7-3 and Figure7-4, top panel gives the retrieved ice water content and
bottom panel the mean volume weighted diameter. Note that the grey parts (covering the
vertical range of the radar) are areas where naimtal is possible due to the presence of
liquid. The presence of rain on the window associated with the attenuation of the signal in
rain does not allow us to retrieve ice properties. Therefore, every incursion in or below the
melting layer put a stop tthe retrieval. We can notice that we measured larger IWC during
F8 compare to F6.
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Figure7-3: Preliminary ice cloud retrieval for flight 6, top panel shows IWC in g/m3 and the mean volume
weighted diamete is displayed in bottom panel
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Figure7-4: Preliminary ice cloud retrieval for fligiit top panel shows IWC in g/m3 and the mean volume
weighted diameter in micrometer is displayed in bottom panel.
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Figure7-5: Statistical distributions of the dynamical and microphysical properties retrieved using RASTA
measurements for flight from 5 to.8

The measurements and the retrieved variables caahaysed in a more statistical way as a
function of altitudeas shown inFgure 7-5. This is achieved in where vertical reflectivity,
vertical velocity ice water content, mean volume weighted diametae presented as a
function of height

Figure 7-5 shows the distribution okey parameters as a fation of height for flight 5 to 8,
from top to bottom rows we have the reflectivity, the vertical velocity, the ice water content
and the volume weighted diameter.

Reflectivity tends to increase when height is decreasing as the particles are getting rge
and F6 show a cloud top at around 7000m while for F7 and F8 the systems were more
vertically developed, reaching 9000m or even higher. The vertical distribution of the vertical
velocity follows a very similar distribution in agreement with the preserof larger
hydrometers at lowest altitudes. Vz spans betwe2m/s and 0.5m/s. Positive values are due

to upwards vertical air motion when particles are not dense and large enough to sediment.
During flights 6, 7 and 8 we can see different slopes fernviocity as a function of height, a
pivot appears between 4000m and 5000m indicating a change in the nature of the
hydrometeors, small ice crystals above and snowflakes below. Indeed, this is consistent with
the reflectivity observation and the retrievedean volume diameter (Dm) smallest values of
around 200 microns are observed at the cloud top while up to 800 microns particles are
present between 1000 and 3000 m. The ice water content shows also the largest values below

4000m up to a few grams per cegbimeters. Note that the limited sensitivity of the radar
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explains the absence of small content in the altitude, the minimum retrieved value is
correlated with the distance from the aircraft.

7.3.3 Closure with issitu aircraft data

The closuregprocedure consists of validating the Ice Water Content restitution obtained by
RASTA by comparing its results with the IWC data retrieved from thikuiprobes. These
data consist of measurements made by two probes:-BPIFSwith which the information on

the particle size distribution is obtained using the Baker & Lawson technique, and the CVI
probe. Data from both probes were taken at aircraft height. Due to coupling effects, the
RASTA data are only valid from the 5th gate from the radar position. They¢fe values
obtained by the irsitu probes will be compared with the IWC obtained by RASTA at gate 5.

a) 2DS-PIP B&L IWC and b) 2D Histogram
RASTA IWC retrieval Accumulated data from all flights

-=--- Slope 1 reference

10°

Numb;r of points

107145

IWC RASTA (gate 5) [g/m?]
IWC RASTA (gate 5) [g/m?]

10°

3. i L0 &
10-2 107! 10°
IWC 2DS-PIP B&L [g/m?3] IWC 2DS-PIP B&L [g/m?]

Figure7-6: a) 2DSPIP IWC retrieval compared with RASTA retrieval for gate 5. ls&igram using data from
flight 5, 6, 7 and 8. The dotted line indicates the mean for each bin and the standard deviation.

Figure7-6ashows a scatteplot of the 2DSPIP IWC retrieval compared with the IWC retrieved
by RASTA at the gate 5. The figure shblights 5, 6, 7 and 8, each one differentiated by a
colorFigure7-6b shows a 2D histogram using the same data. A higher density of points can be
observed between 1®and 1 [g/m3]. The dotted line indicates the mean of the data for each
bin and its standard deviation.

The 2D histogram showhat the data from both sources are strongly correlated in the
interval 10° to 1 [g/m3]. Its standard deviation is larger towards the lower and upper limits
of the interval due to lack of data.

Figure7-7a shows a scatter plot of the CVI IWC retrieval and the RASTA IWC retrieval for gate
5.Figure7-7b shows a 2D histogram using the same data where the black dotted line indicates
the mean for each bin and its standard deviation. It is observed that that compared with CVI
retrieval, the RASTA retrieval has also a good agreement and show to be stromglgted

along the interval.
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Figure7-7: a) CVI IWC retrieval compared with RASTA retrieval for gate 5. b) 2D histogram using data from
flight 5, 6, 7 and 8. The dotted line indicates the mearefich bin and the standard deviation.
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8 Dualfrequency retrieval of snow microphysical properties using
ground-based X and \Wband Doppler radar observations

8.1 Retrieval method

A new method was developed at EPFL to retrieve snowfall microphysical prodesties
radar data. It relies on Doppler spectrograms collected by zgrothting Xband and Whand
radars, i.e. on measurements from ROXI and WProf during the ICE GENESIS 2021 campaign.

This radaibased retrieval method relies on the electromagnetic scatigrproperties of
snowfall. Indeed, radar measurementeflect the microphysical properties of the
hydrometeors: in particular, their size, geometry, bulk density, and number concentration.
Using different radar frequencies allows to disentangle these ouarimicrophysical
descriptors. Additionally, measuring the full radar Doppler spectrum (instead of just scalar
moments such as radar reflectivity) provides even more information. This makes possible the
retrieval of several bulk microphysical propertiabbng the entire precipitating column
captured in the radar data.

For each radar gate (i.e. altitude above the radar) the method outputs an estimate of the
following properties:

1 ice water content (IWC)
1 mean maximum diameter (R This assumesparticle size distribution N(D) = Bip
(-D/Dy)
prefactor and exponent of the masge relation (@, bm): m = a DP™
prefactor and exponent of the aresaze relationha,i a): A=h,D?2
9 aspect ratio (A: mean ratio of vertical dimension to maximum dimension
As side products, radial wind and turbulence are also retrieved.

1
1

In short, the technique is based on a tstep deeplearning framework inspired from awo

encoder models, which are generally usied dimension reduction purposes: an encoder

maps highdimensional datato a loweRA YSy aA 2y | f af Sy (¢ &aLI OS:
to recover the original signal from this latent space. In the proposed frameyabikigure

8-1), duaHrequency Doppler spectrograms constitute the hidjmensional input, while the
dimensions of the latent space are constrained to represent the snowfall properties.

Asa first step, a decoder neural network is trained to generate Doppler spectra from a given
set of microphysical variables. The training data for this step consists of a synthetic dataset,
generated using MASC statistics and simulations of Doppler speactma the radiative
transfer model PAMTR@Mech et al. 2020)n a second step, the encoder network learns the
inverse mapping, from dudiequency spectrograms to the microphysical latent space. It is
trained on real data, and outputs values in the latepase which, when passed as input to

the decoder¢ whose parameters are now frozenyield reconstructed spectrograms that
should match the original data.

In comparison with classical methods, which provide a direct-zatgate inversion of the
problem, he proposed framework allows to take into account the spatial continuity of the
microphysical variabldaa the verticaby using convolutions in the architecture of the encoder
network, thereby reducing the ipposedness of the problem.
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Figure8-1: Schematic illustration of the retrieval pipeline

8.2 Examples of results

A qualitative assessment of the retrieval can be made by a visual analysis of the spatio
temporal signatures in the retrieved variabl€sgure8-2 illustrates the retrieval results for a
snowfall event on January 23, 2021.

In the left column are displayene seriesof some relevant radar measuremenasd in the
right column, retrieved microphysical variables (right). The radar data includetize dual
frequency reflectivity ratio DFR =x&ey, Doppler velocity and spectral width (at-Nénd),
as well as thdéaydrometeor classification from MXP@f. Section 4.Besicet al. 2016 2018)
The microphysical variables included are IWE bR, | aand A. The variabless@andh 5, not
shown, are highly correlated to respectively &andi ;.

A first general observation from the retrievtathe serieds the persistence of spati@mporal
structures visible in the radar data, like the fall streaks. While the pipeline takes into account
the 1D-spatial consistency of the measurementsthrough the use of convolutions, the
temporalfeatures are neveused in the training of the model. It is thus reassuring that the
full spatiotemporal features are well captured by the retrieval method.

The retrieved values are consistent with the physical interpretation that stems from the radar
measurements. IWC coletes quite strongly with Zevalues, i.e. large IWC values are
retrieved for strong reflectivity measurements (e.g. around 15:10 and 15:50 UTC). The size
parameter features small diameters near cloud top, and some localized pockets with large
values wich correspond as expected to regions of large diejuency ratioassociated to
aggregation (panel e)

Thei 5 exponent of the areaize relation is smaller when xZand DFR are low, which is
compatible with small non dislike particles such as columnarystals, while larger values
could indicate aggregates or rimed snowflakes. Retrievals of-sias®xponent k and the
aspect ratio Aare noisier, but their values and spatial trends still seem reasonable. For
instance, indications of riming in the hymneteor classification (visible as yellowasd
regionsin panel @ roughly correspond to regions with largerakd by, as expected from
rimed particles (e.g. 15:10 between 0.5 and 1 km, 15:50 between 0 and 1.5 km, 16:00 around
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1 km). A few time stepgand out with large values ofrAnd hm, coinciding with regions where
large spectral width and variabledg, suggest strong turbulence (e.g. 16:00, 1 km). In such
high-turbulence cases, the retrieval cannot be expected to perform perfectly since the shap
of the spectra is then largely dominated by turbulent broadening.
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Figure8-2: Heighttime plots of radar measurements and microphysical retrievals. The left panels contain
radar data: a) ZeX , b) DFR, eb&vid mean Doppler velocity, d)¥and spectral width, €Jime serieof
MXPol hydrometeor classificatigBesic et al. 201,6018) with demixing showig the proportion of the three
main particle types identified: here aggregates, rimed particles and crystals. The right panels feature
microphysical retrievals: f) iagater content, g) size parameteph) aread A | S S & l))@sgestyatio A
j) masssize exponent b .

8.3 Evaluation with insitu measurements
8.3.1 Ice water content

The method was then evaluated by using aircrafsitn measurements as reference.

Figure 8-3 shows retrieval results of ice water content compared tesitu estimates,
computed as IWC = TWAVC (TWC values from the CVI and LWC from the CD® (afob
Sect.5). In Figure8-3 a) and b) are displayed théne seriesof ice wate content, first as a
time-height plot to which the aircraft trajectory is added, then along the aircraft trajectory to
which retrieval outputs are overlaid &ime stepsof overpasses. The comparison is overall
good, with satisfactory cofluctuations as well esasonable agreement in the values
themselves. For reference is also displayed the IWC retrieved from RASTA measufements
Section?).

ICE GENESIB2020- 824310 © ICE GENESIS Consortium Page65



D5.7- Synthesis & Characterization of snow microphysical properties Co
10/02/2023

In Figure8-3 c), the scatterplot of retrievedersusmeasured IWC combines the retsulrom

three flights. It confirms the robustness of the retrieval, withhigh correlation between
retrieved and the measured IWC (R = 0.85 in logarithmic scale), with however a slight bias
toward low values-0.36 in logarithmic scale). The spread of #adues remains substantial,
sometimes within orders of magnitudes, but this is also due to the imperfect colocation of
the sensors and the difference in the sampling volumes (radar: much larger volumes).
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Figure8-3: a) Timeheight plot of IWC retrievalyith overlaid aircraft trajectory (altitude as a function of time);
aircraft IWC values dime stepsof aircraft overpasses (horizontal distance <1 km) are shown as scattered
points. Dashederticallines indicate when aircraft is within 500 m of the radarsTib)e serie®f water
content measured by the aircraft (TWC and FIW&ZC) and overlaid radar retrieval. ¢) Scatter plot of retrieved
vs. insitu IWC. Each point corresponds to a time step whendincraft is within 1 km of the radars. Three
flights are used (Jan 22, Jan 23, Jan 27). Color indicateblZek vertical lines indicate the standard deviation
of the retrieval.

8.3.2 Size parameter

Aircraft measurements do not provide a variable that chrectly be compared to the O
retrieved through our method. In order to obtain a comparable gquantity, an exponential
function was fitted to the aircraft PSDs; only diameters greater than 800um were taken into
account, since it was empirically noted thataller particles--which have fainter signatures

in radar data--- did not follow this exponentiabehaviour From each fit, a value ofols
derived.

Our retrieval is compared to theitu values irFFigure8-4 a) and b) (similar to IWC). While

this was not perceptible in the qualitative analysig,rétrievals actually show a significant

bias (+1.2 mm) leading to an overestimation of particle simepared to irsitu estimates. An
investigation of possible causes for this behaviour is proposed in the next subs@etidm

spite of this, the cofluctuation between retrieved andsitu [y is nonetheless good (R =0.77),
which gives confidence thahe retrieval is still relevant for processiented studies: there,

more than the actual values, changes in particle size can indicate the occurrence of specific
snowfall growth or decay mechanisms.
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Figure8-4: Same as folwC but for DO. Scatter plot is colonded with DFR.

8.3.3 Other microphysical descriptors

Mass and areasize power law coefficients are explicitly computed from the aircraft
measurements (cf. Sebj and can therefore be compared to aetrieval. However, théime
seriesof these aircraft quantities are highly noisy and thus paipoint comparisons did not
appear meaningful; it was therefore preferred to perform a statistical analysis. For each flight,
we compare the histogram ofib(resp.i a) sampled by the aircraft during its entire flight
(except for the part of the flight to and from the campaign location), to the histogram of
retrieved by (resp. a) above the radars, during the time frame of the flight and in the altitude
range smpled by the aircraft. The histograms oflagree rather wellKigure8-5 a)), with a
similar mode around 2.2. |IRigure8-5 b), the histograms of s again have rather close peak
values (around 1.6 for the retrieval and 1.7 for the aircraft). There however, andfiar &
lesser extent, the histogm of retrieved values is much narrower than the aircraft one. This
isnot too surprisingconsidering that the volume sampled by the PIP and 2DS probes is much
smaller than the radar volumewhich increases the variability and flattens the distribution.
With this in mind, these histograms support a rather good consistency of the retrieval with
the aircraft measurements.

In addition, we verify that the relations between,and hn (resp.ha - J), retrieved and
measured, are comstent: this is visible ifrigure8-5 c) (resp. d)), where the scatterplots of a
vs. bn (resp.navs.i 5) are overlaid. Although not perfect, the métcs reasonable.

The last microphysical variable for which we can perform a comparison is the mean aspect
ratio: similar to kxn andi 5, Figure8-6 a)displays the histogram of retrieved and aircraft values.
The difference in the modes is due to the different definitions of aspect ratio. The aspect ratio
retrieved from radar measurements is Alefined as the ratio of particle dimension along
vertical © maximum dimension, whereas the aircraft measuremegtig\the ratio of minor

axis length to maximum dimension. Relating both quantities is not directly possible without
additional information on particle orientation, but an intuition can be gained fieigure8-6

b) where therelation between A, and Aq is shown for particles randomly oriented within a
certain angle (90° is completely randamentation).
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Figure8-5: Histograms of a) massze and b) areaize exponents. Scatter plots ©fmasssize and d) areaize
exponent to prefactor, from retrieval and aircraft measurements

A transformedhistogram is included into panel a) showing the equivalent aircraft A
assuming ellipsoidal particles with random orientation within 75°: it fits rather well the
retrieval. While this is not per se rigorous, it gives a qualitative understanding obdeaed
discrepancy.
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Figure8-6 a) Histogram of retrieved and aicrafteasured aspect ratio. b) Illustration of the relation between
ArQ and Ar,v for particles with random orientation within a given angle; the various quantities are sketched in
the bottom right of panel b).

8.4 Discussion and investigation of size bias

This section investigates the sensitivity of the pipeline to certain kpgptheses and provides
some insight into possible causes for the biasgn D

8.4.1 Sensitivity to radar calibration

One limitation of our framework is that it requires a good calibration of the radars, both
absolute and relative, which is often a crux of radgrievals.

In this case WWhand reflectivity (corrected for gaseous attenuation) was assumed to be the
ground truth, and then used to crossilibrate the Xoand radar. This neglects attenuation in
snowfall and possibly supercooled liquid water, which bansignificant gee e.g. Kneifel
2015)
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The influence of Ze calibration was assessed by measuring the change in the retrieved values
obtained after adding a reflectivity offset to the input data.

It was found that IWC is sensitive tebXnd reflectivity(e.g. a +3dB offset can change the
mean bias from0.36 t0-0.2 in logarithmic scale) ol more sensitive to the differential offset

i.e. changes in DFR. Howenkedoes not seem to cause an extreme divergence in the retrieval
results: the sensitivity oDy and IWC to Ze and DFR values is not negligible but also not
massive. Miscalibration could not explain solely the observedigzrepancy: changing the
DFR of6dB (substantial change) only brings down the bias from 1.2 to 0.9 mm.

8.4.2 Training set limitabns

Another aspect of our framework which could cause a bias in the retrieval is if the training set
is too narrow. Special attention was paid to this potential issue as the microphysical
parameters were sampled from the MASC datab@Seazioli 2022)but there is likely still

room for improvement. In particular, the sipait-off for good-quality images in the MASC is
quite high and very few particles with a diameter below 0.5 mm are accurately captured: the
MASC can detect large snowflakes but very fewlbparticles. This means only fewvalues

were included in the training set and possibly cause a bias. It is yet unlikely that this aspect is
entirely responsible for the size bias, since it is also present for large particle sizes.

8.4.3 Scattering model

Ore of the strongest hypotheses on which the pipeline was built is the parameterization of
the scattering model in the forward simulations. The default version of PAMTRA was used
which to this date (28/06/2021) assumes constant values for certain paramef¢ne selt
similar RayleigiGans approximationSSRGA and allows to change two coefficients, while
several studies suggest however that more parameters are needed, and that their values can
vary significantly depending on particle type, shape, €ét@nonen 2018, Ori 2021 A
sensitivity test was conducted by running PAMTRA simulations and comparing the effect of
adding a Roffset vs. changing the SSRGA coefficients. It was found that modest modifications
of these coefficients (within +/L0%) had a siilar effect as a £bias of around 1.5 mm. While

this camot be used for direct correction of the results, it suggests that thbi&s observed
when comparing the retrieval results to aircraft measurements is partly caused by an
inaccurate or insufficient parameterization of the radiative transfer model. In order to remedy
this effect, a forward model with a more subtle parameteti@a is likely required when
designing the decoder training set. Unfortunately, this can however not easily be
implemented.

8.4.4 Mitigation

Since retraining and rerunning the algorithm to take into account the afeeationed issues

was not tractable in the alable time frame, it was decided to correct for thelas using

the aircraft insitu data as a reference. This is acceptable, since the bias seemed relatively
constant for varying &and the analysis of the results showed that no other variable seemed

G2 FSFOGdzNBE + aAYATFNI 0AFL&a oOoYSIyAy3a y2 a02YL
occurring). Hence in the followinghapter 9 the Dy values were corrected with .2 mm

offset.
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For illustration, the followindrigure8-7 displays the timeseries of radar retrievals (only two
variables shown here, IWC angd®er bias correction) during the period Jan@2an 27: the
temporal variability as well as the changeghe vertical extent of the precipitation systems
can be seen.
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Figure8-7: Timeseries of a) radar reflectivity ZeX, b) retrieved IWC and c) retrieved DO after bias cotrection
We can see théemporal and spatial variability of those features.
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9 "Statistical" characterization of snow microphysical properties

9.1 Morphological ¢assificationof snow particles

9.1.1 CNN tassification of hydrometeors fromirbornein-situ data

As discussed imhapter 5, the images ofoptical array pobes 2D-S and PIRor which
convolutional neural network (CNN)assification tools have been developdtive been
limited to a lower size threshold @00umfor the 2BS and 2 mnfor the PIP. Respective
upper imagesizes for those two imaging probes are approximately2hin for the2D-Sand
8-10mm for the PIPThis is simply due to the constraint that only Apancated images are
analyzed with the neural networkn practice, classification resulisr thosetwo probes will

be discussedseparately.Thus,2D-S images roughly represent suspended sublimetric

cloud particles, more or less neprecipitating, wherea®IPimages describgarticleswith a

higher potential for sedimentation / precipitatioWe recall here the morphological classes
which are Compact Particles (CP), Fragile Aggregates (FA), Columheeaids (Co),
Hexagonal Planar Crystals (HR®) Combination of Bullets or Column (CBC). Those five
morphological classes are common for both probes. In addition CNN tool has 3 further classes
for the 2D-Simages which are Complesgenblages of Plane§olumns, and Dendrites (CA),
Capped Columns (CC), and Water Droplets (WD). Finally, for the PIP images the only further
class not represented i2D-S images are Rimed Aggregates (RAjt of the five flights
performed in snow conditionsvithin the ICE GHESIS projec2021 SAFIRE AR flights
n°04,n°05,n°06,n°07, andn°08),beloware presented CNN habit classification results as time
series for thelfight n® 07 (28-01-2021).

Figure9-1 presents the context of the flight n°07 in terms of the measured reflectivity below
and above the ATR flight levels (a) as well as the habit classification results presented as time
series abng the flight for2D-Simages (b) and PIP images (c). A significant feature lattiee

part of the flight wherethe observed microphysic2D-Sand PIRlata) is radically different

from what was observeduting the rest of the campaign. After approxtely 10:45 large PIP
particles disappeared an@dD-S particles consisted solely of smallest and more compact
particles, which is due to the lack af significantvertical extension of the cloud column
beyond the freezing level with just small rimed iceat#ed by the cloud imaging prol#b-
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C) Timeseries of PIP data on 28-01-2020 in numbers by 10s
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Figure9-1: ICE GENESIS flight n°07. a) Reflectivity chart and flight trajectory, b) Time series of crystal numbers
for 2D-Simage morphological classes, c) Time series of crystal numbers for PIP image morphological classes

9.1.1.1 Overall description of crystal morphology

As has been presented for flight n°07, also the 4 other flights have been analyzed with the
CNN classification tool f@D-Sand PIP images. In addition to the pure numbers of crystals
within classes, also the mass alf individual snow particles from 2Pnages has been
calculated usin@aker and Lawson (200@hass retrieval method. The calculated masses
are then attributed to the respective morphological classes. Even more important, for each
individually classified ice particl@S and PIP images), all additional information, for
example crystal diameter, ambient temperature at the moment when the image has been
sampled, etc..., is ket orderto create statistics of particle morphologias a function of
temperature, crystal dia@ § SNE S OX

A compilation of assification results for both optical array probes for the whole ICE
GENESIS Jura campaggshown inFigure9-2. Thetwo pie charts at theop shownumber
percentages of morphological classes &iD-S and PIP merging all five flights. Major
contributions are thus CP, Co, and CC foib&and CP, RA, and FA for the Hlire middle

and lower chartsof Figure 9-2 show absolute cumulated numbers as a function of
temperatureandrelative number fractionss a function ofémperature both for2D-Sand

PIP, respectivelyrhe same figure is produced in terms of mass instead of number, thereby
usingBaker & Lawson (200&onversion of particle shape parameters into masigre

9-3).
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Figure9-2: Overall morphological composition of ti2®-S(left figures) and PIRight figures) data setg(a)in
raw image numberdd in absolute cumulated numbers as a function of temperataed(c)as relative
number fractionsas a function ofémperature.

ICE GENESIB2020- 824310 © ICE GENESIS Consortium Pager3



D5.7- Synthesis & Characterization of snow microphysical properties Cco
10/02/2023
a)
2DSdata : Total morphology distribution for all flights with composite mass PIPdata : Total morphology distribution for all flights mass

o

CBC

MNone
MNone

Dif

Heh

b) 205 morphelogical data temperature plot for all flights in absolute values {in mass) PiP morphological data temperature plot for all flights in absolute values (in mass)

FA

T

55gREE
1
F)

Hn i
EES

2

15000

10000

5000

-
air temperature (1€}

205 al data temperature plot for all flights (in mass)

Figure9-3: AsFigure9-2, but for mass

A striking feature is the sampling of columns in the temperature range arebf@ for
submillimetric2D-S images, which is expected from habit diagrams (e.g. Magono & Lee,
1966 Bailey & Hallet 200%or atmospheric ice crystals. Furtineore, diffracted images are
I3SGGAY 3 dn dadsifidtioy GfZ2D-S imagesfor positive temperatureswhich
confirmsthe out of focus phenomenon related to smallest particles (crystals disappear, only
droplets and compact particles remain during continued melting procéds). in the PIP
images the melting process starting above 0°C reduces rapidly dhghmlogical shapes to
KFOAG FLIISENIyOSa 2F NAYSR |33aINB3IlLGSa orsg?
finally compact particles which includes certainly drops larger 2 mm. The drop class does
not exist in the created CNN tool for the PIP (skedmlata of precipitating drops in ice cloud

are scarcan all our data sets)in order to detail a bit more the interpretation of retried
habits from CNN classification tools, a scheme of expected growth processes with impact
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on morphological habits is psented inFigure9-4.
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Figure9-4: Schematic of expected growth processes and their impact on morphological classes as a function of

temperature, deduced from Blay & Hallet 2009 (for diffusional growth), Pruppacher & Klett 2010 (for riming,
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With Figure9-4 in mind, further interpretation can be given fdfigure9-2 and Figure9-3.

For the gD-Sdata):

o CP constitute most of the hydrometeor mass at every temperature, indicating that riming
does take place as long as the temperature is negative and WD are present in the
environment. At 0°C andabove melted hydrometeors can be encountered. Particles
shrinkdramatically during melting, and most habits disappear as the hydrometdansge
CPtype morphologypefore disappearing from theD-Ssize range (below 300um).

o Around-5°C, a large portion of images are identified as Col, this type of diffusional growth
has been described in the literature since Magono & Lee 1966.

o The highest proportion of HPC is detectedXit°C anaf CA around9°C.

o Few aggregates are found 2D-Sdata.

For the precipitating particles (PIP data):

o CP and RA constitute most of the hydrometeor mass at every temperatithetiming at
slightly negative temperatures and -existing supercooled WD. Particles shrink
dramatically during melting, and must take the morphological attributes of CP.

0 Around¢5°C, a peak of CBC is obsengsihciding with the maximum Cmoncentration
observed in cloud particles.

o SYgnificant numbes of HPC are identifiedor all temperatures, which might be a bit
surprising, sincéiPCare only marginally found in cloud particlés.practice snowflakes
are mostly epresented as planar crystalseftrites) for the reason that they are
commonly found and observed with a naked eye at ground level during snow events.

9.1.1.2 MorphologicalClasses and RespectiassSizeDistributions

I FGSNI OF €t Odzf F GAYy3a SGSNE LI NitadOvithSe Zompdsie & 6 A G |
data, sorted by Dmax and in 3 temperature ranges: beldWC, between4°C and 0°C and
above 0°C. The resulting Figures are presented below.

9.1.1.2.1 2D-SData
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Figure9-5: Masssize dstributionsas a function of particlenorphology for the2D-S§ massin g/pum/L during the
entire campaign.

The distributiondor the 2D'S imagesKigure9-5) usually do not go beyond 1280 isince

thisis the width of the sampled area. This should be a Hiand for the CP and WD classes

which are composed of spherical and gusgherical crystal images. Bigger WD are found

exceptionally, in the caghat they were dynamically deformeaefore/during breakup.

The distributions are decreasing as we look at higher particle sizes. This is exphined
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fewer particles in the larger size ranges and particulaylyhe fact thatfor these graphs we

RARY QiU O2NNBOG F2N G4KS aAil S RShiSwkR 8oAal al

truncated imagest is evident that thelarger the crystal, thénigher is thelikelihood of
leaving partly the sample are, thus being truncated

The CC and HPC classes exhibit bimodal distributions, with one mode at 300um, this was
expected ad is described in the last section ddiffeux et al 2022based on the work of
Vaillant de Guélis et al 2019

In Figure9-4, two sourceq+)were staed for producingCP morphology: either by melting

or by riming. The distribution of CP in tteenperature range colder tham°C ofFigure9-5
descriles most likely CP that grew by collecting small supercooled droplets (riming),
whereasthe distribution of CP in th&>0°C rangaecessarily illustratesompactparticles

that have formed by melting of largand less dense igearticles.One can evesee in the

CP mass distribution in thd°C<T<0°@ngethe superposition of these two modes.

9.1.1.2.2 PIP Data

For the PIP image derived crystal masses thinee distributions(Figure9-6) look relatively
similar, howeverabove 0°Gne can observe a wider spread alalger diameterdor the
center (modal diameter)of the distribution, basically larger crystase observedat higher
temperatures. This behaviowasalsoobserved irStewart et al 1984(Figure9-7) andOraltay

and Hallett 1989as the temperature goes up to 0°C and is described as especially strong
inside the melting layer (~0.4 °C for the aircraft instrument).

Analogous to the 2E3, tre mass in the distributions decreases with size ttuscarcity and

not correcting for the sample volumalevertheless, the shift to larger particles as described
in Steward et al. (1984) can be well easily confirmed foraBBIGRA particles, that alreadiyr
colder temperatures rangesl0°C<T<°C and4°C<T<0°C) presented maximum sizes up to
6-8 mm.

For the four other classeat T<0°Ghe maximumsizes are significantly below8&mm, such

that growth in the melting layedistribution happens quite a bliefore the technical limit at

6.4 mm and gives us the information that we are indeed catching the largest particles for
these hydrometeor habits.
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Figure9-6: Same asigure9-5, but for PIP
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Figure9-7: From Stewart et al 198 Diameter of the largest particles in each pair ofQRand 2EP images
strips from takeoff ascent on 2 March 1978 plotted as functions of temperature and elevation. The solid and
dashed lines outline the largest particles of ice and circular imaggsectgely.
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9.1.2 Hydrometeor classification using MASC

9.1.2.1 General classification

Using morphological classes defined in Section 6, the global re$dits entire MASCB data
base andf the ICE GENESIS MASC deployment are summarkzgdried-8 and Figure9-9.
We can see that aggregate and graupel particleseeva®minant at ground level through the
period. In terms of mass, aggregates account for the greatest percentage. Note however that
the mass reconstruction algorithm cannot run on small particles, hence the absence of values
for these.

All temperatures — entire MASCB
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pe AG
3% 81% PC-3%
CPC CC-0.5%
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All temperatures — ICE GENESIS
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Figure9-8: Pie chart of hydrometeor types in the entire MASCDB and during ICE GENESIS image quality index >
9, GANbased reconstruction). Left: number of particles. Right: particle masses.
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Figure9-9: Time evolution of hydrometeor types recorded by the MASC near ground level and average
proportion of particles showing melting morphology (MASC data averaged over 1 h consecutive intervals).
Only MASC da collected at temperatures lower than 2°C ar@wsim and hourly time intervals with at least 5
particles recorded.
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The classification can also be refined depending on temperature as shofigure9-10
below. We can see for example that while aggregates account for a similar number proportion
in cold and warmer temperature ranges (40 % and 35%), they account for a greater proportion
of the mass at warmer temperatuse(92% instead of 80%): this highlights their greater size
in this growth regime.
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Figure9-10: Same a$igure9-8 using the entire MASCDB dataset, separated according to temperature range.
Top row: number proportions. Bottom row: mass proportions.
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9.1.2.2 Particle properties and dependence on hydrometeor type

The MASCDRlataset includes many field campaigns beyond ICE GENESIS that can provide
relevant information in terms of statistics of geometrical or microphysical parameters at
temperature ranges of interest. The combination of geometrical features (like maximum
dimension of the particles) and retrievals of masd.einonen et al 202a&llows to compile
masssize power law relations stratified for different types of particles and to put tlreim

context of existing relations in literature.

Statistics of each geometrical and textural descriptor available in the MASC database can be
computed and stratified according to other microphysical retrievals -@itiunenvironmental
information. This is illustrated ifrigure 9-11 where some geometrical descriptors are
stratified by hydrometeor type; ifFigure9-12 where they are stratified according to the
riming degree level or irFigure 9-13 where some retrievals are crosempared with
environmental conditions.
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Figure9-11 Conditional distribution (normalized histogram bin density and kernel density estimate KDE) of two
geometrical descriptors stratified according to the estimated hydrometeor type. (a) Maximum dimension
Dmax (b) Rotationalymmetry attribute (parameter sym 6F0f MASCDB). Figure fradarazioli et gl2022

Figure9-12 Conditional distribution (normalized histogram bin density and kernel density estimate KDE) of two
snowflake attributes stratified according todlestimated riming degree class. (a): numerical and continuous
riming degree level, (b) compactness indeigure fromGrazioli et al2022

Figure9-13 Conditional distribution (normalized histogram bin dé&y and kernel density estimate KDE) of air

temperature (a) and wind speed values (b) in the MASCDB dataset. Temperature data are stratified according

to the identification of melting particlewhile wind speed data are stratified according to the blonsngw
detection classes. Figure fro@razioli et g§l2022

These properties can also be refined following particle type and temperature range. The
following figure focus on data of the ICE GENESIS campaign and feature the temperature
dependency ofparticle size and aspect ratid-igure 9-14) as well as compactness and
roundness Figure9-15). In the left columns ofRigure9-14) we can see for instance the
enhanced patrticle sizes in the waer temperature range ([0, +2°C]) compared to thk D°C]

range. As an example of other relevant microphysical descriptor, aspect ratio values are
shown. It can be noted that graupel particles have greater aspect ratio (close to 1) which
reflects their pherelike aspect; on the contrary, columnar crystals have the lowest aspect
ratios (around 0.2; 0.3) which also matches the qualitative understanding.
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