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Glossary 

 

Abbreviation / Acronym Description/meaning 

2DS 2D Stereo 

2DVD 2D Video Disdrometer 

A/C Aircraft 

AC29-2C Advisory Circular 29-2C,  

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 Complex Assemblages 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 

CSI Cloud Spectrometer and Impactor 

CSP Combined Single Parameter 

CVI Counterflow Virtual Impactor 

Co  Columns and Needles 

CWC Condensed Water Content 

DDU 5ǳƳƻƴǘ ŘΩ¦ǊǾƛƭƭŜ 

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, D0 Diameter, maximum diameter, mean volume diameter, 2D 
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 Frequency Modulated Continuous Wave 

F/T Flight Test 

FTRA Flight Test Report and Analysis 

GAN Generative Adversarial Networks 

G/T Gound Test 

GTRA Ground Test Report and Analysis 

GPM Global Precipitation Measurement 

GR  Graupel 

HPC Hexagonal Planar Crystals 

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 Korean Meteorological Administration 

LUT Look Up Table 

LWC Liquid 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 Size Distribution 

MT2010 Megha-Tropique 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 Habit Imaging 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 Range-Height Indicator 

ROI Region Of Intrerest 

SAFIRE  

SID Small Ice Detector 

SP Small Particles 

SSRGA  Self-similar Rayleigh-Gans approximation 

SVI Snowflake Video Imager 

TWC Total Water Content 

Vt 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 & purpose: Overall, 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. Besides Appendix C & 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 precipitation 
microphysics is not well defined in the available regulations (CS25/29) and guidance material 
(Advisory Circular AC29-2C, Acceptable Means of Compliance AMC25.1093) of the Federal 
Aviation Administration (FAA). 

These regulations and the guidance material prescribe temperature conditions between -9 
and +2°C, but solely provide rough recommendations for the types of snow conditions to be 
tested, if tests are required. Furthermore, the conditions are less detailed than for other icing 
conditions especially concerning number particle size distribution (PSD), snow particle 
density, knowledge about morphological shape and associated microphysical properties, 
distinction between wet and dry snowflake characteristics, others...  

 

Context and limiting factors for quantifying snow microphysical properties / starting point: 
From literature we gathered information about snow microphysical properties at the 
beginning of the ICE GENESIS project, stating that snowflake diameters are mainly between 2 
and 5 mm (Pruppacher & Klett; 2010), ranging up to 15 mm. Snowflake density varies, ranging 
from 0.005 to 0.2 g cm-3, 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 than for dry 
snowflakes. Overall, microphysical data from past measurement campaigns including 
precipitating ice during winter season, like OLYMPEX or GCPEX, are barely detailed in terms 
of statistics of solid particle / snow particle microphysical properties. As a further starting 
point for the work to be performed within WP5 and final deliverable D5.7, it has been also 
stated that ground based and some limited airborne in situ snow measurements in snow 
conditions performed in the past were rarely set up for pure and extremely detailed analysis 
of the microphysical properties of snow. Often the microphysical measurements roughly 
served to validate precipitation related remote sensing retrievals within GPM for example, 
without presenting details on a series of microphysical parameters, as is needed within ICE 
GENESIS for WP10 snow accretion modelling.  

This is why, within ICE GENESIS, proper ground and flight tests have been conducted in snow 
conditions, with the overall objective of a detailed characterization of all relevant snow and 
precipitation related microphysical parameters that were iteratively feeding the development 
of snow numerical tools and were used for comparison with artificial snow generated in test 
facilities during the ongoing project.  

 

Main results / discoveries / findings: A close collaboration has been established between 
Technostream SNOW related workpackages of ICE GENESIS with WP5, WP7, and WP10, 
primarily in order to meet WP10 needs of 3D descriptors (size distributions of mass, volume, 
surface, area, sphericity, orthogonal or crosswise sphericity, ice effective density) for particle 
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trajectory and particle melting models. This is why the measurements conducted during the 
ground based and airborne field-campaign in the Swiss Jura (GTRA documented in D5.5 and 
FTRA in D5.6) aimed to give momentum to quantitative and detailed snowfall microphysics 
including all above snow parameters at temperatures ranging from -10°C to +2°C. The 
combination of ground based remote sensing (multiple radar systems), in-situ (MASC 
snowflake camera) and aircraft-based measurement techniques (in situ and remote sensing) 
was designed to sample clouds and precipitation in the entire column and at different scales; 
from the large sampling volumes of radar data to the depiction of individual hydrometeors or 
imagers. The abundance of in-situ data offers the rare possibility to provide ground-truth for 
hydrometeor classification algorithms based on remotely sensed observations. The main 
scientific work within WP5 has then been the common quantification of 2D & 3D descriptors 
on the one hand from ATR-42 and MASC in-situ snow data and on the other hand from closure 
studies, including in situ validation of Doppler cloud radar TWC retrievals, of dual-frequency 
radar 2D and 3D descriptor retrievals, and of dual-polarization radar retrievals of crystal 
morphology and TWC.  

YŜȅ ƻōǎŜǊǾŀǘƛƻƴǎ ŦǊƻƳ Ǉŀǎǘ Řŀǘŀ ŀƴŀƭȅǎƛǎ όL5рΦмύ ŀƴŘ Ƴŀƛƴƭȅ ǘƘŜ Ψ[Ŝǎ 9ǇƭŀǘǳǊŜǎΩ ŎŀƳǇŀƛƎƴ 
performed within the frame of ICE GENESIS are:  

- 5-sec snow water content values reached 0.5-1.0 g/m³ 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 2-3 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 function of particle size is strongly 
depending on the morphological shape. More or less rimed aggregates and graupel 
are comprising the main classes of snow particles. 

- A final table is produced giving quantitative numbers within specific snow particle size 
ranges and next within three distinct temperature intervals (-10 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 parameters, 
ƻǘƘŜǊǎΧύΦ  

 

Use of this deliverable / Future key issues: The 3D descriptor statistics are calculated and 
plotted in a series of figures as function of morphological class, of three distinct temperature 
ranges, and of the size of the snow particles. The scientific statistics are presented in the most 
important chapter 9 of this deliverable. Finally, all this information is condensed in 
quantitative tables, reading out values of ice density, sphericity, orthogonal sphericity, mass 
fractions, number fractions of morphological classes that will be still used within ICE GENESIS 
for snow accretion modelling, but can be also used in near future by regulation authorities, 
ŜǘŎΧ 
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2 Introduction  

Context / background of work: At the beginning of the ICE GENESIS project, preliminary snow 
characterization has been performed from literature study and careful analysis of past snow 
and precipitating ice data gathered at the ground (access to three datasets of the MASC triple 
snowflake camera via the EPFL partner within ICE GENESIS) and from some data of scarce 
relevant airborne campaigns. Airborne in situ data were available from helicopter flight 
explicitly performed in snow conditions during winter 2017/18 (campaign Airbus Helicopters 
(AH)) and then CNRS SAFIRE Falcon 20 campaigns in precipitating ice, with in particular the 
2010 Megha-Tropiques campaign data including a significant amount of data in the relevant 
temperature range of -10°C to +2°C (campaign Megha-Tropiques 2010 / MT2010). Those two 
most promising datasets (AH, MT2010) available within ICE GENESIS have nevertheless some 
significant limitations since only one precipitating hydrometeor imaging probe (PIP) could be 
installed on the helicopter, and in parallel doubts exist on the comparability of winter snow 
and precipitating ice in the stratiform part of deep convection in the Tropics or mid-latitudes 
(-10°C to +2°C range). In general, MCS or deep convection have cloud bases at completely 
different temperatures compared to winter snow clouds, and thus the melting layers at 0°C 
can be observed at completely different atmospheric altitudes.  

Thus, new snow data near/above the ground in the temperature range -10 to +2 °C have been 
gathered within the ICE GENESIS project, in order to enrich the small and incomplete (AH / 
lack of extensive instrumentation) airborne and ground based dataset of natural snow within 
the ICE GENESIS project. A small but sophisticated ICE GENESIS snow campaign has been 
performed during winter 2020/21 in the Swiss Jura, including a MASC snowflake camera and 
multiple radar remote sensing instruments installed ŀǘ ǘƘŜ ŀƛǊǇƻǊǘ Ψ[Ŝǎ 9ǇƭŀǘǳǊŜǎΩΦ Lƴ ŀŘŘƛǘƛƻƴΣ 
the ART42 performed five scientific flight missions, thereby overflying the airport at different 
flight altitudes (temperature domain -10 to +2°C). This combined approach (ground remote 
sensing and aircraft in situ and remote sensing) allows for various closure studies. The data of 
the ICE GENESIS snow campaign have been processed, including new methodologies 
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 past AH and MT2010 data and comparing 
retrieved results to literature snow relevant campaigns, however with mainly scarce 
quantification of detailed snow microphysics. The results of the final quantification of the 
snow crystal / snowflake microphysical properties are 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 distributions, particle sphericity 
information) of individual snow crystals as well as of entire snow crystal populations (per 
volume of air). 

 

Content of the document: After ǘƘƛǎ ǎƘƻǊǘ άƛƴǘǊƻŘǳŎǘƛƻƴέΣ the two following chapters are 
dediŎŀǘŜŘ ǘƻ ǘƘŜ άǎƴƻǿ ǊŜǉǳƛǊŜƳŜƴǘǎΣ the state of the art, and the link of WP5 with 
workpackages WP7 & WP10 dedicated to snowέ ŀƴŘ ŀ ōǊƛŜŦ ǊŜŎŀƭƭ ƻŦ ǘƘŜ άICE GENESIS F/T and 
G/T measurement campaignsέ. Reports and first analysis of ground and flight tests performed 
within ICE GENESIS have been already documented in the GTRA (D5.5) and FTRA (D5.6) 
deliverables, respectively. 

 

The four subsequent chapters briefly recall: 

(i) In situ measurements and derived parameters performed on the ATR42 research aircraft: 
Therein a CNN neural network (Jaffeux et al., 2022) for shape classification of optical 
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ŀǊǊŀȅ ǇǊƻōŜǎΩ ǎƘŀŘƻǿ ƛƳŀƎŜǎ όōƭŀŎƪ ϧ ǿƘƛǘŜ ƛƳŀƎŜǎ ƻŦ ǎƴƻǿ ǇŀǊǘƛŎƭŜǎύ Ƙŀǎ ōŜŜƴ 
implemented, allowing to quantify 2D & 3D descriptors (requested by WP10) as a 
function of morphological class, of temperature, and of particle size; 

(ii) Microphysical results of the measurements performed with the MASC snowflake camera 
at the ground: In addition to shape analysis, riming degree, and wet/dry snow distinction 
according to Praz (2018), a GAN neural network has been developed for the retrieval of 
3D descriptors (mass!) from image triplets of the MASC snow camera. The 3D 
reconstruction (Leinonen, 2021) is operational; 

(iii) Snow properties retrieved from remote sensing on the ATR42 (cloud Doppler radar 
RASTA); 

(iv) A final retrieval method implemented within ICE GENESIS for dual frequency radar data 
(X, W-band). The idea is that dual frequency Doppler velocities originate in Doppler 
spectrograms with underlying microphysics (PSD, density, fall velocity to size relation) 
and meteorology, driving the Doppler spectrum. The Doppler spectrum simulations using 
PAMTRA code for reflectivity simulations (Mech et al: 2020), coupled with deep learning, 
produces as output TWC, mean Dmax of log-normal number size distributions, aspect 
ratio, and alpha & beta coefficients for m(D) and A(D) relationships. This method 
produces a comparable 3D descriptor dataset as the ATR in situ snow data needed for 
WP10 simulations. 

The άsynthesis of the snow properties statisticsέ from the four above measurement/retrieval 
approaches is then presented in the important chapter 9, before the final άconclusion/way 
forwardέ chapter. 

 

Relation to other relevant ICE GENESIS RTD work: The snow properties retrieved from data 
ƎŀǘƘŜǊŜŘ ƛƴ ǘƘŜ ŦǊŀƳŜ ƻŦ L/9 D9b9{L{ ό²tр άLƴǎǘǊǳƳŜƴǘŀǘƛƻƴ ŦƻǊ ǎƴƻǿ ϧ ƳƛŎǊƻǇƘȅǎƛŎŀƭ 
ǇǊƻǇŜǊǘƛŜǎέύ ŀǊŜ Ŏƻƴǘƛƴǳƻǳǎƭȅ ŎƻƳƳǳƴƛŎŀǘŜŘ ǿƛǘƘƛƴ ǘƘŜ ά¢ŜŎƘƴƻǎǘǊŜŀƳ SNOWέ ǘƻ ōŜ ǳǎŜŘ 
as realistic input and for validation purposes for numerical models (WP10) and icing wind 
tunnel developments (WP7). 

 

https://doi.org/10.5194/gmd-13-4229-2020
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3 Requirements / State of the Art & link with WP7/WP10  

3.1 Requirements: (extracted from paper A.-C. Billault-Roux, J. Grazioli et al., 

2022, in revision BAMS) 

The aviation industry faces numerous safety-related challenges in cold atmospheric 
conditions. The risk of aircraft icing in supercooled or mixed-phase clouds is a well-known 
example (Cao et al. 2018). Likewise, ice crystal icing, often associated with flying in high-
altitude regions near deep convective systems (Lawson et al. 1998; Hallett and Isaac 2008), 
leads to the ingestion of ice crystals by jet engines and subsequent power loss or engine 
damage (Mason et al. 2006; Haggerty et al. 2019).  

Snowfall has also been reported to induce in-flight power interruptions on certain engines, 
while at ground level, snow accretion on aircraft is an additional threat for take-off 
(Rasmussen et al. 1999, 2000, 2001; Taszarek et al. 2020). 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 snow, both falling 
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 the Advisory Circular AC29-
2C and Acceptable Means of Compliance AMC25.1093 prescribes temperature conditions 
between -9°C and +2°C. However, there are no validated engineering tools (test facilities and 
numerical tools) available to support the design of air inlet systems 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 development 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, mass, mass-size relation, fractal dimension, density, sphericity, ice water content, 
to list a few), to support the development of engineering tools and de-risk design before in-
flight demonstration.  

 

The measurement efforts in the ICE GENSIS project are tailored to provide observations of 
and insights into detailed and size dependent most quantitative snowfall properties at this 
temperature range, slightly extended to [-10, +2°C], with the primary motivation to cover this 
important industrial need.  

What makes the mentioned temperature range [-10, +2°C] so interesting is related to the fact 
that different precipitation and heat transfer processes take place between -10°C and +2°C, 
depending on the population of ice particles, relative humidity and availability of supercooled 
liquid water (Stewart et al. 2015). Their proper understanding and characterization 
(Grabowski et al. 2019; Morrison et al. 2020) is a challenge beyond aircraft industrial 
concerns, in particular for the development of more accurate numerical weather and climate 
models. Among the processes leading to particle growth, aggregation is maximized between 
-5°C and 0°C (Pruppacher and Klett 2010; Heymsfield et al. 2015ύ ŘǳŜ ǘƻ ǘƘŜ ǇŀǊǘƛŎƭŜǎΩ 
increased sticking efficiency.  

The actual importance and quantification of aggregation and break-up, of changes in shape 
and bulk density, across the melting layer, are important and debated questions (Fabry 1995; 
Li and Moisseev 2019). Although recent progress in modeling have helped gain insight in 
particle-scale melting mechanisms (Szyrmer and Zawadzki (1999) and more recently 
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Leinonen and von Lerber (2018)), a gap remains to be filled to fully comprehend the interplay 
of microphysical, thermo- and aerodynamical processes in wet snow (Li et al. 2020). 

Current knowledge about processes occurring near the melting layer consists of indirect 
weather radar observations (e.g. Liao et al. 2009; Trömel et al. 2019; Li and Moisseev 2020) 
and to a minor extent of direct measurements collected by instrumented aircraft (Heymsfield 
et al. 2015), groundbased in-situ observations (Knight 1979; Barthazy et al. 1998), laboratory 
studies (Mitra et al. 1990; Oraltay and Hallett 2005; Hauk et al. 2016; Aguilar et al. 2021), 
and simulations (Leinonen and von Lerber 2018). 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 in-situ measurements and to the reproduction and modeling of 
associated physical phenomena like drag or melting.  

 

3.2 State of the art: literature review of snow microphysical properties 

(shorted version of literature review documented in ICE GENESIS ID3.3) 

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, riming, and 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 Klett (2010) is adopted here: ice particles 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 prevailing in snow 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, 
Figure 3-1 presents MASC samples (multi angle snowflake camera; Garett 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 were collected 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 (Locatelli and Hobbs (1974), Mitchell et al. (1990)). The development of 
optoelectronic instruments such as those listed in Table 3-1 and automatic classification 
algorithms made the sampling statistically more quantitative and the measurement of 
ensemble properties such as size distributions, median volume diameter, snowfall rate, and 
habit classification possible (Lawson et al. (1998), Praz et al. (2017)). 
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Figure 3-1: MASC picture of hydrometeor illustrating the variability in the shape and size of snow particles 

 

Applicatio
n Instrument Reference 

Ground 

2D Video Disdrometer (2DVD) 
Kruger and Krajewski 
2002 

Hydrometeor Velocity and Shape Detector 
(HVSD) Barthazy et al. 2004 

Snowflake Video Imager (SVI) Newmann et al. 2009 

Multi-Angle Snow Camera (MASC) Garrett et al. 2012 

Airborne 

2D-P Knollenberg 1970, 1981 

PIP Baumgardner et al. 2011 

HVPS Lawson et al. 1993 

Table 3-1: Contemporary instrumentation for observation of snow particles and snowflakes. 

 

Morphological properties 

One of the most comprehensive ice particle classification scheme identifies not less than 121 
types/categories of solid precipitation particles (Kikuchi et al. (2013)). The scheme is based 
on solid precipitations observed from mid-latitude to Polar Regions. These categories are 
ǊŜƎǊƻǳǇŜŘ ƛƴǘƻ у ƳŀƧƻǊ ƎǊƻǳǇǎ Υ άColumn ŎǊȅǎǘŀƭǎέΣ άPlane ŎǊȅǎǘŀƭǎέΣ άCombination of Column 
and Plane ŎǊȅǎǘŀƭǎέΣ άAggregatesέΣ άRimed ǎƴƻǿ ŎǊȅǎǘŀƭǎέΣ άGerms ƻŦ ƛŎŜ ŎǊȅǎǘŀƭǎέΣ άIrregular 
ǎƴƻǿ ǇŀǊǘƛŎƭŜǎέ όŎƻƳǇǊƛǎƛƴƎ ƛŎŜ ǇŀǊǘƛŎƭŜǎ ǊŀƛǎŜŘ ŦǊƻƳ ǘƘŜ ǎƴƻǿ ŎƻǾŜǊ ōȅ ǎǘǊƻƴƎ ǿƛƴŘǎύΣ ŀƴŘ 
άOther solid preciǇƛǘŀǘƛƻƴέ όƛƴŎƭǳŘƛƴƎ ƘŀƛƭǎǘƻƴŜΣ ǿƘƛŎƘ ŀǊŜ ƴƻǘ ŎƻƴǎƛŘŜǊŜŘ ŀǎ ǎƴƻǿ ōȅ ǘƘŜ 
authors). These particles were sampled with CCD cameras which have basically 256 level of 
greyscale or more, however are suffering from the principal drawback that those instruments 
haǾŜ ǾŜǊȅ ƭƛƳƛǘŜŘ ǎŀƳǇƭƛƴƎ ǾƻƭǳƳŜǎΣ ǎǳŎƘ ǘƘŀǘ ǿŜ ŎŀƴΩǘ ǘŜƭƭ ŀƴȅǘƘƛƴƎ ŀōƻǳǘ ƴǳƳōŜǊ ƻǊ Ƴŀǎǎ 
concentrations of snow particles. 

Praz et al. (2017) developed an automatic classification method to sort snow particles 
observed on ground, thereby utilizing two instruments: MASC and 2DVD. The series given in 
Figure 3-2 (a) illustrates the evolution of snow precipitation microphysics recorded by the 
MASC instrument during a snowfall event 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 and Planar Crystals (CPC). The precipitation particles that were dominated by 
aggregates before 08UTC are mostly comprised of heavily rimed particles and graupel after 
0830 UTC. The series given in Figure 3-2 (b) shows temporal evolution of the riming index (Rc) 
and the proportion of melting snowflakes (MS).  

 

Figure 3-2: Evolution of the dominant habit during a snowfall event in Switzerland (from Praz et al. 2017) 

 

Dimensional properties: 

As the general rule, single snow crystals have a maximum dimension less than 5 mm, 
regardless the degree of riming, and the dimension of snowflakes is usually below 2 cm 
(Pruppacher & Klett, 2010[67]). Several studies reported on observation of very large 
snowflakes (e.g. Lawson et al., 1993, 1998). In the following, for the size definition, the 
maximum linear dimension is used.  

For the recent OLYMPEX campaign, Tridon et al (2019) are showing mean mass diameters of 
1 to 4mm from 2D-S+HVPS combined data. Unfortunately, in those projects (as OLYMPEX, 
other GPM related cold precipitation campaigns) in 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 ICE GENESIS, 
particularly WP accretion modelling. 

{ƛƴŎŜ ǘƘŜ мфулΩǎ, the use of laser imaging probes (based on linear photodiode arrays) allowed 
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 than 1-2 mm) were repeatedly confirmed to 
be well represented by exponential laws (Heymsfield et al., 2008) although a gamma law, 
ὔὈ ὔὈÅØÐ ‗Ὀ , may provide more flexibility to describe the evolutions of the 
spectra at the smallest size end (Garrett, 2019). 

The size distribution obtained by Lawson et al. 1998 from airborne measurements (HVPS) in 
a 30-km 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 g.cm-3) were well fitted with an exponential 

model (ὔὈ ὔὩ ) with the slope parameter of the order of ‗ͯ ρ ὧά , a total 
concentration of 0.1 m-3, and an ice water content up to 1.8 g.m-3 (estimated from HVPS 
measurements). Brandes et al. 2007 analysed ground observations realized with a 2DVD 
instrument during the 2003-2005 winter periods along the Front Range, Colorado. They 
describe winter precipitation as dominated by almost spherical aggregates with size 
distributions well represented by gamma laws whose parameters N0 and ‗ vary from 104.6m-

3mm-1 to 103m-3mm-1 and 4 to 2 mm-1, respectively.  
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Mass properties: 

The bulk density of a snow particle depends on the definition of the reference particle volume 
(Dmax sphere, others), which is found 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 particles (sleet particles) have a density laying between the 
density of bulk ice and 0.99 g.cm-3 (Pruppacher and Klett, 2010). In contrast, the density of 
snowflakes (aggregates of snow crystal) can be as low as 0.004 g.cm-3: Magono and Nakamura 
1965 computed the density from several hundred particles collected at Sapporo, Japan from 
1958 to 1962. They found the density to decrease as size increases (”Ὀ πȢπςὈ , D in 
cm), ranging from approximately 0.005 g.cm-3 at (2.5mm) to 0.6 g.cm-3 (at 0.3mm), as shown 
in Figure 3-3. 

 

Figure 3-3Υ wŜƭŀǘƛƻƴ ōŜǘǿŜŜƴ ŘŜƴǎƛǘȅ όˋύ ŀƴŘ ŘƛŀƳŜǘŜǊ ƻŦ ŦŀƭƭƛƴƎ ǎƴƻǿŦƭŀƪŜǎ όaŀƎƻƴƻ ŀƴŘ bŀƪŀƳǳǊŀ мфсрύ 

 

These measurements were further processed to derive two density-size relationships 
ŀǇǇƭƛŎŀōƭŜ ǘƻ άŘǊȅέ ŀƴŘ άǿŜǘέ ǎƴƻǿŦƭŀƪŜǎ όLawson et al, 1998):   

¶ Dry snowflakes: ” πȢπρχ Ὀ  with D in cm is the mean chord diameter 

¶ Wet snowflakes: ” πȢπχςτ Ὀ  with D in cm is the mean chord diameter 

The parametrizations of the mass properties of ice crystals are often based on mass-

dimension (m-D) relationships with power law assumption (e.g. ά  ‌Ὀ ). Locatelli and 
Hobbs (1974)  report on the fall speed, mass, and 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 particle types with 
sizes generally ranging from 400 µm to few millimetres, and which could even exceed 1 cm 
(aggregates of rimed/unrimed radiating assemblages of dendrites or dendrites).  

In principal, snow particles were imaged and subsequently melted for the mass estimation. 
Mitchell et al., (1990) complemented the dataset with information on the masses, 
dimensions, and habits of precipitating ice particles with size ranging from 0.2 to 7.7 mm. 
These observations, based on more than 2800 natural ice particles sampled at temperatures 
between 0°C and -5°C, were obtained 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 
numerous mass-size relationships of Locatelli and Hobbs (1974) and Mitchell et al. (1990) 
given in Table 3-2: 
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Type of particles  
Range of sizes 
diameter; length 
(mm) 

Mass-size relation 
mg, mm 

Study 

Unrimed side planes 0.3 - 2.5 0.021D2.3 M90 

Densely rimed dendrites 0.2 - 4.0 0.015D2.3 LH74 

Heavily rimed dendritic crystals 0.2 - 2.8 0.068D2.2 M90 

Densely rimed columns 0.8 - 2.0 0.033L2.3 LH74 

Long columns 0.2 - 1.5 0.012L1.8 M90 

Rimed long columns 0.2 - 2.4 0.023L1.8 M90 

Short columns 0.2 - 0.6 0.064L2.6 M90 

Aggregates of unrimed dendrites or radiating 
assemblages of dendrites 

2.0 - 10.0 0.073D1.4 LH74 

Aggregates of densely rimed dendrites or 
radiating assemblages of dendrites 

2.0 - 12.0 0.037D1.9 LH74 

Aggregates of unrimed side planes, 
assemblage of plates, columns, bullets 

1.0 - 3.0 0.037D1.9 LH74 

Aggregates of side planes, bullet and columns 0.8 - 4.5 0.022D2.1 M90 

Aggregates of unrimed side planes 0.5 - 4.0 0.04D1.4 LH74 

Aggregates of unrimed side planes 0.6 - 4.1 0.021D2.2 M90 

Graupel-like snow of lump type 0.5 - 2.2 0.059D2.1 LH74 

Graupel-like snow of hexagonal type 0.8 - 2.8 0.021D2.4 LH74 

Densely rimed radiating assemblages of 
dendrites  

0.8 - 2.8 0.039D2.1 LH74 

Hexagonal graupel 0.8 - 3.2 0.044D2.9 LH74 

Lump graupel 0.5 - 3 лΦлр Җ ˊ Җ лΦпр LH74 

Conical graupel 0.8 - 3 0.073D2.6 LH74 

Elementary needles 0.6 - 2.7 0.0049L1.8 M90 

Rimed elementary needles 0.5 - 2.8 0.0060L2.1 M90 

Hexagonal plates 0.2 - 1.0 0.028D2.5 M90 

Radiating assemblages of plates 0.2 - 3.0 0.019D2.1 M90 

Aggregates of radiating assemblage of plates 0.8 - 7.7 0.023D1.8 M90 

Table 3-2: Mass-size relations describing snow 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 crystals. The above mentioned studies rely on the direct 
estimation of the mass of snow particles, mainly collected at the ground. Some sophisticated 
ǘŜŎƘƴƛǉǳŜǎ ƘŀǾŜ ōŜŜƴ ǇǊƻǇƻǎŜŘ ƛƴ ǘƘŜ нлллΩǎ ǘƻ ŎƻǇŜ ǿƛǘƘ ǘƘŜ ŜȄǘŜƴǎƛǾŜ ǳǎŜ ƻŦ h!t probes 
for automatic sampling during airborne measurement campaigns (Baker and Lawson (2006), 
Schmitt and Heymsfield (2010), Leroy et al (2016), Coutris et al (2017)). 

 

 

 

3.2.2 Melting of snow flakes 
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Melting was studied in both field and lab / wind tunnel experiments (Fujiyoshi, 1986; Mitra 
et al., 1990). All these experiments lead to the description of melting as a four stages process: 
1) small drops of meltwater form at the upstream tips of crystal branches exposed to the flow, 
2) inward migration from the snowflŀƪŜΩǎ ǇŜǊƛǇƘŜǊȅ ǘƻ ǘƘŜ ƭƛƴƪŀƎŜǎ ƻŦ ǘƘŜ ōǊŀƴŎƘŜǎ ƭŜŀǾƛƴƎ 
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 ice frame suddenly collapses and a drop of melted water forms with 
unmelted ice portions embedded inside.  

In Mitra et al., 1990, a theoretical heat transfer model is derived to describe the rate of 
melting of idealized snowflakes (oblate spheroid) as a function of environmental conditions 
(temperature, humidity). 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 in Figure 3-3.  

Experimental assessment of the degree of melting of individual snowflakes is difficult to 
assess during field campaigns (Fujiyoshi, 1986; Mitra et al., 1990). As already presented in 
Figure 3-2 (b), the proportion of melted snow (MS on the figure) may be estimated from MASC 
grey scale triplet image measurements. 

 

Figure 3-4Υ aŜƭǘƛƴƎ ƻŦ ǎƴƻǿŦƭŀƪŜǎΥ ŎƻƳǇǳǘŀǘƛƻƴ ƻŦ ƳŜƭǘƛƴƎ ŘƛǎǘŀƴŎŜ ŦƻǊ ŘƛŦŦŜǊŜƴǘ ŦƭŀƪŜΩǎ ƎŜƻƳŜǘǊȅ ŀƴŘ 
atmospheric conditions (from Mitra et al. 1990) 

 

3.2.3 Remote Sensing retrieval of snowfall microphysics 

The potential of remote sensing 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 (e.g. Liao et al., (2008), but 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 on radar measurements. 

Radar polarimetric variables (e.g. differential reflectivity, specific differential phase shift) 
measured by dual-polarization radars provide valuable information on hydrometeor types 
(raindrops, hail, snow...), and are now operationally 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 and snowfall microphysics has 
been under development since the 1990s, relying mostly on vertically- or nadir-pointing 
radars, and the radar effective reflectivity (Ze) depending essentially on the frequency of the 
signal and on the snow particle size distribution (PSD) at a given range. This PSD is commonly 
represented through two parameters, the size parameter lambda and the concentration 
parameter N0 (exponential or modified gamma distributions are often used (Braham, 1990)). 
Studies have shown (Liao et al., 2005 & 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 
dual-frequency reflectivity 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 only depends on their size but also on their 
shape and dielectric constant. More realistic scattering models have been designed (based on 
self-similar Rayleigh-Gans approximation (Hogan and Westbrook, 2014[30]), oblate spheroid 
T-matrix approach (Mishchenko, 2000), or on the Discrete Dipole approximation (Garrett, 
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 techniques (e.g. Tridon et al., 2015) 

Based on this approach, a triple-frequency retrieval was used to identify different particle 
types: for instance, signatures from snow aggregates were identified, both in simulations and 
in experimental data (e.g. Leinonen et al., 2018).  

Another approach of retrieving snow microphysical properties is based on Doppler spectral 
analysis. Essentially, spectral reflectivities are measured for a range of Doppler velocities: 
these velocities contain information on vertical air motions and particle fall speeds, which are 
in turn related to the particles' sizes and also environmental parameters). However, an 
accurate understanding of size-velocity, mass-size and area-size relationships is required to 
retrieve quantitative information from those 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 datasets (shortened version 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 been 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 properties of snow 
particles to the Technostream SNOW partners involved into numerical modelling (WP10, 
άbǳƳŜǊƛŎŀƭ ŎŀǇŀōƛƭƛǘȅ ŘŜǾŜƭƻǇƳŜƴǘ ŦƻǊ ǎƴƻǿέ) and icing wind tunnel operation (WP7Σ ά{ƴƻǿ 
ǘŜǎǘ ŎŀǇŀōƛƭƛǘȅέ) activities.  
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The datasets analysed for a preliminary snow characterization stem from three ground and 
two airborne field campaigns made at different locations on the globe. For each dataset, the 
subsequent two sub-chapters include a brief description of the campaign and of the tools and 
methods used to produce the data and some figures presenting the results. The size of snow 
particles ranges from few tens of micrometres to about one centimetre (8-9 mm typically). 
The concentration of particles decreases with size and the size distribution of millimetric 
particles is well represented with an exponential model. The estimated bulk density of ice 
particles is found to decrease with size, from about 0.1 g/cm3 for 1-mm particles to less than 
0.01 g/cm3 for 1-cm particles. The results from ground measurements show that snow 
precipitations are mostly comprised 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 considered. 

 

3.3.1 MASC: Ground Measurements 

EPFL made accessible and analysed data from the MASC instruments collected at various 
locations (Alps, Korea, Antarctica) prior to the start of the ICE GENESIS project. Ground 
observations performed during snow fall events show 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 increases as the surface wind increases. If episodes of blowing snow are 
removed from the analysis, aggregates, graupels, and small particles are the dominant types 
accounting for more than 85 % of the snow particles, regardless of the location of the 
observation site. 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 
ǎƘŀǇŜ ŎƻǳƭŘ ōŜ ŘŜŦƛƴŜŘ ǘƻ ǊŜǇǊŜǎŜƴǘ άǿƘŀǘ ƛǎ ǎƴƻǿέΦ LƴǎǘŜŀŘΣ ǎƴƻǿ ǇŀǊǘƛŎƭŜs would be better 
described by a combination of statistical quantities such as size distribution, bulk density law, 
habit composition law (the 6-category classification listed in Praz et al (2017) might offer a 
simplified yet accurate classification of snow for 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 for snow is a key task within the Technostream SNOW. The 
results of the preliminary ground measurement analysis have been used as preliminary inputs 
or first assumptions by modellers within the Technostream SNOW WP10.  

 

3.3.1.1 MASC: Tools and Methods 

The Multi Angle Snow Camera (MASC, Garett et al. 2012) is a device developed by Particle 
Flux Analytics for precipitation measurements. Installed on ground, it automatically recorded 
detailed images of snow particles falling through its sampling volume at three different angles 
and with a resolution of about 35 µm. 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 data: a classification 
algorithm was first proposed by Praz et al. (2017), providing for each image the probability of 
being part of six different shape categories: Small Particles (SP), Columnar Crystals (CC), Planar 
Crystals (PC), combination of Column and Plate Crystals (CPC), Aggregates (AG), and Graupel 
(GR). Schaer et al. (2018) proposed an algorithm to distinguish MASC images corresponding 
to either blowing snow, precipitation, or a mixture of those. Finally, Jullien (2018) combined 
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the two to obtain statistics about 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 a double-fence 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 2015-2016. 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 Meteorological Administration (KMA) 
organized an international field campaign named ICE-POP 2018. During this campaign, 
a MASC was deployed at the MayHill 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 project, EPFL-LT was 
involved in two field campaigns at the coast of Adelie Land in East Antarctica, at the 
5ǳƳƻƴǘ ŘΩ¦ǊǾƛƭƭŜ ό55¦ύ ǎǘŀǘƛƻƴ όGenthon et al., 2018). Among other instruments, a 
MASC was deployed at DDU in summer 2015-2016 and 2016-2017. The MASC was not 
shielded 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 statistics of the shape classification (Figure 3-5) and 
size distributions (Figure 3-6) of the three data sets. 

 

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

dominating snow crystal morphology 

   

Davos dataset South Korean dataset DDU Antarctica dataset 

Figure 3-5: 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 particles for the past MASC snow datasets  

 

 

Davos dataset 

 

South Korean dataset 

 

DDU Antarctica dataset 

Figure 3-6: 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 (from 31% for 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 are many small particles (24%), too small to 
be correctly resolved by the MASC resolution (about 35 m). Finally, the size range is large, 
with a larger proportion of small particles when blowing snow time steps are not removed, 
as expected. 

The ICE-POP MASC data set provides relevant data for non-Alpine conditions. Similar to the 
experimental set-up 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 
ŎǊȅǎǘŀƭǎ ǳǇ ǘƻ пс҈ ŦƻǊ ŎƻƭǳƳƴŀǊ ŎǊȅǎǘŀƭǎύΦ Lƴ ŀŘŘƛǘƛƻƴΣ ǘƘŜ ŎŀǘŜƎƻǊȅ άǎƳŀƭƭ ǇŀǊǘƛŎƭŜǎέ ƛǎ ƭŜǎǎ 
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%), followed by graupel (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 image 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 (25%) followed 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 Helicopters Airborne Measurements 

The campaign took place in South of France during 2017/2018 winter. Within the objective to 
support the development and certification of Airbus Helicopter vehicles in inclement weather 
conditions (snow precipitation conditions), CNRS installed a 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, several 2-minute periods (P1-P3 for flight A and 
P4-P7 for flight B) of interest have been selected based on following criteria:  

Á stabilized flight conditions, variation of Altitude, Roll, Pitch and TAS less than few % 
Á constant temperature; 
Á no large variations in terms of particles populations, based on subjective estimation of the 

shape aspects conservation of particles images during one period. 
The selected periods of interest (including average CWC) are summarized in the Table 3-3 
below: 

 

Flight ID Periods of interest (UTC) Mean temperature (°C) CWC (g/m3) 

A 

P1: 10:48:20 ς 10:50:20 -4.00 +/- 0.44 0.705 

P2: 11:06:40 ς 11:08:40  -4.05 +/- 0.13 0.916 

P3: 11:45:00 ς 11:47:00 -3.00 +/-0.12 0.974 

B 

P4: 09:46:20 ς 09:48:20 -2.75 +/- 0.00 0.173 

P5: 09:50 00 ς 09:52:00 -2.75 +/-0.03 0.246 

P6: 10:00:00 ς 10:02:00 -3.21 +/-0.10 0.291 

P7: 10:51:40 ς 10:53:40 -2.60 +/- 0.9 0.860 

Table 3-3: Flights of the AH campaign 

 

3.3.2.1 Tools and Methods 

The Helicopter was equipped solely with a Precipitation Imaging Probe (PIP, DMT Inc., 
Baumgardner et al. 2011). This probe records 2D projected images of every particles crossing 
its sampling volume. With its linear array of 64 photodiodes, the probe is able to record 
precipitation sized particles (Dmax up to 1 cm) with a resolution 100 µm. The mass of individual 
snow particles is retrieved from the 2D images using the Baker and Lawson 2006 mass 
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 mass-size distributions MSD. The CWC is the cumulative 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 the other halve. 

¢ƘŜ ǇŀǊǘƛŎƭŜǎΩ ŀǾŜǊŀƎŜ ōǳƭƪ ŘŜƴǎƛǘȅ ƛǎ ŎŀƭŎǳƭŀǘŜŘ ŦƻǊ ŜŀŎƘ ōƛƴ ōȅ ŘƛǾƛŘƛƴƎ ǘƘŜ ǇŀǊǘƛŎƭŜǎΩ 
ŀǾŜǊŀƎŜŘ Ƴŀǎǎ όǘƘŜ ǎǳƳ ƻŦ ǘƘŜ ǇŀǊǘƛŎƭŜǎΩ ƛƴŘƛǾƛŘǳŀƭ Ƴŀǎǎ ŘƛǾƛŘŜŘ ōȅ ǘƘŜ ƴǳƳōŜǊ ƻŦ ǇŀǊǘƛŎƭŜǎ 
in the bin) by the volume of a sphere with diameter equal to the bin midpoint 

”Ὀ
φάὈ

“Ὀ
 

For each period of interest, mean values or percentile values are calculated from 1 Hz results. 

 

3.3.2.2 Results 

In below figures (Figure 3-7, Figure 3-8, Figure 3-9), few results of the analysis of flights A and 
B of measured snow and precipitating ice properties are illustrated in subsequent figures in 
terms of number size distributions (NSD), mass size distributions (MSD), and density size 
distributions : 

 

a) Variability of snow number size distributions (NSD) during two flights 

  

Figure 3-7: number PSD during Airbus Helicopters flight periods P1-P7 
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b) Variability of snow mass size distributions (MSD) during two flights 

  

Figure 3-8: Modelled mass PSD using Baker and Lawson mass parametrisation. 

 

c) Derived bulk snow/ice particle density size distributions during two flights 

  

Figure 3-9: Derived density distribution 

 

The comparison between the number size distributions of various flight periods of flight A and 
B illustrates the variability one may expect in the size distribution of snow particles. During 
flight A for example, the concentration of 500-µm large particles is about 10 times larger in 
P1 (between 1 and 2 L-1 of 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 0.1 particle per cubic meter) and P3 (about 40 m-3). Such 
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 periods P4 to P6. The total number of particles larger than 1.2 mm ranges between 
576 m-3 (P5) and 3409 m-3 (P7). 

An exponential model (ὔὈ ὔὩ ) is fitted to the NSD values in the 2 to 6 mm size 
ǊŀƴƎŜΦ ¢ƘŜ ǎƭƻǇŜ ǇŀǊŀƳŜǘŜǊ ˂Σ ƻōǘŀƛƴŜŘ ōȅ ƭƛƴŜŀǊ ǊŜƎǊŜǎǎƛƻn in log/lin scales, varies from one 
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period to another: the shallower slopes are found for P2 and P3 (10 and 6.5 cm-1 respectively), 
ǿƘŜǊŜŀǎ ŀƭƭ ƻǘƘŜǊ ǇŜǊƛƻŘǎ ŜȄŎŜǇǘ tр ŀǊŜ ŎƘŀǊŀŎǘŜǊƛȊŜŘ ōȅ ˂ Ҕ мп ŎƳ-1 reaching 20 cm-1 for P6.  

For the seven periods, a temporal series of Median Mass Diameters (MMD) is calculated. The 
25th, median and 75th percentiles are given in table 5. Median MMD values range from 1.19 
(P1) to 3.85 mm (P3), demonstrating the strong contribution of millimetric particles to the 
snow mass in the atmosphere. The largest values are found for P2 (2.65 mm) and P3 (3.85 
mm) periods where the slope parameter is the lowest. 

The density relations retrieved for P1 toP3 (left) are similar with a value of 0.12 g/cm3 found 
for 1-mm large particles, 0.03 g/cm3 for 4-mm aggregates and less than 0.01 g/cm3 found for 
1-cm aggregates (P3).The variations of density with size is a regular decrease that could well 
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 laws retrieved for the periods P4 
and P7 of flight B is more irregular: for P4, the density of 2-mm large particles equals 0.025 
g/cm3 and then increases to about 0.04 g/cm3 for 3-mm particles. Since the density is mainly 
ŎƻƴǘǊƻƭƭŜŘ ōȅ ǘƘŜ ǇŀǊǘƛŎƭŜǎΩ ǎƘŀǇŜΣ ǘƘŜse irregularities are an indication of changes in the 
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 derived by Holroyd 1971 for dry 
snowflakes (plotted in purple). The density values retrieved for the snow particles observed 
in the Airbus Helicopters campaign 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 definition of the 
reference volume used to compute density: Holroyd 1971 built upon Magono and Nakamura 
1965 where the particles mass is divided by the volume of an ellipsoid which is by definition 
smaller that the reference volume (volume of a sphere with diameter Dmax) used in this study.  

The different microphysical quantities derived for the seven periods of the Airbus Helicopters 
dataset are summarized in Table 3-4. 

Period CWC (g/m3) ˂ όƳƳ-1) 
N1200 

(#/m3) 

MMD (mm) 

(25th, 50th and 75th 
percentiles) 

P1 0.705 1.685 1659 1.123  1.187  1.273 

P2 0.916 1.003 1982 2.490  2.649  2.784 

P3 0.9174 0.647 1703 3.617  3.848  4.066 

P4 0.173 1.425 595 1.143  1.338  1.539 

P5 0.246 1.097 576 1.580  1.912  2.290 

P6 0.291 2.047 1381 1.421  1.476  1.552 

P7 0.86 1.749 3409 1.562  1.725  1.921 

Table 3-4: Microphysical properties retrieved from the Airbus Helicopters dataset 

 

3.3.3 Falcon 20 MT2010: Airborne Measurements 

The Megha-Tropiques 2010 field campaign took place in Niamey, Niger in August 2010 during 
the monsoon period. The objectives were to collect in situ data in Mesoscale Convective 
System in order to calibrate/validate the remote sensing inversion algorithms used to retrieve 
cloud products from the Megha-Tropiques satellite measurements. Five flights were 
conducted with the French Falcon 20 (F20) research aircraft from SAFIRE. For each flight, 
three 2-minute periods of interest have been selected based on the following criteria: 
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Á Ambient temperature between -10 and +2 °C 

Á CWC larger than 0.1 g/m3 

Á straight and level flight. 

The selected periods of interest (including average CWC) are summarized in the Table 3-5 
below: 

 

Flight ID Periods of interest (UTC) 
Temperature 

(°C) 

CWC 
(g/m3) 

15 

P1: 18:04:59 ς 18:06:59 

P2: 18:21:04 ς 18:23:04 

P3: 18:42:30 ς 18:44:30 

- 10.0 

- 10.0 

- 4.7 

0.50 

0.46 

0.60 

17 

P4: 10:24:42 ς 10:26:42 

P5: 10:30:32 ς 10:32:32 

P6: 10:55:42 ς 10:57:42 

- 9.8 

- 9.6 

- 6.7 

0.30 

0.25 

1.11 

18 

P7: 14:32:10 ς 14:34:10 

P8: 15:00:40 ς 15:02:40 

P9: 16:05:30 ς 16:07:30 

- 3.4 

- 9.9 

- 9.7 

0.91 

0.71 

1.28 

19 

P10: 11:26:32 ς 11:28:32 

P11: 11:32:02 ς 11:34:02 

P12: 11:39:02 ς 11:41:02 

- 9.4 

- 4.1 

- 0.60 

0.33 

0.44 

0.20 

20 

P13: 01:25:48 ς 01:27:48 

P14: 01:29:08 ς 01:31:08 

P15: 02:14:58 ς 02:16:58 

- 6.9 

-5.7 

- 5.1 

1.42 

1.0 

1.28 

Table 3-5: Selected data from the Megha-Tropiques 2010 campaign 

 

CWC values range from 200 mg/m3 (P12) to more than 1 g/m3 (P6, P9, P13-15). The 
temperatures range from -10 to almost 0°C (flight 19 - P12, 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 not meant to be representative of the 
atmospheric conditions conducive to snow fall. However, the data collected in the lower 
portion of the anvils of such MCS might still enclose interesting microphysical properties, 
especially for the large particles grown by aggregation. 

 

3.3.3.1 Falcon 20 MT2010: Tools and Methods 

The F20 was equipped with a 2D-Stereo probe (2D-S, SPEC Inc, Lawson et al. 2006) and a PIP. 
The 2D-S records 2D projected images of every particles crossing its sampling volume. With 
its linear array of 128 photodiodes, the probe is able to record particles larger than 1.28 mm 
with a resolution 10 µm. The data of the two probes are combined in order to derive 
composite spectra (concentrations, size distributions and mass distributions) spanning 10 µm 
to 1.28 cm. The 2D-S data are used from 10 to 800 µm. The PIP data, binned into 10-µm wide 
size bins to match with 2D-S are used in the 1200-12800 µm size range and in the overlap 
800-1200 µm, data from the two probes are combined with linear weighting, as detailed in 
Leroy et al. (2016). 
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tŀǊǘƛŎƭŜǎΩ ƛƴŘƛǾƛŘǳŀƭ Ƴŀǎǎ ƛǎ ŎŀƭŎǳƭŀǘŜŘ ŦǊƻƳ н5 ƛƳŀƎŜǊȅ ǳǎƛƴƎ ǘƘŜ ƳŜǘƘƻŘ ŦǊƻƳ Baker and 
Lawson 2006 and particle bulk density is calculated as explained in section 3.3.2.1. 

 

3.3.3.2 Falcon 20 MT2010: Results 

The composite PSD obtained for the 3 periods of flight 18 as well as derived bulk snow/ice 
particle density are given in Figure 3-10 as an example. 

  

 

Figure 3-10: Number PSD and density distributions during flight n°18 of MT2010: flight periods P7-P9. 

 

The more quantitative results of the microphysical properties retrieved from the Megha 
Tropiques-2010 dataset for all 15 periods are presented in Table 3-6: Microphysical properties 
retrieved from the Megha Tropiques-нлмл ŘŀǘŀǎŜǘΦ Lƴ ŦƻǳǊ ŎŀǎŜǎΣ ˂ ǾŀƭǳŜǎ ŎƻǳƭŘ ƴƻǘ ōŜ 
calculated due to the scarcity of particles in the considered size range. For almost all the 
periods, the exponential model well ŘŜǎŎǊƛōŜǎ ǘƘŜ ǾŀǊƛŀǘƛƻƴ ƻŦ ǇŀǊǘƛŎƭŜΩǎ ŎƻƴŎŜǊǘŀǘƛƻƴ ǿƛǘƘ 
ǎƛȊŜΦ ¢ƘŜ ǎƛȊŜ ŘƛǎǘǊƛōǳǘƛƻƴǎ ƘŀǾŜ ōŜŜƴ ŀƴŀƭȅǎŜŘ ŦƻǊ ǘƘŜ ǎƭƻǇŜ ǇŀǊŀƳŜǘŜǊ ό˂ύ ŀƴŘ ǘƘŜ 
concentration of particles larger than 1.2 mm (N1200). For 4 periods (P4-P6 and P14), the linear 
regression could not be 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 µm which confirms that these 
cloud areas were dominated by small particles. For the remaining 11 periods, the slope 
parameter varies from 0.76 to 1.65 mm-1 ǿƛǘƘ ŀ ǘŜƴŘŜƴŎȅ ŦƻǊ ˂ ǘƻ ƛƴŎǊŜŀǎŜ ǿƛǘƘ /²/Φ ¢ƘŜ 
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. 

 

Finally, the median MMD values calculated for each period from the series of 5-second 
averaged 24 MMD values are presented in the last column.  

 

Period CWC (g/m3) ˂ όƳƳ-1) N1200 (#/m3) 
MMD (mm) 

(50th percentile) 

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 
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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 

Table 3-6: Microphysical properties retrieved from the Megha Tropiques-нлмл ŘŀǘŀǎŜǘΦ Lƴ ŦƻǳǊ ŎŀǎŜǎΣ ˂ ǾŀƭǳŜǎ 
could not be calculated due to the scarcity of particles in the considered size range 

 

Figure 3-11 presents the average density-size 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 density values 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. 

 

Figure 3-11: Mean particle 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 given by the following 
equation: 

”Ὀ πȢρρρφὈ Ȣ ȟύὭὸὬ ρ Ὀ ψ άά 

 

As observed in the example of flight 18 (Figure 3-10), the retrieved bulk density of 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. 
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4 ICE GENESIS F/T and G/T measurement campaigns  

4.1 Instrumentation selection for F/T measurement (more details in ICE 

GENESIS deliverable D5.1) 

Within ICE GENESIS the French ATR42 research aircraft from CNRS-SAFIRE performed a flight 
test campaign out of France/Switzerland representing a total of 20 flight 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 experiments provided 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 collaborative task has been performed with the overall objectives to: 

¶ Synthesize the state of the art and to specify of the F/T measurement needs of snow 
and 

¶ Review the respective available instrumentation in the scientific community (in 
particular the ICE GENESIS consortium).  

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 angular light scattering. In order 
to extrapolate the knowledge of in situ snow measurements beyond the flight trajectory, 
active remote sensing is used, with in particular the W-band cloud research radar (Doppler). 

The requirements for the selection of the most adequate microphysical payload for research 
aircraft have been to: 

¶ Perform quantitative measurements of single ice particle properties from 2D imagery 
for N(D), m(D), MMD. We expected rather weak number concentrations of snow cloud 
particles far below 1 crystal 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; 

¶ tŜǊŦƻǊƳ ƘƛƎƘ ǊŜǎƻƭǳǘƛƻƴ ƛƳŀƎŜǊȅ ŦƻǊ άǉǳŀƭƛǘŀǘƛǾŜέ ŘŜǘŀƛƭŜŘ ƳƻǊǇƘƻƭƻƎƛŎŀƭ ǎǘǳŘƛŜǎΦ ¢Ƙƛǎ 
allowed to collect valuable and necessary information in flight with respect to most 
detailed crystal morphological description of individual snowflakes including riming 
degree and if possible reveal some indications on the dry/wet status of snow; 

¶ Ensure and quantify bulk/integral measurement of IWC/TWC up to maximum 2g.m-3; 

¶ Detect and quantify supercooled water coexisting with snow particles, if encountered 
during flight missions. 

The ATR-42 measurement campaign focused on the in-situ and active remote sensing 
characterization of falling snow events. Therefore, one important strategy in the ICE GENESIS 
project was to evaluate cloud Doppler radar observations (W-band for ATR-42) with state-of-
the-art in-situ microphysical measurements on the flight trajectory. The multi-beam 95 GHz 
Doppler cloud radar RASTA (RAdar SysTem Airborne, Protat et al. 2004), allows retrieving the 
three-dimensional (3D) wind and microphysical properties of clouds (IWC, terminal fall speed) 
in a vertical cross-section along the flight track in thick ice clouds (including precipitating 
ones).  

The ATR-42 in situ payload configurations was adapted to cover the complete size range of 
2D imagers for quantitative number and size analysis (from optical array probes, OAP, with 
good statistics from 103 to 104 snow particle images per second of flight). The ATR-42 payload 
also contained optical spectrometers for supercooled water detection and quantification, as 
well as bulk TWC instruments.  
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The high volume particle spectrometer (HVPS, OAP imager) is substantially 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 2D-S (2D-Stereo) gave a good description of the shape of snow crystals in the 
intermediate size range. A considerable effort in bulk TWC measurements consists in the 
modification of the ATR-42 CVI cloud inlet, thereby adapting the inlet to perform properly in 
snow conditions. The calibration of NEVZOROV and ROBUST probes in snow conditions is 
unknown, even though the ROBUST and also the NEVZOROV probes have been compared to 
the IKP-2 in the frame of the HAIC project for temperature ranges around -10°C resembling 
snow measurement temperatures. Therefore, 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 measurements can be used for 
better TWC estimations of ROBUST and NEVZOROV probes on research aircraft, not having a 
CVI probe.  

Particularly, the entire dataset allows an improved closure of IWC estimates from different 
measurements and retrieval methods: bulk TWC measurements, 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 
Vfall + particle size distribution (PSD)). 

The above rationale for A/C instrument recommendation is resumed in the subsequent Figure 
4-1, presenting current state of the art instruments for snow properties measurements, the 
ƛƴǎǘǊǳƳŜƴǘǎΩ ƳŜŀǎǳǊŜƳŜƴǘ ǇǊƛƴŎƛǇƭŜǎΣ ŀƴŘ ŀƭǎƻ ǎƴƻǿ ǇŀǊǘƛŎƭŜ ǎƛȊŜ ǊŀƴƎŜ ŎƻǾŜǊŜŘ ōȅ ǎǇŜŎƛŦƛŎ 
instruments. The instruments in red colour are those that are recommended within this task 
and that will be used for ICE GENESIS flight tests on the ATR-42. 

 

Figure 4-1: Recommended F/T instrument combinations, measurement techniques, size ranges covered by 
individual instrumental devices. Instruments in red color will be installed on YAK-42 and/or ATR42. 

 

 

4.2 Airborne measurements of snow crystal populations (more details in ICE 

GENESIS deliverable D5.6) 
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Extended details on airborne snow measurements within ICE GENESIS can be found in the 
deliverable D5.6 (Flight Test Report & Analysis (FTRA) for the SAFIRE ATR42 field campaign. 

The ART42 flight campaign (AIH, CNRS), was limited in time and took place from 17-31 January 
2021. Overall this winter campaign in the Jura Mountains was 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 2021, thus including 
the period when the ART42 sampled snow clouds at chosen flight altitudes during five 
research flights (2021 SAFIRE ATR-42 flights 04, 05, 06, 07, and 08). 

 

 

Figure 4-2: ATR42 scientific instrumental configuration. Microphysics in-situ, Cloud remote sensing, and Icing 
devices. 

A specific collaboration with Meteo-France and Meteo-Suisse was also set-up in order to 
provide meteorological support during the campaign and make the best use of available flight 
hours. 

The instruments for the ATR42 payload were selected according to the recommendations 
ƳŀŘŜ ƛƴ ǘƘŜ ŘŜƭƛǾŜǊŀōƭŜ 5рΦм ά{ŜƭŜŎǘƛƻƴ ƻŦ Ƴƻǎǘ ǎǳƛǘŀōƭŜ ƛƴǎǘǊǳƳŜƴǘŀǘƛƻƴ ŦƻǊ ŦƭƛƎƘǘ ǘŜǎǘǎέΣ 
where a comprehensive review of state-of-the-art flight test instruments can be found. The 
location of the different instruments comprising the scientific payload is shown in Figure 4-2. 

First and foremost, the ATR42 scientific payload included a suite of cloud microphysics 

instruments installed outside the aircraft on five under-wing stations and on fuselage hard 

points. These probes sample clouds and precipitation and provide high quality in-situ 

measurements of snow 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 in-situ microphysics instruments with their characteristics are listed in Table 4-1.  
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Name Manufacturer, Type Outputs 

Cloud Droplet Probe (CDP-2) DMT Inc., Scattering probe 

 

DSD, 3 - 50 µm, res. 2/4 µm 

LWC 

2D-Stereo (2D-S) SPEC Inc., Imager (OAP) 

 

PSD, 10 µm -1.28 mm 

B&W images, res. 10 µm 

Cloud Imaging Probe (CIP) DMT Inc., Imager (OAP) PSD, 10 µm -1.28 mm,  

B&W images, res. 25 µm 

Precipitation Imaging Probe 

(PIP) 

DMT Inc., Imager (OAP) PSD, 100 µm ς 6.4 mm 

B&W images, res. 100 µm 

High Volume Precipitation 

Spectrometer (HVPS) 

SPEC Inc., Imager (OAP) PSD, 150 µm ς 1.92 cm, 

B&W images, res. 150 µm,  

Counterflow Virtual Impactor 

(CVI-Snow),  

LaMP & Enviscope GmbH  

CVI inlet + 5 hygrometers (Vaisala HMT 330/230, 

Li-cor 850, TDL, chilled mirror, Lyman-ʰύ 

TWC 

ROBUST WC-3000 probe SEA Inc., Hot-wire type probe TWC  

Nevzorov SkyTech Inc., Hot-wire type probe TWC, LWC 

LWC-300 DMT Inc., Hot-wire type probe LWC 

Table 4-1: ATR42 Scientific payload - Snow cloud microphysical instrumentation 

 

The second core instrument deployed on the ATR42 is the combination of the multi-beam 95 

GHz Doppler cloud radar RASTA (RAdar SysTem Airborne, Protat et al. 2004, Delanoë et al. 

2013) and the side facing bistatic FMCW (Frequency Modulated Continuous Wave) Doppler 

cloud radar BASTA (Bistatic rAdar SysTem for Atmospheric studies, Delanoë et al. 2016). 

RASTA allows to retrieve the three-dimensional (3D) wind, and particularly microphysical and 

radiative properties of clouds (IWC, visible extinction, particle size, terminal fall speed, and 

concentration) thanks to the multibeam configuration (Figure 4-3Figure 4-3: RASTA and 

BASTA configuration on board the ATR42. Green arrows show the pointing direction of BASTA 

ŀƴŘ ōƭǳŜ ŀǊǊƻǿǎ ŀǊŜ w!{¢!Ωǎ ŀƴǘŜƴƴŀǎ ǇƻƛƴǘƛƴƎΦ DǊŜȅ ŀǊǊƻǿǎ ƛƴŘƛŎŀǘŜ ǘƘŜ ƻǇǘƛƻƴŀƭ w!{¢! 

pointing.).  

 

Figure 4-3: RASTA and BASTA configuration on board the ATR42. Green arrows show the pointing direction of 
.!{¢! ŀƴŘ ōƭǳŜ ŀǊǊƻǿǎ ŀǊŜ w!{¢!Ωǎ ŀƴǘŜƴƴŀǎ ǇƻƛƴǘƛƴƎΦ DǊŜȅ ŀǊǊƻǿǎ ƛƴŘƛŎŀǘŜ ǘƘŜ ƻǇǘƛƻƴŀƭ w!{¢! ǇƻƛƴǘƛƴƎΦ 
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A snow accretion monitoring /recording device was specifically developed and integrated on 
ATR42 (Figure 4-4). It is consisting of a de-iced cylinder (de-icing on demand) and a camera to 
record potential snow accretion. 

 

Figure 4-4: Snow accretion monitoring 
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4.3 Ground measurements of individual snow crystals (in situ) and retrieved 

snow microphysics in the atmospheric column using ground based 

remote sensing observations (see also ICE GENESIS deliverable D5.5) 

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

The ground based part of the ICE GENESIS campaign (EPFL, CNRS) included multiple 
instruments (Figure 4-5), for both in-situ and remote sensing measurements. The field 
campaign was located in the vicinity of La Chaux-de-Fonds, in the Swiss Jura, at 1020masl. 

A suite of remote sensing instruments was ŘŜǇƭƻȅŜŘ ŀǘ ǘƘŜ Ŏƛǘȅ ŀƛǊǇƻǊǘ Ψ[Ŝǎ ;ǇƭŀǘǳǊŜǎΩΣ ǿƘƛŎƘ 
was the main ground site with a high-sensitivity X-band Doppler spectral profiler (ROXI), a K-
band Doppler spectral profiler (MRR), a dual-polarization W-band Doppler spectral profiler 
complemented with an 89 GHz radiometer (WProf), an additional W-band profiler (BASTA-
mobile), and a scanning system (BALI) composed of a W-band radar (mini-BASTA) and a 808 
nm micro-pulse lidar. BALI performed hemispherical scans during aircraft flights, along the 
direction of the flight track.  

Two secondary sites completed the setup. A Multi-Angle Snowflake Camera (MASC) and a 
sonic anemometer (CSAT-3) were installed about 500 m away from the landing runway, within 
the enclosure of a MeteoSwiss weather station of the SwissMetNet network (site 2). This 
installation provided a detailed in-situ characterization of falling snow at ground level. The 
weather station complements the measurements with standard atmospheric variables, as 
well as precipitation amount and snow height. 

 

Finally, an X-band polarimetric radar (MXPol) was deployed 4.8 km away from the airport (site 
3), and performed 5-minute scanning cycles with 4 RHI scans in the direction of the main site, 
as well as one vertical bird bath PPI scan. It collects measurements of standard radar variables 
with dual-polarization: ZH, ZDR, Kdp, etc. The detailed description of the variables is provided in 
DEL 5.6. In addition to these, a 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 C-band polarimetric radar of Météo-France, located 36 km to the NE of la 
Chaux-de-Fonds, performs routine volume scans at low elevations, thus providing additional 
large scale coverage of precipitation systems in the area of interest. 
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Figure 4-5: Instruments deployed in the three ground measurement sites during the campaign 

 

The synoptic weather situation during the timeframe of the campaign was dominated by a 
succession of low pressure cells over North-Western Europe, which maintained mostly 
dynamic and wet conditions over Switzerland, and was favourable for the campaign. Between 
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 2000 m amsl. 140 mm of total precipitation 
were recorded during this period (Jan 22-Jan 31st), during 120 hours of precipitation, whereof 
70 hours were snowfall at ground level at the airport site. As shown in Figure 4-6, ground 
temperatures during precipitation events ranged from -6 to +6°C. 

 

Figure 4-6: Top: Time series of radar reflectivity from WProf, during the ATR-42 flight period. Bottom: Average 
hourly temperature at ground level, during precipitation, color-coded for positive (red) and negative (blue) 

temperatures 

 

The MASC instrument operated from December 2020 until February 2021 with minor 
interruptions. In particular, it operated continuously in the ATR-42 flight period in January 
2021 (Figure 4-7). As noted in the previous section, the temperature near ground 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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Figure 4-7: 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 than 2°C are shown and hourly time intervals with 
at least 5 particles recorded. 
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5 Characterization of snow microphysical properties based on in-

situ flight data  

5.1 Microphysics instruments utilized for the final characterization 

The ATR-42 scientific payload includes a suite of cloud microphysics instruments installed 
outside the aircraft on six under-wing stations and on fuselage hard points. These probes 
sample clouds and precipitation and provide high quality in-situ measurements of snow 
microphysics such as Total or Ice Water Content (TWC/IWC), number Particle Size Distribution 
(PSD) and particle concentrations with high spatial resolution (approximately 100m) along the 
ŀƛǊŎǊŀŦǘ ǘǊŀƧŜŎǘƻǊȅ ŀǎ ǿŜƭƭ ŀǎ ŘŜǘŀƛƭŜŘ ƳŜŀǎǳǊŜƳŜƴǘǎ ƻŦ ǎƴƻǿ ǇŀǊǘƛŎƭŜǎΩ ƳƛŎǊƻǇƘȅǎƛŎŀƭ 
properties (individual shape and size). In below table are recalled solely those instruments 
that were utilized in this deliverable to produce the final results of the in situ derived snow 
properties. The complete table of all instruments (including several instrumental 
redundancies) has been presented and extensively discussed in Table 3 of deliverable D5.6. 

Name Manufacturer, Type Outputs 

Cloud Droplet Probe 
(CDP-2) 

DMT Inc., Scattering Probe Droplet Size Distribution, 3-50µm, 
resolution 2/4µm 

LWC 

2D-Stereo (2D-S) SPEC Inc., Imager (OAP) PSD, 10µm-1.28mm, res.10µm 

Black and White Images 

Precipitation Imaging 
Probe (PIP) 

DMT Inc., Imager (OAP) PSD, 100µm-6.4mm, res.100µm 

Black and White Images 

Counterflow Virtual 
Impacter (CVI-Snow) 

LaMP & Enviscope GmbH CVI inlet 
+ 3 hygrometers (Licor 850, TDL, 
Buck chilled mirror) 

TWC 

Table 5-1: Microphysics instruments used in this deliverable from the ATR-42 payload 

 

The two Optical Array Probes cited in Table 5-1 are used to image and count particles from 
about 10µm up to 6.4mm (and even 12.8 mm using the reconstruction of single/double 
truncated images; Korolev and Sussman (2000)), with pixel resolutions of 10µm (for 2D-S) 
and 100µm (for PIP). In these probes, the fast built-in electronics allows the counting of 
particles crossing a laser sheet and the respective recording (as a function of time) of a 2D 
black and white image of each particle projected onto a linear array of photodiodes. These 
OAP probes are particularly well adapted to count and size snow crystals and snowflakes. OAP 
measurements are prone to artefacts such as shattering and partial imaging of large particles, 
out-of-focus imaging of small particles, and electronic failures. These artefacts are identified 
and corrected using post-processing algorithms described in detail in Leroy et al. (2016).  

The valid or corrected images are then analysed in order to extract geometrical and 
morphological information from individual particles. Over the years, the CNRS-LaMP 
laboratory has also developed single particle analysis for OAP images (illustrated in Figure 5-1) 
that produces the following size and shape parameters for every single particle: maximum 
length passing through the center of gravity (also called Dmax), width as the diameter 
orthogonal to the above D_max. Diameter of the smallest circle englobing the image (this 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 dimension. A 
composite number PSD spanning 10-12800 µm (combining 2D-S and PIP image data 
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presented here for ICE GENESIS) is produced by merging the data from the 2D-S and PIP 
accumulated over 5 seconds of flight (about 0.5 km at typical ART42 airspeeds). 

 

Figure 5-1: Extracted geometric information of a single particle.  

 

The CVI-Snow is a LaMP in-house 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 content in the campaign. In 
this twofold instrument, particles such as snow crystals and flakes are first collected through 
a counterflow virtual impaction system (Schwarzenboeck et al. 2000) into a heated snow trap 
and evaporated in a hot and dry air environment. The resulting 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 the measured water vapour 
mixing ratio and  

Finally, the Cloud Droplet Probe is an optical scattering spectrometer that measures cloud 
droplet size distribution (DSD) in the 3-50µm range, total droplet concentration, and LWC in 
liquid clouds. It may be used to discriminate mixed-phase conditions, where supercooled 
liquid droplets are present.  

 

5.2 Classification of OAP images 

Snow crystals and flakes may exhibit a variety of shapes depending on how they accumulated 
mass. Within the life cycle of ice crystals, three primary growth processes have been 
identified: water vapour deposition, aggregation, and riming. Water vapour deposition 
manifests itself by crystals with sharp edges, symmetrical shapes and relatively smooth faces 
such as columns, dendrites, capped-columns or bullet-rosettes. Aggregation happens when 
two or more ice crystals adhere to each other after collision, the resulting crystal is usually 
large and complex and is called an aggregate. Finally riming is defined as the collection of 
ǎƳŀƭƭΣ ǎǳǇŜǊŎƻƻƭŜŘ ŘǊƻǇƭŜǘǎ ōȅ ŀƴ ƛŎŜ ŎǊȅǎǘŀƭΣ ŦƛƭƭƛƴƎ ǳǇ ǘƘŜ ƎŀǇǎ ƛƴǎƛŘŜ ǘƘŜ ƻǊƛƎƛƴŀƭ ŎǊȅǎǘŀƭΩǎ 
shape and changing its surface roughness.  

OAP black and white images can be used to identify the characteristic shapes resulting from 
one or more of the three primary growth processes. Since OAP imaging probes are producing 
103 to 104 images per second (order of magnitude), an automatic classification tool is required 
for this task. Using Convolutional Neural Networks, CNRS-LaMP has recently achieved to 
develop such a tool with promising results (Jaffeux et al. 2022). The morphological classes for 
the PIP and the 2D-S are presented in Table 5-2. ¢ƘŜ ǘǿƻ ǇǊƻōŜǎΩ ǎƘŀǇŜ ǊŜǘǊƛŜǾŀƭ algorithms 
by CNN have five classes in common, with in addition three specific classes for the 2D-S and 
one specific class for the PIP. The defined classes were primarily chosen for scientific reasons, 
however depend to a minor extent also on probe limitations in terms of size range and 
resolution (for both probes). The conditions for using the CNN algorithm are that the image 
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has enough pixels (leads to minimum size threshold for the analysis) and that it is not 
truncated (thus, not ǇŀǊǘƛŀƭƭȅ ƻǳǘǎƛŘŜ ƻŦ ǘƘŜ ǇǊƻōŜΩǎ ǎŀƳǇƭŜ ǾƻƭǳƳŜύΦ 

The ability of automatic OAP image classification has great benefits in the scope of the 
quantification of the snow microphysical properties and growth processes. First it represents 
very useful information to identify what is the dominant microphysical process happening 
inside a cloud at a given time (including nevertheless entire life cycle of the crystal). Secondly, 
it can be used to explain the variations in crystal geometric descriptors, particularly bulk 
density. And finally, it provides a detailed 2D representation of hydrometeors that can 
possibly be used by modellers of WP10.  

 

Table 5-2: Morphological classes used for CNN shape recognition of 2D-S and PIP images. Green and red circles 
indicate presence/absence of growth regimes during particle growth. Gray circle means the microphysical 

process might have happened at some point but there is no clear evidence.  

 

5.3 2D & 3D descriptors from 2D images 

In collaboration with WP10, acceptable means to derive 3D-descriptors from 2D images have 
been developed. These 3D descriptors are used as model inputs for accretion models. Their 
definition depends on the oblate /  prolate approximation for snow crystals, illustrated in 
Figure 5-2.   
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Figure 5-2: Oblate (left) and prolate (right) spheroids as 3D approximation for snow crystals from 2D images. In 
the oblate case, a=Dmax and c=width. In the prolate case a=width and c=Dmax . 

 

The 2D and 3D-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 image. The 
most important equations related to the spheroid approach giving access to 3D descriptor 
related snow quantities are given in Table 5-3. 

Full name Abbreviation Formula 

 

Shape parameter 
required 

Aspect ratio (for 
conversion of 2D 
image into 3D 
ellipsoid) 

As ὃί ȟ = (Figure 5-1) or  

ὃί
άὭὲέὶ ὥὼὭί

άὥὮέὶ ὥὼὭί
 ίάὥὰὰὩίὸ ὩὰὰὭὴίὩ  

ὩὲὫὰέὦὭὲὫ ςὈ ὭάὥὫὩ  

Length, Width 

Volume of ellipsoid  ὠ  ὠ ẗ“ẗὰὩὲὫὸὬẗύὭὨὸὬ   (oblate) 

ὠ ẗ“ẗύὭὨὸὬẗὰὩὲὫὸὬ   (prolate) 

Length, Width 

Surface of ellipsoid Ὓ  Ὓ ς“Ὀ ẗρ ȟ

ẗ
 ) ẗarctanh(e) 

with  Ὡ=1- ȟ    (oblate) 

Ὓ ς“Ὀ ẗρ
ẗ ȟ

 ) ẗarcsin(e) 

with  Ὡ=1- ȟ    (prolate) 

Length, Width 

Diameter of the 
sphere with same 
volume as ellipsoid 

Dv 

Ὀ
φὠ

“ẗ
 

Length, Width 

 

 

Sphericity  

(= surface ratio S_Dv 
/  Sellipsoid) 

  
ɮ

“ẗὈ

Ὓ
 

Length, Width 

Area ratio  

(=Proj. area / disc of 
dia. D (with D=Dmax 
or D=Dv)) 

ὃὶ 
ὃὶ

ὃ
“
τ
ẗὈ

   έὶ   ὃὶ
ὃ
“
τ
ẗὈ

 
Projected area, length, 
width 

Orthogonal 
Sphericity 

(= inverse ὃὶ) 

   
ɮ

“
τ
ẗὈ

ὃ
 

Length, Width, 
Projected Area 

Crystal density ” ”
ά

ὠ
  έὶ  ”

ά

ὠ
 Length, Width, particle 

mass estimation (see 
5.4) 

Table 5-3: Microphysical descriptors: Formulas 

 

 



D5.7 - Synthesis & Characterization of snow microphysical properties C0 

  10/02/2023 

ICE GENESIS - H2020 - 824310 © ICE GENESIS Consortium Page 47 

 

5.4 Mass properties retrieval: methodology 

The mass of individual snow particles from 2D images is calculated using Baker and Lawson 
(2006) mass retrieval method. Shortly, the mass (M) of a particle is related to its length (L), 
width (W), area (A) and perimeter (P) in a combined single parameter (CSP), which is then 
used in a power law: 

ὓ πȢρσυẗὅὛὖװȢ        (ὲέὸὩȡ ὅὛὖὃẗὡẗ ). 

Thereby is calculated M in (mg) and CSP in (mm3). 

 

This mass is then used to compute a 1Hz Mass Size Distribution (MSD) considering the same 
size parameter (L=Dmax ) as for the number PSD. In addition, the MSD can be also calculated 
as a function of the diameter of the sphere Dv having the same volume as the ellipsoid 
representing the image. The Median Mass Diameter (MMD) is then estimated from the MSD. 
It is defined as the particle diameter (L=Dmax or Dv) that splits the cumulative mass-size 
distribution in two halves: half of the cumulative mass of hydrometeors is carried by particles 
smaller than MMD and particles larger than MMD carry the other halve.  

¢ƘŜ ǇŀǊǘƛŎƭŜǎΩ ŀǾŜǊŀƎŜ ōǳƭƪ ŘŜƴǎƛǘȅ ƛǎ ŎŀƭŎǳƭŀǘŜŘ ŦƻǊ ŜŀŎƘ ōƛƴ ōȅ ŘƛǾƛŘƛƴƎ ǘƘŜ ǇŀǊǘƛŎƭŜǎΩ 
averaged mass (the sum of the particƭŜǎΩ ƛƴŘƛǾƛŘǳŀƭ Ƴŀǎǎ ŘƛǾƛŘŜŘ ōȅ ǘƘŜ ƴǳƳōŜǊ ƻŦ ǇŀǊǘƛŎƭŜǎ 
in the bin) by the volume of a sphere with diameter equal to the bin midpoint.   

” φẗ
ẗ

.   D is either L=Dmax or Dv 

Likewise, we also compute bulk density for each individual particle as:  

” φẗװ
ẗὈÍÁØ

  or  ” φẗװ
ẗὈÖ

  

 

An alternative method for the mass computation of individual crystals has been developed to 
ŘŜŘǳŎŜ ʲ ŦǊƻƳ ǘƘŜ ǇǊƻƧŜŎǘŜŘ ŀǊŜŀ-size A(D) and the perimeterςsize P(D) relationships that 
can be directly deduced from OAP image populations (Fontaine et al. (2014) and Leroy 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 
ǎƛƳǳƭŀǘƛƻƴǎΣ ŀ ǊŜƭŀǘƛƻƴ ōŜǘǿŜŜƴ ǘƘŜ ŜȄǇƻƴŜƴǘ ʲ ƛƴ ǘƘŜ M(D) relationship and tƘŜ ŜȄǇƻƴŜƴǘǎ ˋ 
ŀƴŘ ˍ ƻŦ ǘƘŜ ŀǊŜŀ-size relationship ὃὈ ‎Ὀ  and the perimeter-size relationship ὖὈ
Ὀ‏ , respectively, has been established. Both ὃὈ ‎Ὀ  and ὖὈ Ὀ‏  can be extracted 
dynamically as a function of time from images of crystal populations.  

hƴŎŜ ʲ ƛǎ ŎŀƭŎǳƭŀǘŜŘ ŀǎ ŀ ŦǳƴŎǘƛƻƴ ƻŦ ǘƛƳŜΣ ʰ ƛǎ ŎƻƴǎǘǊŀƛƴŜŘ ǿƛǘƘ the MSD to be integrated, 
thereby matching the Snow-CVI TWC (the TWC reference measurement during ICE GENESIS 
flights). 
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6 Characterization of snow microphysical properties based on 

ground data (MASC)  

Ground level microphysical properties are estimated by the Multi-Angle Snowflake-Camera 
(MASC). Data are stored in a database (MASCDB) including also other field campaigns in 
various locations worldwide. The data processing chain, data format and data type are 
extensively described in Grazioli et al, 2022 but we recall here the main details, relevant for 
the ICE GENESIS community. 

 

6.1 Data and data processing 

The MASC is an in-situ 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 three cameras that take 36-degree-apart coplanar 
ǇƛŎǘǳǊŜǎ ƻŦ ƛǘ ǿƛǘƘ ŀ ǊŜǎƻƭǳǘƛƻƴ ƻŦ ооΦр ҡƳΦ !ƴ ŜǎǘƛƳŀǘƛƻƴ ƻŦ ǘƘŜ ǇŀǊǘƛŎƭŜΩǎ Ŧŀƭƭ ǾŜƭƻŎƛǘȅ ƛǎ ŀƭǎƻ 
provided. The main processing steps and integration of data in the database are the following: 

ω The identification of 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. 

ω The estimation of many geometrical and textural descriptors of the images, 
including image quality. 

¶  Filtering of low-quality images 

ω 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 in Praz et al 2017 

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

ω The quantification of the probability that the snowflake under investigation is 
melting, also following Praz et al 2017. 

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

¶ The estimation of the nature of the population of particles the current snowflake 
is belonging to. These being: blowing snow, mixed, or pure precipitation.  

¶ The addition of environmental information, provided by co-located instruments 
(Pressure, Temperature, Humidity, Wind) at the time of measurement of each 
snowflake 

¶ Re-sizing of the image triplet, cropped around each snowflake ROI, into a dataset 
of images 

An overview of the data processing step is illustrated in Figure 6-1. 

 

 

 

 

 

https://www.nature.com/articles/s41597-022-01269-7
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Figure 6-1: conceptualization of the data processing steps of MASC data. Figure from Grazioli et al, 2022 

 

6.2 Image descriptors examples 

Stored in MASCDB there are many geometrical and textural descriptors as well as the 
microphysical retrievals listed before (an example of some geometrical ones is shown in 
Figure 6-2Figure 6-2). While the type, format and details about all the descriptors can be 
found in the referenced manuscripts, it is worth to mention here at least a few parameters, 
certainly of interest for the ICE GENESIS community, as listed for example in Table 6-1. 

https://www.nature.com/articles/s41597-022-01269-7
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Figure 6-2: Example of (some) geometrical descriptors calculated individually for each of the 3 views of a 
MASC capture. Figure from Grazioli et al, 2022 
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Descriptor description Desc. type 

flake_Dmax Maximum apparent diameter, the 
largest over the three views 

Geometry 

Dmax_ori Orientation of the maximum  Geometry 

eq_radius Equivalent-area radius  Geometry 

area_porous Area, internal holes subtracted Geometry 

ell_fit_X Characteristic X of the fitted ellipse (X 
can be major axis, minor axis, 
orientation, eccentricity, axis ratio) 

Geometry 

frac_dim_boxcounting Fractal dimension computed with the 
box-counting method 

Geometry 

skel_X Property X of the morphological 
skeleton (perimeter, area, number of 
ends or junctions) 

Geometry 

contrast Image contrast Textural 

complexity Particle complexity factor Textural 

har_X Haralick feature X (energy, contrast, 
correlation, homogeneity) 

Textural 

riming_class_X Property X of riming degree level 
estimation (id, name, probability, 
level) 

Microphysics 

melting_class_X Property X of melting level estimation 
(id, name, probability) 

Microphysics 

snowflake_class_X Property X of hydrometeor 
classification (id, class, probability) 

Microphysics 

bs_X Property X of blowing snow estimation 
(id, name, mixing index) 

Microphysics 

env_X Co-located environmental information 
X (temperature, pressure, wind speed, 
direction, relative humidity) 

Weather 

gan3d_X Property X about 3D-estimation (mass, 
volume, gyration radius) 

Microphysics 

Table 6-1: Non-exhaustive list of particle descriptors or retrievals which are available in the MASCDB dataset. 
For a full list, reference to Grazioli et al, 2022. 
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7 Retrieval of snowfall microphysical properties based on in-flight 

remote sensing (RASTA)  

7.1 Introduction 

hƴŎŜ ǘƘŜ 5ƻǇǇƭŜǊ ǾŜƭƻŎƛǘȅ ƛǎ ǳƴŦƻƭŘŜŘ ŀƴŘ ŎƻǊǊŜŎǘŜŘ ŦǊƻƳ ŀƛǊŎǊŀŦǘΩǎ Ƴƻǘƛƻƴ ŀƴŘ ǘƘŜ ǊŜŦƭŜŎǘƛǾƛǘȅ 
calibrated, it is possible to retrieve both dynamical and microphysical cloud properties. RASTA 
is capable of retrieving the 3D wind field, i.e. the three components of the wind on the vertical 
plane above the aircraft (thanks to the 3-antenna configuration), by combining independent 
Doppler velocity measurements from the multi-beam antenna system (the 3 components of 
ǘƘŜ ǿƛƴŘ ƛƴ ǘƘŜ ŀƛǊŎǊŀŦǘΩǎ ǊŜŦŜǊŜƴǘƛŀƭΣ ±Ȅ ƛǎ ǘƘŜ ŀƭƻƴƎ ǘǊŀŎƪ ǿƛƴŘΣ ±ȅ ƛǎ ǘƘŜ ŎǊƻǎǎ-track wind and 
Vz the vertical wind is retrieved). The two horizontal components can be converted into Earth 
referential horizontal wind components (U, V) or wind intensity 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 properties are derived thanks to the Radonvar algorithm. This variational 
approach is inspired from the Radon technique proposed by Delanoë et al. (2007) and uses 
the radar reflectivity and Doppler velocity to retrieve ice cloud/snow properties. This 
technique was mainly based on the fact that the radar reflectivity once normalized by N0* 
(Delanoë et al. 2005, 2014) can 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 fairly independent on 
N0*, the Vt measurement is a good constraint to retrieve Dm. Once Dm is calculated the 
relationship between Z/N0* and Dm is used to retrieve N0*. Knowing Dm, N0* and assuming 
a mathematical shape for the normalized PSD (Delanoë et al. 2005, 2014), the different 
moments of the PSD are calculated (Nt, extinction...). Ice water content is derived directly 
from the combination of Dm and N0* as explained in Delanoë et al. (2005, 2014). The new 
version of the Radon technique combines both the variational approach proposed in Delanoë 
and Hogan (2008) and the Delanoë et al. (2007) retrieval principle, hence the name 
άwŀŘƻƴǾŀǊέΦ IƻǿŜǾŜǊΣ ǘƘŜ ŘŜŦƛƴƛǘƛƻƴ ƻŦ ǘƘŜ ǎǘŀǘŜ ǾŜŎǘƻǊ Ƙŀǎ ōŜŜƴ ǊŜŎƻƴǎƛŘŜǊŜŘ ǘƻ ōŜǘǘŜǊ Ŧƛǘ 
the radar measurements and our current knowledge in ice cloud microphysics. N0* is 
replaced by iwc. Therefore, we can directly use 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 program (Protat et al. 2016). 

Note that Dm is defined as the mean volume weighted diameter and the ratio of the fourth 
and third moments of particle size distribution (Delanoë et al. 2014): 

Ὀ  
᷿ ὔὈ ὈὩήὨὈ 

᷿ ὔὈ ὈὩήὨὈ 
 

Equation 7.1 

Where Deq is the equivalent melting diameter:  

Ὀ
φ ὓὈ

“”
 

Equation 7.2 
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where ”w is the density of water (1000 kg/m3). D is the maximum diameter. By definition Deq 
Җ 5Σ ǘƘŜ ǇŀǊǘƛŎƭŜΣ ƻƴŎŜ ƳŜƭǘŜŘΣ Ŏŀƴƴƻt be larger than its maximum diameter. It would 
correspond to an ice density exceeding the density of solid ice (917 kg/m3), which is obviously 
not possible. M(D) is the mass-size-relationship. 

7.2 Presentation of the wind velocity retrieval 

The 3D wind is retrieved using an optimal estimation approach (inspired from Protat 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 
is to minimize the difference between the forward modelled Doppler velocity and measured 
one along each antenna. In the context of ICE-GENESIS only the upwards antennas are used 
for the retrieval due to a technical issue. The impact of this issue has been limited as 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 least 3-antenna system, 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 limiting the 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:  

ὠ ὠÃÏÓὃᾀ ÃÏÓὉὰ

ὠÓÉÎὃᾀ ÃÏÓὉὰ ὠÓÉÎὉὰ  
Equation 7.3 

 

¢ƘŜ άŀƴǘέ ǎǳōƛƴŘŜȄ ƛƴŘƛŎŀǘŜǎ ǘƘŀǘ ǘƘŜ ŦƻǊƳǳƭŀŜ Ŏŀƴ ōŜ ǳǎŜŘ ŦƻǊ ŀƭƭ ŀƴǘŜƴƴŀǎ ŀƴŘ ŦƻǊ ŜŀŎƘ ǊŀŘŀǊ 
gate.  

 

Raw retrievals of the 3D wind field are presented in Figure 7-1 and Figure 7-2 for flight 6 and 
8 respectively, raw means that the area where the retrieved cannot be done with confidence 
is still 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 illustrated 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 for F6, 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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Figure 7-1: Unfiltered wind components retrieved (vertical wind speed, horizontal wind speed and direction) 
ŘǳǊƛƴƎ ŦƭƛƎƘǘ с ǿƛǘƘ w!{¢!Ωǎ о ǳǇǿŀǊŘǎ ŀƴǘŜƴƴŀǎΦ 

 

 

Figure 7-2: Unfiltered wind components retrieved (vertical wind speed, horizontal wind speed and direction) 
ŘǳǊƛƴƎ ŦƭƛƎƘǘ у ǿƛǘƘ w!{¢!Ωǎ о ǳǇǿŀǊŘǎ ŀƴǘŜƴƴŀǎΦ 
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7.3 Retrieval of snow microphysical properties 

7.3.1 Methodology 

7.3.1.1 Bridging the gap between microphysical properties and radar measurements 

The measured PSDs and mass-size relationships retrieved during HAIC and HYMEX (Fontaine 
et al. 2014, Leroy et al. 2015) are used to build the radar forward model of Radonvar. The iwc 
reference comes from IKP measurements [HAIC project], the aspect ratio (ar), crystal area (A), 
crystal mass (M) and ice fraction (fice) as a function of size are retrieved using 2D probes 
measurements (Leroy et al. 2015). T-matrix simulations (Leinonen 2014; Mishchenko et al. 
2000) provide cross sectional backscatter, absorption and extinction for a given size (D), 
aspect ratio (ar) and ice fraction (fice). 

¢ƘŜ ǊŜŦƭŜŎǘƛǾƛǘȅ Ŏŀƴ ōŜ ŎŀƭŎǳƭŀǘŜŘ ǳǎƛƴƎ ǘƘŜ ōŀŎƪǎŎŀǘǘŜǊ ŎƻŜŦŦƛŎƛŜƴǘ όˋό5Σŀr, fice)) at given 
diameter: 

ὤ
‗

“ȿὑȿ
ὔὈ„ὈȟὥȟὪ ὨὈ άά ά  Equation 7.4 

where |Kw| 2=0.93 The radar attenuation at 95 GHz is derived using the following equation: 

ὃ πȢτστσὔὈὗὸὈȟὥȟὪ ὨὈ Ὠὄ Ὧά Ȣ Equation 7.5 

where Qt is the total attenuation cross section obtained using T-matrix calculations. 

The radar weighted terminal fall velocity is also computed using PSD spectra as follows: 

ὠ  
᷿ ὔὈὠὈȟὃȟὓ„ὈȟὥȟὪ ὨὈ 

᷿ ὔὈ„ὈȟὥȟὪ ὨὈ 
 

Equation 7.6 

Where ὠὈȟὃȟὓ  is an estimate of ice particle fall speed for a given diameter knowing M(D) 
and A(D) (both from PSD measurements) using Heymsfield and Westbrook (2010)Ωǎ 
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 in-situ measurements. 

 

7.3.1.2 The state and observational vectors, the variational approach 

The mean volume diameter, iwc and the vertical air motion are now retrieved. Dm is strongly 
ǊŜƭŀǘŜŘ ǘƻ ǘƘŜ ǘŜǊƳƛƴŀƭ Ŧŀƭƭ ǾŜƭƻŎƛǘȅ ōǳǘ ǿŜ ŘƻƴΩǘ ǿŀƴǘ ǘƻ ǘǊŀƴǎŦŜǊ ǘƘŜ ŀƛǊ Ƴƻǘƛƻƴ ǾŀǊƛŀōƛƭƛǘȅ 
into Dm therefore we need 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 than N0*, something similar to IWC-
Z-T relationship. Logarithm is used for Dm and iwc to avoid retrieving negative value and cope 
for the large dynamic of iwc.  
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Equation 7.7 

The observation vector Y contains the radar vertical velocity (Vz) and reflectivity: 

ὣ  

ở

Ở
Ở
ờ

ÌÎ ὤ
ể

ÌÎ ὤ
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Ỡ

 

 

 

Equation 7.8 

 

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 to a plane 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 the attenuation 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 correlation of 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 (IWC, Dm, w) we can compute the associated 
ǊŜŦƭŜŎǘƛǾƛǘȅ ŀƴŘ ǾŜǊǘƛŎŀƭ ǾŜƭƻŎƛǘȅ Ǿƛŀ ŀ άŦƻǊǿŀǊŘ ƳƻŘŜƭέΦ ¢ƘŜ ƭƻƎŀǊƛǘƘƳ ƻŦ L²/ ƛǎ ǳǎŜŘ ǘƻ 
prevent negative values in the IWC retrieval due to numerical instability or noise 
measurements effects. 

 

The Rodgers (2000) formulation, as mentioned in Delanoë and Hogan (2008) requires the 
definition of a Jacobian matrix (H). 

 

The cost function is defined as follows:                     

ςὐ ώὙ‏  ὼὄ‏ ώ‏ ὼ‏ ὼὝὼ Equation 7.9 

Where R and B are the error covariances matrix for the observations and the a priori, 
ǊŜǎǇŜŎǘƛǾŜƭȅΦ ʵȄa represents the difference between a priori information vector (xa) and the 
state vector. The difference between the measurement vector and the simulated observation 
ǾŜŎǘƻǊ ƛǎ ƴŀƳŜŘ ʵȅΦ 

¢ ƛǎ ŀ ΨΨ¢ǿƻƳŜȅ-¢ƛƪƘƻǾΩΩ ƳŀǘǊƛȄ ώRodgers, 2000; Ansmann and Müller, 2005]. This matrix 
penalizes the second derivative of the Dm and iwc profile, resulting in a smooth Dm and iwc 
profile that is able to closely forward model the vertical velocity and reflectivity without 
reproducing any of its random measurement noise. 
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Equation 7.10 

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

 

ὼ ὼ ὃ ὌὙ ώὄ‏ ὼ ὼ Ὕὼ  Equation 7.11 

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

 

ὃ ὌὙ Ὄ ὄ Ὕ Equation 7.12 

Radonvar uses an iterative process and therefore a first guess for the state vector is required. 
For consistency purpose we use the a priori information as a first guess, i.e. iwc as a function 
of temperature and reflectivity, Dm as a function of temperature and reflectivity and W equal 
to 0 m.sҍ1Φ ¢ƘŜ ǇǊƻŎŜǎǎ ƛǎ ǊŜǇŜŀǘŜŘ ǳƴǘƛƭ ŎƻƴǾŜǊƎŜƴŎŜ ŀƴŘ ǘƘŜ ƭŀǘǘŜǊ ƛǎ ŘŜǘŜǊƳƛƴŜŘ ōȅ ŀ ˔2 
convergence test. 

 

7.3.1.3 The forward model and Jacobian 

A lookup table is built to provide us with the required relationships.  

Current version of LUT: LUT_radonvarice_haic_v1.4.nc 

LUT 1D for Z/N0* as a function of Dm, LUT 2D are used otherwise.   

 

Á The attenuated reflectivity ╩ █░◌╬ȟ╓□  

The non-attenuated reflectivity is computed using the relationship between Z/N0* and Dm. 
Z/N0*  is not parameterised as a function of temperature.  

 

Reflectivity normalised by N0* as a function of Dm from LUT: 

ὰὲ
ὤ

ὔᶻ
ὪὈά 

Equation 7.13 

Then the reflectivity: 

ὰὲὤ ὰὲ
ὤ

ὔᶻ
ὰὲὔᶻ 

Equation 7.14 

The combination of Dm and iwc gives us N0*: 

ÌÎὔᶻ ὰὲὭύὧτὰὲὈάÌÎ
τ

“”
 

Equation 7.15 

The next step is to compute the attenuated reflectivity. 

ὰὲὤ ÌÎὤ ÌÎ ὸύέύὥώὥὸὸ Equation 7.16 

From the LUT ln(att in dB/km) as a function of Zmm6m-3 and temperature. 

 

Everything is converted to dBZ and then to ln(Zmm6m-3). 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 one-way attenuation (dB kmҍ1) is derived from the combination of in-situ measurement 
and T-matrix simulations (Leinonen 2014; Mishchenko et al. 2000), as mentioned above. The 
attenuation forward model relates attenuation in dB kmҍ1 to iwc and temperature through 
the following parameterization, which has been derived from all in-situ measurements. 

 

Attenuation at each gate: 

ὃὸὸὨὄὶ ς ὥὸὸὨὄȾὯάὭ Ὠzὶ Equation 7.17 

 

Á The vertical velocity 
ÌÎὠὸ ὪὈάȟὝ 

Equation 7.18 

6  ὠὸὡ Equation 7.19 

Negative sign corresponds to the convention used for Vz. 

 

Á The Jacobian 

The Jacobian contains the partial derivatives of each observation with each respect to each 
element of the state vector. 
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Equation 7.20 

 

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 in Figure 7-3 and Figure 7-4, 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 no retrieval 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 to the retrieval. We can notice that we measured larger IWC during 
F8 compare to F6.  
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Figure 7-3: Preliminary ice cloud retrieval for flight 6, top panel shows IWC in g/m3 and the mean volume 
weighted diameter is displayed in bottom panel. 

 

 

Figure 7-4: Preliminary ice cloud retrieval for flight 7, top panel shows IWC in g/m3 and the mean volume 
weighted diameter in micrometer is displayed in bottom panel. 
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Figure 7-5: Statistical distributions of the dynamical and microphysical properties retrieved using RASTA 
measurements for flight from 5 to 8. 

 

The measurements and the retrieved variables can be analysed in a more statistical way as a 
function of altitude as shown in Figure 7-5. This is achieved in where vertical reflectivity, 
vertical velocity, ice water content, mean volume weighted diameter are presented as a 
function of height. 

 

Figure 7-5 shows the distribution of key parameters as a function 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 larger. F5 
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 presence of larger 
hydrometers at lowest altitudes. Vz spans between -2 m/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 for the velocity 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 retrieved mean 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 cubic meters. 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 in-situ aircraft data 

The closure procedure consists of validating the Ice Water Content restitution obtained by 
RASTA by comparing its results with the IWC data retrieved from the in-situ probes. These 
data consist of measurements made by two probes: 2DS-PIP with 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. Therefore, the values 
obtained by the in-situ probes will be compared with the IWC obtained by RASTA at gate 5. 

 

Figure 7-6: a) 2DS-PIP 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 mean for each bin and the standard deviation. 

 

Figure 7-6a shows a scatter plot of the 2DS-PIP IWC retrieval compared with the IWC retrieved 
by RASTA at the gate 5. The figure shows flights 5, 6, 7 and 8, each one differentiated by a 
colorFigure 7-6b shows a 2D histogram using the same data. A higher density of points can be 
observed between 10-1 and 1 [g/m3]. The dotted line indicates the mean of the data for each 
bin and its standard deviation. 

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

Figure 7-7a shows a scatter plot of the CVI IWC retrieval and the RASTA IWC retrieval for gate 
5. Figure 7-7b 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 strongly correlated 
along the interval. 
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Figure 7-7: 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 mean for each bin and the standard deviation. 
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8 Dual-frequency retrieval of snow microphysical properties using 

ground-based X and W-band Doppler radar observations  

8.1 Retrieval method 

A new method was developed at EPFL to retrieve snowfall microphysical properties from 
radar data. It relies on Doppler spectrograms collected by zenith-pointing X-band and W-band 
radars, i.e. on measurements from ROXI and WProf during the ICE GENESIS 2021 campaign. 

This radar-based retrieval method relies on the electromagnetic scattering properties of 
snowfall. Indeed, radar measurements reflect the microphysical properties of the 
hydrometeors: in particular, their size, geometry, bulk density, and number concentration. 
Using different radar frequencies allows to disentangle these various microphysical 
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 properties along 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:  

¶ ice water content (IWC) 

¶ mean maximum diameter (D0). This assumes a particle size distribution N(D) = N0 exp 
(-D/D0) 

¶ prefactor and exponent of the mass-size relation (am, bm): m = am Dbm 

¶ prefactor and exponent of the area-size relation (ha , ̡ a): A =  h a D a̡ 

¶ aspect ratio (Ar): mean ratio of vertical dimension to maximum dimension   

As side products, radial wind and turbulence are also retrieved. 

 

In short, the technique is based on a two-step deep-learning framework inspired from auto-
encoder models, which are generally used for dimension reduction purposes: an encoder 
maps high-dimensional data to a lower-ŘƛƳŜƴǎƛƻƴŀƭ άƭŀǘŜƴǘέ ǎǇŀŎŜΣ ǿƘƛƭŜ ǘƘŜ ŘŜŎƻŘŜǊ ǘǊƛŜǎ 
to recover the original signal from this latent space. In the proposed framework (cf Figure 
8-1), dual-frequency Doppler spectrograms constitute the high-dimensional input, while the 
dimensions of the latent space are constrained to represent the snowfall properties. 

As a 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 spectra from the radiative 
transfer model PAMTRA (Mech et al. 2020). In a second step, the encoder network learns the 
inverse mapping, from dual-frequency spectrograms to the microphysical latent space. It is 
trained on real data, and outputs values in the latent space which, when passed as input to 
the decoder ς whose parameters are now frozen ς yield reconstructed spectrograms that 
should match the original data.  

In comparison with classical methods, which provide a direct gate-to-gate inversion of the 
problem, the proposed framework allows to take into account the spatial continuity of the 
microphysical variables in the vertical by using convolutions in the architecture of the encoder 
network, thereby reducing the ill-posedness of the problem. 
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Figure 8-1: 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 variables. Figure 8-2 illustrates the retrieval results for a 
snowfall event on January 23, 2021. 

In the left column are displayed time series of some relevant radar measurements and in the 
right column, retrieved microphysical variables (right). The radar data include ZeX , the dual-
frequency reflectivity ratio DFR = ZeX - ZeW, Doppler velocity and spectral width (at W-band), 
as well as the hydrometeor classification from MXPol (cf. Section 4.3, Besic et al. 2016, 2018). 
The microphysical variables included are IWC, D0, bm , ̡ a and Ar. The variables am and h a, not 
shown, are highly correlated to respectively bm and ̡ a . 

A first general observation from the retrieval time series is the persistence of spatio-temporal 
structures visible in the radar data, like the fall streaks. While the pipeline takes into account 
the 1D-spatial consistency of the measurements ---through the use of convolutions---, the 
temporal features are never used 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 correlates quite strongly with ZeX values, i.e. large IWC values are 
retrieved for strong reflectivity measurements (e.g. around 15:10 and 15:50 UTC). The size 
parameter D0 features small diameters near cloud top, and some localized pockets with large 
values which correspond as expected to regions of large dual-frequency ratio associated to 
aggregation (panel e). 

The ̡ a exponent of the area-size relation is smaller when ZeX and DFR are low, which is 
compatible with small non disk-like particles such as columnar crystals, while larger values 
could indicate aggregates or rimed snowflakes. Retrievals of mass-size exponent bm and the 
aspect ratio Ar are noisier, but their values and spatial trends still seem reasonable. For 
instance, indications of riming in the hydrometeor classification (visible as yellowish-red 
regions in panel e) roughly correspond to regions with larger Ar and bm , 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 steps stand out with large values of Ar and bm, coinciding with regions where 
large spectral width and variable vDopp suggest strong turbulence (e.g. 16:00, 1 km). In such 
high-turbulence cases, the retrieval cannot be expected to perform perfectly since the shape 
of the spectra is then largely dominated by turbulent broadening.  

 

 

Figure 8-2: Height-time plots of radar measurements and microphysical retrievals. The left panels contain 
radar data: a) ZeX , b) DFR, c) W-band mean Doppler velocity, d) W-band spectral width, e) Time series of 

MXPol hydrometeor classification (Besic et al. 2016, 2018) with demixing showing the proportion of the three 
main particle types identified: here aggregates, rimed particles and crystals. The right panels feature 

microphysical retrievals: f) ice water content, g) size parameter D0, h) area-ǎƛȊŜ ŜȄǇƻƴŜƴǘ ʲa  i) aspect ratio Ar , 
j) mass-size exponent bm . 

 

8.3 Evaluation with in-situ measurements 

8.3.1 Ice water content 

The method was then evaluated by using aircraft in-situ measurements as reference. 

Figure 8-3 shows retrieval results of ice water content compared to in-situ estimates, 
computed as IWC = TWC-LWC (TWC values from the CVI and LWC from the CDP probe (cf 
Sect. 5). In Figure 8-3 a) and b) are displayed the time series of ice water 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 at time steps of overpasses. The comparison is overall 
good, with satisfactory cofluctuations as well as reasonable agreement in the values 
themselves. For reference is also displayed the IWC retrieved from RASTA measurements (cf 
Section 7).  
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In Figure 8-3 c), the scatterplot of retrieved versus measured IWC combines the results from 
three flights. It confirms the robustness of the retrieval, with a high 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 the values 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). 

 

 

Figure 8-3: a) Time-height plot of IWC retrieval, with overlaid aircraft trajectory (altitude as a function of time); 
aircraft IWC values at time steps of aircraft overpasses (horizontal distance <1 km) are shown as scattered 
points. Dashed vertical lines indicate when aircraft is within 500 m of the radars. b) Time series of water 

content measured by the aircraft (TWC and TWC-LWC) and overlaid radar retrieval. c) Scatter plot of retrieved 
vs. in-situ IWC. Each point corresponds to a time step when the aircraft is within 1 km of the radars. Three 

flights are used (Jan 22, Jan 23, Jan 27). Color indicates ZeX ; black vertical lines indicate the standard deviation 
of the retrieval. 

 

8.3.2 Size parameter 

Aircraft measurements do not provide a variable that can directly be compared to the D0 
retrieved through our method. In order to obtain a comparable quantity, an exponential 
function was fitted to the aircraft PSDs; only diameters greater than 800µm were taken into 
account, since it was empirically noted that smaller particles --- which have fainter signatures 
in radar data --- did not follow this exponential behaviour. From each fit, a value of D0 is 
derived. 

Our retrieval is compared to the in-situ values in Figure 8-4 a) and b) (similar to IWC). While 
this was not perceptible in the qualitative analysis, D0 retrievals actually show a significant 
bias (+1.2 mm) leading to an overestimation of particle size compared to in-situ estimates. An 
investigation of possible causes for this behaviour is proposed in the next subsection 8.4. In 
spite of this, the cofluctuation between retrieved and in-situ D0 is nonetheless good (R = 0.77), 
which gives confidence that the retrieval is still relevant for process-oriented 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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Figure 8-4: Same as for IWC but for D0. Scatter plot is color-coded with DFR. 

 

8.3.3 Other microphysical descriptors 

Mass- and area-size power law coefficients are explicitly computed from the aircraft 
measurements (cf. Sect 5) and can therefore be compared to our retrieval. However, the time 
series of these aircraft quantities are highly noisy and thus point-to-point comparisons did not 
appear meaningful; it was therefore preferred to perform a statistical analysis. For each flight, 
we compare the histogram of bm (resp. ̡ 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 bm (resp. ̡ a) above the radars, during the time frame of the flight and in the altitude 
range sampled by the aircraft. The histograms of bm agree rather well (Figure 8-5 a)), with a 
similar mode around 2.2. In Figure 8-5 b), the histograms of ̡a again have rather close peak 
values (around 1.6 for the retrieval and 1.7 for the aircraft). There however, and for bm to a 
lesser extent, the histogram of retrieved values is much narrower than the aircraft one. This 
is not too surprising, considering that the volume sampled by the PIP and 2DS probes is much 
smaller than the radar volume ς which 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 am and bm (resp. h a - a̡), retrieved and 
measured, are consistent: this is visible in Figure 8-5 c) (resp. d)), where the scatterplots of am 
vs. bm (resp. h a vs. ̡ a) are overlaid. Although not perfect, the match is reasonable.  

 

The last microphysical variable for which we can perform a comparison is the mean aspect 
ratio: similar to bm and ̡ a, Figure 8-6 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 Ar,v defined as the ratio of particle dimension along 
vertical to maximum dimension, whereas the aircraft measurement Arƍ is 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 from Figure 8-6 
b) where the relation between Ar,v and Arƍ is shown for particles randomly oriented within a 
certain angle (90° is completely random orientation). 
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Figure 8-5: Histograms of a) mass-size and b) area-size exponents. Scatter plots of c) mass-size and d) area-size 
exponent to prefactor, from retrieval and aircraft measurements 

A transformed histogram is included into panel a) showing the equivalent aircraft Ar,v 

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 of the observed 

discrepancy. 

 

Figure 8-6 a) Histogram of retrieved and aicraft-measured aspect ratio. b) Illustration of the relation between 
Arƍ 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 key hypotheses and provides 
some insight into possible causes for the bias in D0. 

 

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 radar retrievals.   

In this case W-band reflectivity (corrected for gaseous attenuation) was assumed to be the 
ground truth, and then used to cross-calibrate the X-band radar. This neglects attenuation in 
snowfall and possibly supercooled liquid water, which can be significant (see 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 to X-band reflectivity (e.g. a +3dB offset can change the 
mean bias from -0.36 to -0.2 in logarithmic scale). D0 is more sensitive to the differential offset 
i.e. changes in DFR. However, it does not seem to cause an extreme divergence in the retrieval 
results: the sensitivity of D0 and IWC to Ze and DFR values is not negligible but also not 
massive. Miscalibration could not explain solely the observed D0 discrepancy: changing the 
DFR of -6dB (substantial change) only brings down the bias from 1.2 to 0.9 mm. 

 

8.4.2 Training set limitations 

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 database (Grazioli 2022), but there is likely still 
room for improvement. In particular, the size cut-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 few small particles. This means only few D0 values 
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 

One 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 parameters of the self-
similar Rayleigh-Gans approximation (SSRGA), 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, etc. (Leinonen 2018, Ori 2021). A 
sensitivity test was conducted by running PAMTRA simulations and comparing the effect of 
adding a D0 offset vs. changing the SSRGA coefficients. It was found that modest modifications 
of these coefficients (within +/- 10%) had a similar effect as a D0 bias of around 1.5 mm. While 
this cannot be used for direct correction of the results, it suggests that the D0 bias 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 parameterization 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 afore-mentioned issues 
was not tractable in the available time frame, it was decided to correct for the D0 bias using 
the aircraft in-situ data as a reference. This is acceptable, since the bias seemed relatively 
constant for varying D0 and the analysis of the results showed that no other variable seemed 
ǘƻ ŦŜŀǘǳǊŜ ŀ ǎƛƳƛƭŀǊ ōƛŀǎ όƳŜŀƴƛƴƎ ƴƻ άŎƻƳǇŜƴǎŀǘƛƻƴέ ƛƴ ŀƴƻǘƘŜǊ ŘŜǎŎǊƛǇǘƻǊ ǎŜŜƳǎ ǘƻ ōŜ 
occurring). Hence in the following chapter 9, the D0 values were corrected with a -1.2 mm 
offset.  
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For illustration, the following Figure 8-7 displays the time series of radar retrievals (only two 
variables shown here, IWC and D0 after bias correction) during the period Jan 22 ς Jan 27: the 
temporal variability as well as the changes in the vertical extent of the precipitation systems 
can be seen.   

 

 

Figure 8-7: Time series of a) radar reflectivity ZeX, b) retrieved IWC and c) retrieved D0 after bias correction. 
We can see the temporal and spatial variability of those features. 
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9 "Statistical" characterization of snow microphysical properties 

9.1 Morphological classification of snow particles 

9.1.1 CNN classification of hydrometeors from airborne in-situ data 

As discussed in chapter 5, the images of optical array probes 2D-S and PIP for which 
convolutional neural network (CNN) classification tools have been developed, have been 
limited to a lower size threshold of 300µm for the 2D-S and 2 mm for the PIP. Respective 
upper image sizes for those two imaging probes are approximately 1.5-2mm for the 2D-S and 
8-10mm for the PIP. This is simply due to the constraint that only non-truncated images are 
analyzed with the neural network. In practice, classification results for those two probes will 
be discussed separately. Thus, 2D-S images roughly represent suspended sub-millimetric 
cloud particles, more or less non-precipitating, whereas PIP images describe particles with a 
higher potential for sedimentation / precipitation. We recall here the morphological classes 
which are Compact Particles (CP), Fragile Aggregates (FA), Columns and Needles (Co), 
Hexagonal Planar Crystals (HPC), and 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-S images which are Complex Assemblages of Planes, Columns, and Dendrites (CA), 
Capped Columns (CC), and Water Droplets (WD). Finally, for the PIP images the only further 
class not represented in 2D-S images are Rimed Aggregates (RA). Out of the five flights 
performed in snow conditions within the ICE GENESIS project (2021 SAFIRE ATR-42 flights 
n°04, n°05, n°06, n°07, and n°08), below are presented CNN habit classification results as time 
series for the flight n° 07 (28-01-2021).  

Figure 9-1 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 along the flight for 2D-S images (b) and PIP images (c). A significant feature is the latter 
part of the flight, where the observed microphysics (2D-S and PIP data) is radically different 
from what was observed during the rest of the campaign. After approximately 10:45 large PIP 
particles disappeared and 2D-S particles consisted solely of smallest and more compact 
particles, which is due to the lack of a significant vertical extension of the cloud column 
beyond the freezing level with just small rimed ice detected by the cloud imaging probe 2D-
S. 

a) 

a)a

) 

 

b) 
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c) 

 

Figure 9-1: ICE GENESIS flight n°07. a) Reflectivity chart and flight trajectory, b) Time series of crystal numbers 
for 2D-S image 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 for 2D-S and PIP images. In addition to the pure numbers of crystals 

within classes, also the mass of all individual snow particles from 2D images has been 

calculated using Baker and Lawson (2006) mass retrieval method. The calculated masses 

are then attributed to the respective morphological classes. Even more important, for each 

individually classified ice particle (2D-S and PIP images), all additional information, for 

example crystal diameter, ambient temperature at the moment when the image has been 

sampled, etc..., is kept in order to create statistics of particle morphologies as a function of 

temperature, crystal diamŜǘŜǊΣ ŜǘŎΧ 

A compilation of classification results for both optical array probes for the whole ICE 

GENESIS Jura campaign is shown in Figure 9-2. The two pie charts at the top show number 

percentages of morphological classes for 2D-S and PIP merging all five flights. Major 

contributions are thus CP, Co, and CC for the 2D-S and CP, RA, and FA for the PIP. The middle 

and lower charts of Figure 9-2 show absolute cumulated numbers as a function of 

temperature and relative number fractions as a function of temperature, both for 2D-S and 

PIP, respectively. The same figure is produced in terms of mass instead of number, thereby 

using Baker & Lawson (2006) conversion of particle shape parameters into mass (Figure 

9-3).  

  



D5.7 - Synthesis & Characterization of snow microphysical properties C0 

  10/02/2023 

ICE GENESIS - H2020 - 824310 © ICE GENESIS Consortium Page 73 

 

 

a) 

  
b) 

  
c) 

  

Figure 9-2: Overall morphological composition of the 2D-S (left figures) and PIP (right figures) data sets: (a) in 
raw image numbers (b) in absolute cumulated numbers as a function of temperature, and (c) as relative 

number fractions as a function of temperature. 

 

 2D-S PIP 
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a) 

  
b) 

  
c) 

 
 

Figure 9-3: As Figure 9-2, but for mass. 

 

A striking feature is the sampling of columns in the temperature range around -5°C for 

submillimetric 2D-S images, which is expected from habit diagrams (e.g. Magono & Lee, 

1966; Bailey & Hallet 2009) for atmospheric ice crystals. Furthermore, diffracted images are 

ƎŜǘǘƛƴƎ άŀōǳƴŘŀƴǘέ in classification of 2D-S images for positive temperatures which 

confirms the out of focus phenomenon related to smallest particles (crystals disappear, only 

droplets and compact particles remain during continued melting process). Also in the PIP 

images the melting process starting above 0°C reduces rapidly the morphological shapes to 

Ƙŀōƛǘ ŀǇǇŜŀǊŀƴŎŜǎ ƻŦ ǊƛƳŜŘ ŀƎƎǊŜƎŀǘŜǎ όҐŜǾƻƭǳǘƛƻƴ ƻŦ ƳŜƭǘƛƴƎ ŦǊŀƎƛƭŜ ŀƎƎǊŜƎŀǘŜǎΣ ŜǘŎΧύ  ŀƴŘ 

finally compact particles which includes certainly drops larger 2 mm. The drop class does 

not exist in the created CNN tool for the PIP (sampled data of precipitating drops in ice cloud 

are scarce in 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 presented in Figure 9-4.  

 

Figure 9-4: Schematic of expected growth processes and their impact on morphological classes as a function of 
temperature, deduced from Bailey & Hallet 2009 (for diffusional growth), Pruppacher & Klett 2010 (for riming, 
ŀƎƎǊŜƎŀǘƛƻƴ ŀƴŘ ƳŜƭǘƛƴƎύΦ ! άҌέ ǎƛƎƴ ōŜŦƻǊŜ ŀ Ŏƭŀǎǎ ŀōōǊŜǾƛŀǘƛƻƴ ƳŜŀƴǎ ǘƘŜ ǇǊƻŎŜǎǎ ƛǎ ŀ ǎƻǳǊŎŜ ƻŦ ǘƘŀǘ ǘȅǇŜ ƻŦ 

ƘȅŘǊƻƳŜǘŜƻǊΣ ǿƘƛƭŜ ŀ ά-έ ǎƛƎƴ ƳŜŀƴǎ ƛǘ ƛǎ ŀ ǎƛƴƪ ŦƻǊ ǘƘŀǘ respective type of hydrometeor class. 

 

With Figure 9-4 in mind, further interpretation can be given for Figure 9-2 and Figure 9-3. 

For the (2D-S data): 

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 and above, melted hydrometeors can be encountered. Particles 

shrink dramatically during melting, and most habits disappear as the hydrometeors change 

CP type morphology, before disappearing from the 2D-S size range (below 300µm). 

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 detected at -11°C and of CA around -9°C. 

o Few aggregates are found in 2D-S data. 

For the precipitating particles (PIP data): 

o CP and RA constitute most of the hydrometeor mass at every temperature, with riming at 

slightly negative temperatures and co-existing supercooled WD. Particles shrink 

dramatically during melting, and must take the morphological attributes of CP. 

o Around ς5°C, a peak of CBC is observed coinciding with the maximum Co concentration 

observed in cloud particles. 

o Significant numbers of HPC are identified for all temperatures, which might be a bit 

surprising, since HPC are only marginally found in cloud particles. In practice, snowflakes 

are mostly represented as planar crystals (dendrites) for the reason that they are 

commonly found and observed with a naked eye at ground level during snow events.  

 

9.1.1.2 Morphological Classes and Respective Mass-Size Distributions 

!ŦǘŜǊ ŎŀƭŎǳƭŀǘƛƴƎ ŜǾŜǊȅ ǇŀǊǘƛŎƭŜΩǎ Ƴŀǎǎ ǿƛǘƘ .[нллс ƭŀǿΣ ǘƘŜȅ ŀǊŜ fitted with the composite 
data, sorted by Dmax and in 3 temperature ranges: below -4°C, between -4°C and 0°C and 
above 0°C. The resulting Figures are presented below. 

 

9.1.1.2.1 2D-S Data 
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-10°< T < -4°C 

 

-4°C < T < -0°C 

 

0°C < T  

 

Figure 9-5: Mass-size distributions as a function of particle morphology for the 2D-S, mass in g/µm/L during the 
entire campaign. 

 

The distributions for the 2D-S images (Figure 9-5) usually do not go beyond 1280 µm, since 

this is the width of the sampled area. This should be a hard limit for the CP and WD classes 

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

exceptionally, in the case that they were dynamically deformed before/during break-up.  

The distributions are decreasing as we look at higher particle sizes. This is explained by 
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fewer particles in the larger size ranges and particularly by the fact that for these graphs we 

ŘƛŘƴΩǘ ŎƻǊǊŜŎǘ ŦƻǊ ǘƘŜ ǎƛȊŜ ŘŜǇŜƴŘŜƴǘ ǎŀƳǇƭƛƴƎ ǾƻƭǳƳŜΣ ŀƴŘ ǎƛƴŎŜ ǿŜ ƻnly take non-

truncated images it is evident that the larger the crystal, the higher is the likelihood of 

leaving partly the sample are, thus being truncated. 

The CC and HPC classes exhibit bimodal distributions, with one mode at 300µm, this was 

expected and is described in the last section of Jaffeux et al 2022, based on the work of 

Vaillant de Guélis et al 2019.  

In Figure 9-4, two sources (+) were stated for producing CP morphology: either by melting 

or by riming. The distribution of CP in the temperature range colder than -4°C of Figure 9-5 

describes most likely CP that grew by collecting small supercooled droplets (riming), 

whereas the distribution of CP in the T>0°C range, necessarily illustrates compact particles 

that have formed by melting of larger and less dense ice particles. One can even see in the 

CP mass distribution in the -4°C<T<0°C range the superposition of these two modes. 

 

9.1.1.2.2 PIP Data 

For the PIP image derived crystal masses, the three distributions (Figure 9-6) look relatively 

similar, however above 0°C one can observe a wider spread and larger diameters for the 

center (modal diameter) of the distribution, basically larger crystals are observed at higher 

temperatures. This behavior was also observed in Stewart et al. 1984 (Figure 9-7) and Oraltay 

and Hallett 1989 as 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 2D-S, the mass in the distributions decreases with size due to scarcity and 

not correcting for the sample volume. Nevertheless, the shift to larger particles as described 

in Steward et al. (1984) can be well easily confirmed for CBC and RA particles, that already for 

colder temperatures ranges (-10°C<T<-4°C and -4°C<T<0°C) presented maximum sizes up to 

6-8 mm. 

For the four other classes, at T<0°C the maximum sizes are significantly below 6-8 mm, such 

that growth in the melting layer distribution happens quite a bit before 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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-10°CT < -4°C 

 

-4°C < T < -0°C 

 

0°C < T  

 

Figure 9-6: Same as Figure 9-5, but for PIP.  
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Figure 9-7: From Stewart et al 1984, Diameter of the largest particles in each pair of 2D-C and 2D-P 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 images, respectively. 
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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 results of the entire MASCB data 

base and of the ICE GENESIS MASC deployment are summarized in Figure 9-8 and Figure 9-9. 

We can see that aggregate and graupel particles were dominant 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. 

 

Figure 9-8: Pie chart of hydrometeor types in the entire MASCDB and during ICE GENESIS image quality index > 
9, GAN-based reconstruction). Left: number of particles. Right: particle masses. 

 

 

Figure 9-9: 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 data collected at temperatures lower than 2°C are shown and hourly time intervals with at least 5 
particles recorded. 
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The classification can also be refined depending on temperature as shown in Figure 9-10 
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 temperatures (92% instead of 80%): this highlights their greater size 
in this growth regime.  

 

 

Figure 9-10: Same as Figure 9-8 using the entire MASCDB dataset, separated according to temperature range. 
Top row: number proportions. Bottom row: mass proportions. 

 

9.1.2.2 Particle properties and dependence on hydrometeor type 

The MASCDB dataset 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 mass of Leinonen et al 2021 allows to compile 
mass-size power law relations stratified for different types of particles and to put them into 
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 or in-situ environmental 
information. This is illustrated in Figure 9-11 where some geometrical descriptors are 
stratified by hydrometeor type; in Figure 9-12 where they are stratified according to the 
riming degree level or in Figure 9-13 where some retrievals are cross-compared with 
environmental conditions.  

 

https://www.nature.com/articles/s41597-022-01269-7
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Figure 9-11 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) Rotational symmetry attribute (parameter sym_P6 of MASCDB). Figure from Grazioli et al, 2022  

 

Figure 9-12 Conditional distribution (normalized histogram bin density and kernel density estimate KDE) of two 
snowflake attributes stratified according to the estimated riming degree class. (a): numerical and continuous 

riming degree level, (b) compactness index. Figure from Grazioli et al, 2022 

 

Figure 9-13 Conditional distribution (normalized histogram bin density 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 particles while wind speed data are stratified according to the blowing snow 

detection classes. Figure from Grazioli et al, 2022  

 

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 of particle size and aspect ratio (Figure 9-14) as well as compactness and 
roundness (Figure 9-15). In the left columns of (Figure 9-14) we can see for instance the 
enhanced particle sizes in the warmer temperature range ([0, +2°C]) compared to the [-4, 0°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 sphere-like aspect; on the contrary, columnar crystals have the lowest aspect 
ratios (around 0.2 ς 0.3) which also matches the qualitative understanding. 


















































