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Abstract A versatile method to automatically classify ice particle habit from various airborne optical
array probes is presented. The classification is achieved using a multinomial logistic regression model. For
each airborne probe, the model determines the particle habit (among six classes) based on a large set of
geometrical and textural descriptors extracted from the two-dimensional image of a particle. The technique
is applied and evaluated using three probes with significantly different specifications: the high volume
precipitation spectrometer, the two-dimensional stereo probe, and the cloud particle imager. Performance
and robustness of the method are assessed using standard machine learning tools on the basis of thousands
of images manually labeled for each of the considered probes. The three classifiers show good performance
characterized by overall accuracies and Heidke skill scores above 90%. Depending on the application and
user preferences, the classification scheme can be easily adapted. For a more precise output, intraclass
subclassification can be achieved in a nested fashion, illustrated here with columnar crystals and aggregates.
A comparative study of the classification output obtained with the three probes is presented for two aircraft
flight periods selected when the three probes were operating together. Results are globally consistent in
term of proportions of habit identified (once blurry and partial images have been automatically discarded).
A perfect agreement is not expected as the three considered probes are sensitive to different particle
size range.

Plain Language Summary An automatic classification method to identify ice particle habit from
images is proposed. The technique is applied and evaluated using three airborne probes mounted on
research aircraft with significantly different specifications: the high volume precipitation spectrometer, the
two-dimensional stereo probe, and the cloud particle imager. The method relies on thousand of images
manually classified and advanced machine learning techniques to determine the snow crystal habit among
six preset classes. High classification performance is achieved, with accuracies above 90% for each of the
considered probes.

1. Introduction

Clouds play a central role in global climate studies through their direct influence on the Earth-atmosphere
radiative budget and water cycle. In mixed-phase and ice clouds, both models and remote sensing retrievals
suffer from large uncertainties, partially due to the rich variety of the size and shape that particles can adopt
depending on local environmental conditions and particle growth history.

In remote sensing studies, the mass and geometry of distributions of ice crystals cannot be neglected as they
directly impact how these particles interact with electromagnetic radiation. Retrieving microphysical proper-
ties of ice particles from scattered radiation implies solving an ill-posed inverse problem, which typically lacks
constraints (Logvin et al., 2002). In the context of weather radars, scientists have been relying on the use of
dual polarizations (e.g., Bringi et al., 2003; Testud et al., 2000), Doppler spectra (e.g., Cooper et al., 2017; Kollias
et al., 2007), and more recently multiple frequencies (e.g., Kneifel et al., 2016; Kulie et al., 2014) in order to bet-
ter constrain radar retrieval algorithms. The procedure requires the definition of a forward model simulating
the scattering properties of an ensemble of hydrometeors. For ice-phased particles, these properties strongly
depend on the size, mass, and morphology of individual targets, as reported by various numerical simulation
studies (Baum et al., 2005; Leinonen et al., 2012; Um & McFarquhar, 2007, 2011). It is therefore essential to
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collect precise in situ data that can be used as a reference to refine ice crystal scattering simulations and reduce
uncertainty in radar-based retrievals.

In this context, the information provided by ice crystal and snowflake imaging devices is of primary impor-
tance as they give insight into the dimension, concentration, type, and morphology of individual particles.
These sensors can be deployed either on the ground or on research aircraft. Ground-based instruments are
attractive because they are usually easier and cheaper to operate and can be deployed for a long duration. On
the other hand, airborne imaging probes provide more insight to study the physical mechanisms at play and
capture microphysical transitions (e.g., phase transition, as in Cober et al., 2001, and aggregation, as in Bailey
& Hallett, 2012) as they directly sample within clouds. As these devices, commonly called optical array probes
(OAPs), can collect up to several thousands of cloud particle images per minute, there is a need for automatic
algorithms to process the resulting millions of images. Initially, simple particle geometrical features extracted
from shadowgraph images (e.g., size, area, and perimeter) were used to develop the first hydrometeor classi-
fiers for OAP images (Holroyd, 1987; Hunter et al., 1984; Moss & Johnson, 1994). These first studies based on
dimension-related descriptors and decision-tree approaches were, however, not able to identify composite
habits like aggregates or bullet rosettes. Korolev and Sussman (2000) proposed to use more advanced particle
shape descriptors and classified ice crystal habit into four classes based on dimensionless ratios of geometri-
cal measures. McFarquhar et al. (1999) applied a neural network algorithm to identify more complex habit like
bullet rosette and polycrystal based on particle dimension and area ratio. Feind (2006) performed a compara-
tive study to assess the performance of various classification algorithms and concluded that although a neural
network was giving the best classification accuracy, the relevance of the particle descriptors utilized is crucial
and more important that the classification method. With the progress in imaging techniques, new OAPs with
higher pixel resolution became available such as the cloud particle imager (CPI) for which a habit classification
program was developed (Lawson, Baker, et al., 2006). More recently, principal component analysis was applied
to CPI images to identify eight distinct cloud habits with an accuracy higher than 80% (Lindqvist et al., 2012).

Ice cloud particle habit identification based on OAP images proved to be very insightful for various micro-
physical studies such as investigating the composition of different types of cloud (Korolev et al., 2000),
documenting the microstructural properties of individual particles (Baum et al., 2005; Korolev & Isaac,
2003), and relating those with their mass and terminal velocity (Heymsfield et al., 2002, 2004; Heymsfield &
Westbrook, 2010). They have also been used to estimate single-scattering properties of different habits and
conduct cloud radiative simulation studies (e.g., Um & McFarquhar, 2007, 2009). In the visible spectrum, pro-
portions of classified habits have been directly correlated with scattering phase functions measured with a
polar nephelometer and showed a link between the observed dominant habits and the peaks in the phase
function (Lawson, Baker, et al., 2006).

In the present contribution, a simple and efficient classification algorithm that can be applied to a broad
range of OAP devices with various specifications (e.g., pixel resolution, imaging technique, and sampling vol-
ume) is proposed. As described in Praz et al. (2017), the approach was initially developed for the Multi-Angle
Snowflake Camera (MASC), a ground-based snowflake imager that captures high-resolution photographs of
falling snowflakes from three different angles (Garrett et al., 2012). On MASC data, the classifier achieved high
accuracy (>90%) in determining the hydrometeor type among six classes, estimating the degree of riming
ranging between zero (no riming) and one (graupel), and identifying if the particle was melting or not. The
classification is achieved by means of a multinomial logistic regression (MLR) and compared to other notorious
machine learning methods like support vector machine (SVM) and artificial neural networks (ANNs). Logis-
tic regression is a well-established classification method (Bishop, 2006) and has successfully been applied in
atmospheric research, for example, for statistical downscaling of precipitation (Fealy & Sweeney, 2007) and
for improving probabilistic forecast of precipitation amounts (Wilks, 2009). As an extension to binary logistic
regression for multiclass problems, MLR is a probabilistic model that assigns to each observation probabilities
of belonging to different classes. MLR is a supervised model, meaning that it relies on a set of labeled data,
called the training set, to identify discriminating features and in turn assign a class to new data samples. In
the context of ice particle imagery, this means that a habit classification scheme and a training set composed
of labeled images have to be defined beforehand.

This article applies MLR to identify ice cloud particle habit from OAP images. In contrast to previous research,
the classification method is applied and evaluated on three different OAPs with a common classification
scheme applied to all. The algorithm makes use of innovative particle features introduced for the purpose
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Table 1
Overview of the Particle Imaging Probes Used in This Study

Instrument Pixel resolution (μm/pixel) Measurement range (μm) Imaging technique # of views Image type

2D-S 10 10–1,260 linear PDA 1 binary

HVPS 150 150–12,000 linear PDA 1 binary

CPI 2.3 2.3–1,000 2D-PDA 1 256 levels gray scale

MASC 35 35–10,000 2D-PDA 3 256 levels gray scale

Note. The MASC, the instrument the classification method was originally developed for, is also included. Measurement ranges for the 2D-S, HVPS, and CPI
are reported from Baumgardner et al. (2011). 2D-S = two-dimensional stereo; HVPS = high volume precipitation spectrometer; CPI = cloud particle imager;
MASC = Multi-Angle Snowflake Camera; 2D-PDA = two-dimensional photodiode array.

of this study in addition to a large variety of descriptors already used in previous studies. A feature selection
algorithm is implemented in order to identify and retain only the most relevant ones. A dedicated effort to
evaluate the classifier performance and generalization properties (by means of cross validation and learning
curves) is also presented. Compared to existing classification methods, an attractive property of the proposed
approach is that it does not rely on any manually fixed threshold and can therefore be adapted to new prob-
lems (e.g., new field campaign, OAPs with varying resolution, and modifications of the number of classes)
at a minor cost (rerun the training phase on new/extended data). The remainder of the manuscript is struc-
tured as follows. Section 2 describes the three probes utilized, the Olympic Mountain Experiment (OLYMPEX)
field campaign during which data were collected and the image processing techniques used to extract the
particle descriptors. The classification model and the procedure introduced to assess the classification per-
formance are presented in section 3. Classification results are analyzed for the three probes independently
and then compared on two common flight periods in section 4. The work is summarized, and key results are
emphasized in a conclusion drawn in section 5.

2. Data and Methods
2.1. Ice Cloud Particle Images
Various airborne sensors have been developed for collecting information on the size, mass, and concentra-
tion of ice cloud particles. An overview of these instruments is given in Baumgardner et al. (2011, 2017). Some
of them also provide additional information on the particle shape and habit as they capture two-dimensional
images. These devices are commonly classified as OAPs due to their measurement system based on optical
arrays. The OAPs utilized in this study are the two-dimensional stereo (2D-S) probe, the high volume precip-
itation spectrometer (HVPS), and the CPI. The 2D-S (Lawson, O’Connor, et al., 2006) and HVPS (Lawson et al.,
1993) use a linear photodiode array scanning at a rate adapted to the particle velocity in order to recon-
struct a two-dimensional image of the target based on its shadow. Shaded pixels are detected if the light level
decreases below a certain threshold (typically 50%), resulting in binary images of ice crystals. These probes
require a precise adjustment of the scanning rate proportional to the true air speed and may suffer from
particle distortion effects.

The CPI operation principle is different from that of the 2D-S and HVPS in that it relies on a square photode-
tector array, meaning that an entire image is captured instantaneously when the device is triggered. As a
result, the measurement is less sensitive to distortion effects, but discontinuous. The latter point is not critical
for the current study but can be an issue in quantitative studies, which require precise estimation of particle
concentration (Baum et al., 2005). In this regard, the CPI is more similar to the MASC for which the classifi-
cation method was initially developed. In contrast to the 2D-S and HVPS, the CPI probe provides 256 level
grayscale images, hence giving additional information on the surface structure and transparency of ice crys-
tals. Although background noise is substantial and can vary significantly from one CPI image to another, this
textural information is used to calculate additional descriptors, which were relevant for habit classification
and riming degree estimation in MASC images (Praz et al., 2017). A summary of the cloud particle imaging
probes used in this study as well as their main characteristics is displayed in Table 1. The MASC is also included
for comparison.

The present study focuses on ice particle images collected during the OLYMPEX. OLYMPEX was a field cam-
paign whose main objective was to provide ground-based validation support for the Global Precipitation
Measurement satellite mission. The mission took place between November 2015 and February 2016 and
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Table 2
Summarizing List of the 31 Features Selected for Habit Classification (15 Features for Each Probe With Some Common to Two or
Three Probes)

Feature ID Feature name Related probe(s)

1 particle maximum dimension 2D-S

2 bounding box maximum dimension 2D-S

3 particle porous area over total area ratio HVPS and CPI

4 particle area to circumscribed circle area ratio HVPS and CPI

5 particle area to convex hull area ratio HVPS, 2D-S, and CPI

6 particle area to bounding box area ratio HVPS and CPI

7 ratio of particle outline touching frame edge 2D-S

8 fitted ellipse area HVPS

Largest inscribed ellipse area CPI

10 largest inscribed / smallest circumscribed ellipse area ratio 2D-S and CPI

11 fitted ellipse / smallest circumscribed ellipse area ratio HVPS

12 fitted ellipse eccentricity 2D-S

13 particle area to fitted ellipse area ratio HVPS,CPI

14 morphological skeleton to particle area ratio 2D-S

15 number of corners in the perimeter 2D-S and CPI

16 standardized distance to centroid Fourier power spectrum comp. P0 CPI

17 standardized distance to centroid Fourier power spectrum comp. P2 2D-S

18 standardized distance to centroid Fourier power spectrum comp. P3 2D-S

19 standardized distance to centroid Fourier power spectrum comp. P6 HVPS, 2D-S, and CPI

20 #max(P0 to P6) HVPS

21 distance to centroid mean HVPS

22 distance to centroid standard deviation over mean ratio HVPS and 2D-S

23 boolean value indicating if the particle is touching the frame HVPS

24 normalized perimeter average line segment s̄
(

1
12

)
HVPS

25 normalized perimeter average line segment s̄
(

1
2

)
HVPS and CPI

26 normalized perimeter autocovariance acov
(

s( 1
12
), 0

)
CPI

27 normalized perimeter autocovariance acov
(

s( 1
12
), 1

12

)
CPI

28 normalized perimeter autocovariance acov
(

s( 1
4
), 0

)
2D-S

29 normalized perimeter autocovariance acov
(

s( 1
4
), 1

12

)
HVPS and 2D-S

30 normalized perimeter autocovariance acov
(

s( 1
2
), 1

12

)
2D-S and CPI

31 Haralick feature homogeneity CPI

Note. 2D-S = two-dimensional stereo; HVPS = high volume precipitation spectrometer; CPI = cloud particle imager.

included a large number of ground-based and airborne sensors (Houze et al., 2017). The images utilized in
this study were collected with OAPs installed on the UND Citation research aircraft. More than 8,000 ice crys-
tal images collected with HVPS (1,410), 2D-S (4,252), and CPI (2,964) were manually selected from this data
set and utilized for training the classification algorithm. In order to cover a broad range of environmental
conditions, the images were extracted from various flights and time intervals randomly selected.

2.2. Image Processing and Feature Extraction
Image classification and pattern recognition methods typically require a set of variables, commonly called
features or descriptors, upon which the algorithm is based. In the case of snow or ice habit classification,
these features take the form of numerical values intended to be representative of the size, shape, and internal
structure of the particle.

As it is difficult to assess a priori what set of descriptors is most relevant for the classification task, the method-
ology applied here is to extract as many descriptors from the images as possible and run a feature selection
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Figure 1. Illustration of the concept of normalized curvilinear distance 𝛾 and line segment s(𝛾) for three distinct particle
shapes recorded with the two-dimensional stereo probe. On the right panel, the three curves show the evolution of s(𝛾)
for three different 𝛾 value as the reference point Pi is moved along the particle perimeter. Autocovariance values for
𝛾 = 1

4
(green curve) and lag 𝜙 = 1

12
are also displayed for each particle shape.

algorithm in order to select only the most significant ones (the selection procedure is detailed in section 4.1).
In this way it is ensured that the descriptors utilized are not too correlated, which is a desired property for
most classification techniques.

For the grayscale images collected by the CPI probe, a total of 111 features was initially calculated based on
particle dimensions, morphology, and textural structure. This list includes the 72 descriptors introduced in
Praz et al. (2017), 25 descriptors based on the particle corners detection procedure detailed in Lindqvist et al.
(2012), and 9 other descriptors implemented for this work. Many of these coefficients had been previously
used to describe ice particles in previous studies (e.g., Garrett & Yuter, 2014; Hogan et al., 2012; Nurzynska
et al., 2012, 2013; Schmitt & Heymsfield, 2014). For the sake of brevity, only the 15 descriptors preserved after
the feature selection procedure are mentioned here. The list is reduced to 31 as some descriptors are common
to two or three probes. A list of the features kept for the classification task is displayed in Table 2. Features 1
to 23 and 31 were used for hydrometeor classification in Praz et al. (2017) and are described there. Note that
among the 15 descriptors retained for the CPI probe, only feature 31 (Haralick homogeneity, as detailed in
Haralick et al., 1973) is effectively using the textural information contained in the grayscale images. Using more
advanced image processing techniques to better handle the substantial noise and lack of constant contrast
in CPI images may lead to more informative textural descriptors but is beyond the scope of this study.

Features 24 to 30 are introduced in the current classification framework for the first time and rely upon the
concept of normalized perimeter defined by Lindqvist et al. (2012). As seven of these features proved to be
relevant for habit classification, we describe here how they are established. First, the perimeter of a particle
is detected and discretized in such a way that the distance between two adjacent pixels of the perimeter is
constant. This distance is then normalized so that the total distance (i.e., the perimeter length) is equal to 1. By
doing so,we can define a normalized curvilinear distance 𝛾 ∈ [0, 1] from any point Pi of the perimeter, which
translates to a distance along the perimeter (𝛾 is called invariant angle and defined between 0 and 360 in
Lindqvist et al., 2012). In the case of a circle or a square, a value of 𝛾 = 1

2
from a point Pi is directly opposite with

respect to the particle centroid. This is not necessarily the case for more complex shapes like bullet rosettes
or aggregates, as illustrated in Figure 1.

From this curvilinear distance 𝛾 , a line segment s(Pi, 𝛾) is defined as the Cartesian distance between two points
Pi and Pi′ of the perimeter separated by 𝛾 . Finally, the average line segment for all Pi elements of the perimeter
s̄(𝛾) and its autocovariance at different curvilinear distance lags 𝜙, denoted acov(s(𝛾), 𝜙), can be calculated
and used to characterize the particle morphology with a limited number of parameters. Mathematically, s̄(𝛾)
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Figure 2. Distribution of feature #21 within the training set used by the high volume precipitation spectrometer
classifier before (a) and after (b) the normalization and Gaussianization transforms are applied.

and acov(s(𝛾), 𝜙) can be expressed as follows:

s̄(𝛾) = 1
NP

NP∑
i=1

s(Pi, 𝛾), (1)

acov (s(𝛾), 𝜙) = 1
NP

NP∑
i=1

(
s(Pi, 𝛾) − s̄(𝛾)

) (
s(Pi + 𝜙, 𝛾) − s̄(𝛾)

)
, (2)

where NP is the number of points within the particle perimeter. Figure 1 provides an illustration of the con-
cept of normalized curvilinear distance and gives values for the line segment for three different particles: a
circle, a column, and a bullet rosette imaged by the 2D-S probe. In this study, 3 s̄(𝛾) and 15 acov(s(𝛾), 𝜙) were
calculated following Lindqvist et al. (2012). After feature selection, seven of them were retained for the clas-
sification task, namely, s̄( 1

12
), s̄( 1

2
), acov(s( 1

12
),0), acov(s 1

12
), 1

12
), acov(s( 1

4
),0), acov(s( 1

4
), 1

12
), and acov(s( 1

2
), 1

12
).

For simple geometrical shapes, s̄( 1
2
) is equivalent to an orientation-averaged diameter and behaves similarly

to the particle equivalent-area diameter. As highlighted by Lindqvist et al. (2012), the concepts of curvilin-
ear distance and line segment allow the identification and regrouping of particles with a similar morphology
even if their actual perimeter is significantly different.

2.3. Feature Transformation
When working with a linear model like MLR, it is important that the different dimensions of the problem, in
this case the particle descriptors, have a similar range of values. The latter property was fulfilled by normalizing
each feature xd to have 0 mean and 1 variance by applying the transformation

xnorm
d =

xd − 𝜇(xd)
𝜎(xd)

, (3)

where𝜇(xd) and 𝜎(xd) are the mean and standard deviation within xd , respectively. As with many other meth-
ods developed in the field of machine learning, MLR utilized in the present work performs better if the input
features follow a normal distribution. Even though the latter property is not a necessary condition, the ben-
efits of having nearly Gaussian descriptor distributions are twofold. First, it reduces the amount of outliers
that are difficult to deal with the current cost function. In addition, it increases the convergence properties
of the optimization algorithm utilized to minimize the cost function, making the classification training phase
faster and more robust. For these reasons, the descriptors retained for classification (displayed on Table 2)
were passed through a simple Gaussian anamorphosis. If Sd denotes the skewness of the dth feature xd , then
the applied transform can be written as

xd =

⎧⎪⎪⎨⎪⎪⎩

exp(xd) if d < −1,
x2

d if − 1 < d < −0.75,√
xd if 0.75 < d < 1,

log (xd) if d > 1.

(4)
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Figure 3. Illustration of the habits used in the classification scheme. From top to bottom, each row displays a few samples per habit, as imaged by the CPI, 2D-S,
and HVPS probes. On each row, a pixel resolution scale is provided and highlights the very different range of size covered by the three probes, even within the
same crystal habit. Note that planar crystal was discarded from the HVPS classification scheme because not enough representative particles were found in the
OLYMPEX data set. CPI = cloud particle imager; 2D-S = two-dimensional stereo; HVPS = high volume precipitation spectrometer.

Applied together, these two transforms significantly increase the classification overall accuracy (OA) for the
three probes with a gain varying between 5% and 10%. For instance, Figure 2 illustrates the result of such
transforms on feature #21 (distance to centroid mean) utilized by the HVPS classification model. Note that both
the normalization and Gaussianization steps are calculated on the pure training set only and then applied
on the validation set in order to exclude any influence of validation data on the classifier during the training
phase and thus avoid overfitting.

3. Ice Crystals Classification

This section details the classification methodology applied to the three airborne particle imagers introduced
in section 2.1. Ice crystal habit classification is essentially a pattern recognition problem. One wants to assign
a unique label to each particle recorded based on its image, the content of which is usually summarized in a
finite number of numerical variables (descriptors). Because crystal habit is usually easily identifiable by visual
inspection, a supervised classification approach was adopted according to the following guideline. First, the
number of classes included in the model was determined. In the second step, a large number of particle
images were selected and manually labeled in order to have a reference data set that can be used for training
the classifier. This data set was then divided into two subsets: a pure training set used to build the classifier
and a validation set intended for evaluation purposes. This step also required the selection of a classification
algorithm, MLR in this work. The whole methodology was applied to the three OAP data sets individually. The
following subsections explain each of these steps in more detail.

3.1. Classes Definition
A common aspect to all supervised classification problems is that they require a fixed number of classes to be
defined beforehand. In some applications, this step comes conveniently as there is a clear and distinct num-
ber of classes (handwriting recognition, for instance). In cloud particle classification, however, this step is not
straightforward due to the high diversity of crystal sizes and shapes observed in nature. As a result, many clas-
sification schemes including various number of distinct habits have been introduced (e.g., Korolev & Sussman,
2000; Lindqvist et al., 2012; Um & McFarquhar, 2009). In this contribution, a nested classification model is pro-
posed in an attempt to be as exhaustive and flexible as possible. Six classes are used in the upper layer of the
model: columnar crystal (CC), planar crystal (PC), bullet rosette (BR), aggregate (AG), compact particle (CP), and
quasi-spheres (QS). For the 2D-S probe, an additional category named other (OT) was added in order to iden-
tify small out-of-focus images, which appeared to happen frequently. Samples collected with the HVPS, 2D-S,
and CPI for each of the defined classes are illustrated in Figure 3. For the sake of readability, images from 2D-S
and HVPS were artificially magnified by a factor of 1.5 and 9, respectively. The 2-mm reference scale present
on each subpanel relates the size of the particles displayed to their real physical size. Because of the scale
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difference in the crystals recorded by the three probes, the HVPS device is not able to identify small habits
(≲500 μm) but can capture much larger graupel-like particles and aggregates, which would appear truncated
on the two other probes.

At the upper level, the classification scheme uses nearly identical categories to the ones initially introduced by
Magono and Lee (1966). However, columns and needles are merged together in this first level of classification.
Moreover, the categories combinations of planar crystals, combinations of columnar and planars crystals and
germs of snow crystals are discarded because they were not observed in sufficient quantities to reliably train
a classification algorithm. Nevertheless, it should be noted that these categories could easily be reintroduced
in future studies if enough training samples are provided. Finally, visual inspection of numerous samples asso-
ciated with the class compact particle suggests that this category is essentially composed of compact heavily
rimed and graupel particles. However, the term of compact particle was adopted because it is objectively diffi-
cult to differentiate between a graupel and a potentially less rimed irregular compact crystal from these OAPs
images. This is particularly relevant in CPI images where a large amount of irregular ice particles in the range
of 50–150 μm are classified as CP due to their apparent compact shape. Riming is unlikely in this size range,
as reported by Ono (1969) who observed no riming on columnar crystals with minor axis <50 μm and only
very rare occurrence of riming on planar crystals with a diameter < 300 μm.

This general classification scheme can be divided into subcategories in a nested fashion. In section 4.3, two
examples of subclassification are proposed: columnar crystal into column (CC-C) and needle (CC-N), and
aggregate into aggregate of bullet rosettes (AG-R) and other aggregate (AG-O). The whole classification frame-
work being flexible and easily adjustable, different nested schemes could be considered in the context of
different objectives or observations. For instance, one could consider adding a second layer of classification
within planar crystals to differentiate between hexagonal plates, sectored plates, and dendrites.

3.2. Training and Validation Set
A satisfactory classifier must be able to reproduce the same performance on an unknown data set as com-
pared to the reference training set. For this reason, the selection of the training set is a crucial step in the
development of a classification method. Each class must present a certain consistency in its statistical proper-
ties while ensuring that it is representative of the variability observed in real data. For instance, the category
aggregate must contain samples of different types (aggregates of plates, columns, bullet rosettes, … ) and
configurations (sizes, aspect ratios, orientations, … ) in order to be as generic as possible.

To achieve this goal, particle images were selected and labeled conjointly by two independent operators. The
images were extracted from diverse time steps and altitudes during different flights in order to cover a broad
range of atmospheric conditions. The procedure followed was to first identify∼100 samples for each habit and
then progressively increase the size of the training set until the classification performance reached a certain
stability. This stability criterion was assessed on a validation data set, that is, a labeled data set that was not
used to train the classifier, by means of a learning curve (see Figure 6). In total, NHVPS

ref
= 1, 410, N2D-S

ref
= 4, 252,

and NCPI
ref

= 2, 964 samples were retained to train and validate the HVPS, 2D-S, and CPI classifiers, respectively.
It should be noted that because this reference data set was collected during the OLYMPEX field campaign,
applying the classifier on other data sets could require some adjustments. Depending on the latitude and
environmental conditions of the observations, it might be necessary to consider adding new training samples
in the different classes and/or extending the classification scheme with new categories.

3.3. Classification Method
The fast development of data clustering and machine learning algorithms observed during the past decades
led to a large choice of viable classification methods to consider. For the present classification problem, three
classification methods were tested and compared: MLR, SVM, and ANNs. Without investing substantial effort
into fine tuning the models, no classification algorithm was found to outperform the others on every aspect.
SVM seemed to produce higher classification accuracy by ∼1–2% but at the cost of a higher dependence on
the validation data chosen and a reduced stability. At first glance, ANN model was never able to reproduce the
accuracy of the two other methods. This aspect could be explained by the relatively small size of the reference
data set for a high-dimensional (>10) problem. MLR yielded a satisfactory classification accuracy and a higher
robustness to validation data sampling and was therefore selected for this study. A brief derivation of MLR is
provided here, with more details given by Bishop (2006) and others.
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Logistic regression is a statistical probabilistic model and can be seen as an alternative to the linear regression
where the output is bounded and can be interpreted as a probability of belonging to the different classes
introduced in the problem. In linear regression, the dependent variable yn is estimated based on the value of
D independent variables, also called descriptors or features, assembled as a vector x ∈ R

D with

yn = 𝛽0 + 𝛽1xn1 +…+ 𝛽DxnD = x̃T
n𝜷, (5)

where x̃n = (1, xT
n)

T is the augmented vector of independent variables and 𝜷 the vector of regression weights.
In binary logistic regression, a logistic transformation (x) is applied to the linear model and transforms the
output yn into a probabilistic variable given by

p
(

yn = 1 ∣ x̃n, 𝜷
)
= (x̃T

n𝜷) =
exp

(
x̃T

n𝜷
)

1 + exp
(

x̃T
n𝜷

) , (6)

p
(

yn = 2 ∣ x̃n,𝜷
)
= 1 − (x̃T

n𝜷) =
1

1 + exp
(

x̃T
n𝜷

) , (7)

where {1, 2} are two classes. As an extension to the logistic regression for multiclass classification problems,
MLR performs categorical classification of the dependent variable y ∈ {1,… , K}. The logistic function is
turned into a softmax function and the probabilities p(yn = k) of belonging to the different classes can be
rewritten as

p
(

yn = k ∣ x̃n,B
)
=

exp
(

x̃T
n𝜷k

)
∑K

j=1 exp
(

x̃T
n𝜷 j

) . (8)

The noticeable difference with the binary logistic regression is that K vectors of regression weights
{𝜷1,… , 𝜷K} have been introduced and regrouped in a matrix B for the sake of brevity. The whole concept of
training the algorithm consists of optimizing the values contained in B based on a set of Ntrain pairs {xn, yn}
of labeled data. In other words, we want to maximize the likelihood of observing y = {y1,… , yNtrain} given X̃
and B. In the Bayesian framework and assuming the independence of the yn, equation (8) can be rewritten as
an objective function for B:

Blik = argmaxBp(y ∣ X̃,B) = argmaxB

Ntrain∏
n=1

p(yn ∣ x̃n,B). (9)

The latter equation is called a likelihood and can easily be converted to a standard cost function by applying
a negative logarithm transform as follows:

 (B) = −
N∑

n=1

K∑
k=1

ỹnkx̃T
n𝜷k +

N∑
n=1

log
K∑

j=1

exp
(

x̃T
n𝜷 j

)
. (10)

Even though usable as is, this cost function is modified here to avoid two common issues that can occur in
classification problems: overfitting the training data set and neglecting underrepresented categories. In order
to reduce the sensibility of the model to the training data set and penalize arbitrarily large values in the vectors
𝜷k , a regularization parameter 𝜆 is added to the cost function following Bishop (2006; procedure also known
as Ridge regression or L2 regularization). In order to deal with unbalanced training data and similarly to Praz
et al. (2017), a simple factor in the cost function is applied to weight each training data pair {xn, yn} by a
number inversely proportional to the occurrence frequency of the yn category in the training set. This strategy
is commonly used in classification problems dealing with imbalanced data (López et al., 2013). If fn denotes
the proportion of data belonging to the same class as yn (in the reference data set) and K the total number
of classes, this factor can be written as 𝜔n = 1∕

(
Kfn

)
. The inclusion of 𝜔n proved to be notably effective in

the 2D-S and CPI classifiers where the class Planar crystal is significantly underrepresented (8% and 13% of
the training set, respectively). Mathematically, these modifications translate into the following changes in the
standard MLR cost function, which is now given by

f (B) = −
N∑

n=1

𝜔n

K∑
k=1

ỹnkx̃T
n𝜷k +

N∑
n=1

𝜔n log
K∑

j=1

exp
(

x̃T
n𝜷 j

)
+ 𝜆

K∑
j=1

𝜷T
j 𝜷 j. (11)
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The last term in equation (11) corresponds to the L2 regularization, and its effect can be adjusted by tuning the
hyperparameter 𝜆 (larger 𝜆 yields a higher degree of regularization). During the training phase, one typically
adjusts𝜆 in order to have similar classification accuracy within the training and the validation set. Note that this
regularization term is not altered by the 𝜔n weighting. In this application, the inclusion of 𝜔n is improving the
classification accuracies presented in section 4 by ∼1% while diminishing the variability around the obtained
values by ∼50%.

The final cost function shown in equation (11) can be straightforwardly adapted to binary classification prob-
lems (K = 2) and is applied in section 4.3 to the CPI data to illustrate the concept of nested subclassification
with two examples: the subclassification of columnar crystals into columns and needles and the subclassifi-
cation of aggregates into aggregates of bullet rosettes and other aggregates. Note that learning techniques
based on neural networks are ideally suited for nested classification problems (e.g., Guo & Gelfand, 1992) but
require a much larger training set, implying a very time-consuming manual labeling phase.

3.4. Classification Performance Assessment
The performance of the classifiers was assessed using conventional tools such as the confusion matrix and
different score indices (e.g., Witten et al., 2016). The confusion matrix is a table giving an overview of the
classification strengths and weaknesses of a supervised classification model. Each row represents samples
predicted to belong to a certain class, whereas each column represents the ground truth, according to the
manual labeling performed beforehand. Examples of confusion matrices for the HVPS, 2D-S, and CPI classifi-
cation schemes are provided in Figures 5, 7, and 8, respectively. If M is the confusion matrix, then Mij contains
the number of samples belonging to class j and classified in class i. The diagonal components Mii contains
the samples correctly predicted. Based on this confusion matrix, one can define three performance indices
(among others): the OA, the Heidke skill score (HSS, also known as the Cohen’s kappa), and the error rate (ER),
defined as follows:

OA =
∑K

i=1 Mii

N
× 100, (12)

HSS = OA − E
1 − E

× 100, (13)

ERj = Mi≠j,j∕M∗,j × 100, (14)

where K is the number of classes, N the number of samples considered, and M∗,j the number of samples in the
jth column. The HSS can be seen as an alternative to the OA, which takes into account the number of correct
predictions that could occur by chance. In equation (13), the coefficient E evaluates this fraction of correct
predictions and can be written as

E = 1
N2

K∑
i=1

Mi,∗M∗,i. (15)

Note that the HSS is conventionally defined∈ [0, 1] but was converted to percent here for sake of consistency
with the other indices. Finally, in order to have a unique error index for each classification model, the balanced
error rate (BER) is defined from the ER as

BER = 1
K

K∑
j=1

ERj. (16)

In order to further analyze the predictive capabilities of a classification model, it is good practice to compare
the performance of the proposed model to a baseline model, called BAS hereafter. A baseline model consists
of a simple yet relevant method to classify new images based on the reference training set. In this study, a BAS
model based on feature centroid was used. For a classifier relying on D descriptors, the BAS simply assigns to
a new sample i the class k whose centroid is the closest in the feature space. Mathematically, this translates to

i = argmink

D∑
j=1

|xij − x̄kj|, (17)

where i is the class assigned to the new sample i, xij the value of the jth descriptor for sample i, and x̄kj

the average value of descriptor j within the class k (i.e., the centroid), calculated from the training set. The
introduction of a baseline model is very valuable to distinguish the part of the classification performance
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Figure 4. HSS (a) and BER (b) scores obtained when applying the forward features selection algorithm. On both panels,
the training and validation scores are displayed as dashed and solid lines, respectively. Color codes are indicated in the
legend. Features added after the vertical dashed black line were not kept for classification. BER = balanced error rate;
HSS = Heidke skill score; HVPS = high volume precipitation spectrometer; 2D-S = two-dimensional stereo; CPI = cloud
particle imager.

explained by the relevance of the selected features from the added value brought by the model itself (MLR
here). Typically, a high gap in classification accuracy between the chosen model and the baseline might be
an indicator of overfitting.

Finally, cross validation is used as a tool to validate the HVPS, 2D-S, and CPI models and assess how these
classifiers would likely generalize to new independent and unlabeled data sets (e.g., Witten et al., 2016). The
principle behind one round of k-fold cross validation is the following: the reference (labeled) data set is first
partitioned into k subsets of equal size. Consecutively, each single subset is kept aside and used for testing
the performance of the model on an unbiased sample (validation set), whereas the k − 1 other subsets are
merged and used to fit the model (training set). This procedure is usually conducted several times on different
partitions to reduce variability and assess the stability of the classifier. For this study, fourfold cross validation
is used as it proved to be a good trade-off between the size of the training set and stability of the test error.
Different fold values between 3 and 10 were also investigated and showed very similar results in terms of
classification performance.

4. Results

This section is divided into four subsections. In the first section, the 111 descriptors introduced in section 2.2
are investigated in order to select a subset containing only the most relevant ones to be employed for the
classification task. In the second step, the three classification models built for HVPS, 2D-S, and CPI probes are
assessed in term of accuracy and robustness as well as generalization capabilities following the methodol-
ogy introduced in section 3.4. The third subsection is dedicated to the possibility to define subclassification
schemes and provides examples. Finally, classification outputs from the three probes are presented and
compared in terms of habit proportion for two different flights conducted during OLYMPEX.

4.1. Feature Selection
As explained in section 2.2, an ensemble of 111 geometric and textural particle descriptors has been intro-
duced for the classification task. The selection of a relevant yet nonredundant set of features for the classifier
to rely upon is a crucial step. It directly impacts the performance and numerical stability of the classification
algorithm. Correlated descriptors have a negative influence on the convergence properties and stability of
the solution (i.e., the matrix of regression weights B) as they tend to make the input descriptors matrix X̃
ill-conditioned and almost singular. As a result, the cost function minimization step would be prone to large
numerical errors leading to a higher risk of overfitting training data. The goal here is therefore to come up
with a restrained and uncorrelated set of descriptors, which minimizes the intraclass variability while maximiz-
ing the interclass variability, based on the reference data set. As a typical dimensionality reduction problem,
this task can be achieved using conventional feature extraction techniques like principal component analysis
(successfully applied in Lindqvist et al., 2012) or more advanced tools such as autoencoders, recently used
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Figure 5. Overview of the classification accuracy of the multinomial logistic
regression model applied to high volume precipitation spectrometer data.
(a) Confusion matrix obtained on validation data averaged over 10 instances
of fourfold cross validation. The x and y axes represent the true labels and
predictions obtained by the classifier, respectively. Entries on the diagonal
correspond to samples correctly classified. The matrix entries are normalized
so that they sum up to 100%. Note the nonlinear color bar used to
emphasize misclassification. (b) Box plots of the error rate by habit
corresponding to the confusion matrix above. Each box plot is therefore
calculated over 40 values. Solid lines represent the median values, the boxes
show the 25–75% quantiles, and the whiskers extend to 1.5 times the
interquartile range (or the minimum, respectively, maximum sample value if
this one is included within this interval). AG = aggregate; CC = columnar
crystal; CP = compact particle; BR = bullet rosette; QS = quasi-sphere.

in remote sensing imagery (Zhang et al., 2015). However, feature extrac-
tion techniques are not ideal for the present work as they usually remap
the input descriptors into a new space, which provides no room for fea-
ture interpretation. In our case, it is very insightful and thus desired to be
able to link relevant features to physical properties of the particle/habit as
these features could in turn be used to simulate realistic ice crystals (e.g.,
for scattering simulation purposes) or to accurately parametrize habit in
numerical weather prediction models.

Therefore, a forward feature selection technique that keeps the initial input
descriptors unchanged was implemented. Based on the highest HSS value
(see equation (13)), the process starts by implementing a single dimension
MLR model (i.e., based on one descriptor only) . Features are then itera-
tively added to the model based on their discriminative power. At each
step, the method tries to add every remaining descriptor to the current list
and select the most relevant one. This selection is performed according to
the highest averaged HSS evaluated on the validation set on the basis of
10 iterations of fourfold cross validation. More detail on the algorithm and
its implementation can be found in Tang et al. (2014).

Results obtained by applying the proposed forward feature selection
method are shown in Figure 4. In terms of HSS (Figure 4a), the three vali-
dation curves (blue, red, and green solid lines), corresponding to the three
classifiers (HVPS, 2D-S, and CPI, respectively), exhibit a similar behavior
with a strong increase of classification accuracy brought by the five first
features added, a moderate improvement associated with the∼5 next fea-
tures, and eventually a plateau reached by the validation curves around
feature 15. After that point, the training HSSs (dashed line) seem to con-
tinue to grow at a very slow rate. Similar conclusions can be drawn from
Figure 4b displaying the BER, an independent metric that is not involved
in the feature selection process. For the sake of illustration, the evolution
of the curves after 30 features is not shown but displays a slight decrease in
the validation HSS while the training HSS is constant, indicating potential
overfitting. Based on these observations, only the 15 first selected fea-
tures were kept for the classification task. Table 2 gives an overview of the
selected descriptors for the three probes.

4.2. Validation Using Reference Data Set
4.2.1. HVPS
The classification performance for the HVPS probe was assessed on the
basis of a reference labeled data set NHVPS

ref
composed of 1,410 samples.

Compared to the 2-DS and CPI classifiers, this is a relatively low number of
samples but somewhat compensated by the reduced number of classes
included in the model (K = 5, PC ignored because only a few dozen
occurrences were found in the OLYMPEX data set investigated). The perfor-
mance and accuracy of the classifier were evaluated based on a confusion
matrix and the different tools introduced in 3.4. Figure 5a shows the confu-
sion matrix obtained by averaging 10 instances of fourfold cross validation.
Each instance consists of a different random sampling of Nref into four

equal subsets required for cross validation. Note that the matrix has been normalized to sum up to 100% so
that each entry represents a fraction of the reference data set. In this way, one can assess the proportion of
the reference data set belonging to each class by calculating the sum over the rows. The nonlinear color bar
is adjusted to highlight not only the diagonal but also the entries where most misclassifications occur.

As a complement to the confusion matrix, Figure 5b shows the classification ER within each class. The median,
box extents, and whiskers are derived from the same 10 random instances of fourfold cross validation. Median
ER values are (in ascending order) as follows: 0% for columnar crystal and quasi-sphere, 1.6% for aggregate,
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Table 3
Classification Performance Overview

OAP (Nref) Method OA HSS BER

HVPS (1,410) MLR 97.6 ± 0.7% 97.0 ± 0.9% 2.1 ± 0.7%

BAS 88.6 ± 1.3% 85.7 ± 1.6% 9.8 ± 1.1%

2D-S (4,217) MLR 93.4 ± 0.8% 92.1 ± 0.9% 6.5 ± 0.7%

BAS 82.2 ± 1.3% 78.9 ± 1.6% 16.4 ± 1.3%

CPI (2,964) MLR 95.3 ± 0.6% 94.2 ± 0.7% 5.9 ± 0.6%

BAS 8506 ± 1.0% 82.4 ± 1.2% 15.8 ± 1.0%

Note. OAP = optical array probe; OA = overall accuracy; HSS = Heidke skill score;
BER = balanced error rate; HVPS = high volume precipitation spectrometer;
2D-S = two-dimensional stereo; CPI = cloud particle imager; MLR = multinomial
logistic regression; BAS = baseline model.

3.1% for compact particle, and 4.7% for bullet rosette. Even though satisfactory for all habits, the ER is bigger
for the BR class, mostly due to the missclassification of BRs as CPs or AGs as indicated by the confusion matrix.

Classification scores indicating the OA, the HSS, and the BER (as defined in section 3.4) are reported in Table 3.
They appear to be very satisfactory with a HSS value of 97%, very similar to the OA. The reference baseline
model (denoted as BAS in the table) also performs well with a HSS and BER of 85% and 10%, respectively, thus
indicating that the set of features utilized is appropriate and relevant to the target concept. The difference
in scores between the two models (ΔHSS=∼11%, for instance) quantifies the added value brought by the
MLR method itself. It could also be used to diagnose overfitting in case the BAS model cannot reproduce the
classification performance of the MLR at all.

To further assess the performance, stability and convergence properties of the classifier, one can compute the
so-called learning curves. They are calculated based on the following procedure: first, a subset of 25% of the
reference data set is kept aside for validation; then, the size of the training set is progressively extended from
2% to 100% of the rest of the reference data in constant steps of 2%. For each step, the OA, HSS, and BER scores
are calculated on the training and validation set. In this way, the evolution of the classification performance
is monitored as the number of training samples is increased. HSS learning curves have been calculated for
the HVPS classifier and are displayed in Figure 6a. To assess the sensitivity of the curves to random sampling
effects, the procedure was repeated 10 times with different splits between training and validation subsets.
The validation curve exhibits a sharp increase at the beginning (i.e., for a low amount of training data) and
flattens thereafter until reaching a plateau when more than 75% of the training samples are used. The training
curve displays opposite behavior, starting at nearly 100% accuracy and decreasing slightly to finally reach a
plateau. This plateau is characterized by a HSS value very close to that of the validation curve, which is a desired
property and indicates that the model is not overfitting the training data set. Moreover, the asymptotic nature
of both curves around 100% of training samples is an indicator that enough training data are used to have a

Figure 6. Learning curves for the three classification models built for (a) the HVPS, (b) the 2-DS, and (c) the CPI probes. On each panel, the evolution of the
training HSS (in blue) and the validation HSS (in red) are plotted as a function of the size of the training set. The solid lines represent median values; dark shaded
areas define the 25–75% interquartile range and light shaded extent to the 10–90% quantiles, on the basis of 10 iterations of train and validation subset random
splitting. HSS = Heidke skill score; HVPS = high volume precipitation spectrometer; 2D-S = two-dimensional stereo; CPI = cloud particle imager.
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Figure 7. Same as in Figure 5 but for the two-dimensional stereo
classification model.

reliable representation of the validation data set. The latter point suggests
that the model should generalize well to real data. It should be noted that
although the training and validation curves do not completely merge for
the 2D-S probe (as they do for HVPS and CPI), the remaining gap is neg-
ligible and the parallelism of the curves indicates that the HSS scores will
not vary even if the training set is increased. Finally, the restricted varia-
tion around the solid lines indicates that the model is rather insensitive to
random training/validation data sampling.
4.2.2. 2D-S
Similar analyses have been conducted to evaluate the performance of the
2D-S classifier. Results obtained for the 2D-S probe based on N2D-S

ref
= 4, 217

are shown in Figure 7 as well as in Table 3. In this case, the classification is
based on seven distinct categories, with the addition of planar crystal and
other (out-of-focus) categories.

As for the HVPS, 10 instances of fourfold cross validation were conducted
and resulted in an accuracy characterized by an OA of 93.4%, a HSS of
92.1%, and a BER of 6.5%. Compared to the scores obtained for the HVPS
probe, these are slightly below but still satisfactory. This might be a con-
sequence of the more complex classification scheme (seven categories)
utilized for 2D-S classification. Moreover, the analysis of the ERs indicates
that most misclassifications occur in aggregate, bullet rosette, and planar
crystal categories, in descending order. In particular, the highest source
of error raises from the confusion between AG and BR (see Figure 7a) as
well as between AG and CP to a lesser extent. Recalling that the discrim-
ination is achieved based on a binary silhouette of the particle only, it
is not surprising that similar habits confuse the classifier. This ambiguity
between AG, BR, and CP was also noticed by the operators while manu-
ally labeling the data. Nevertheless, MLR provides an interesting tool to
assess the confidence in the predicted habit in the form of the probabil-
ities of belonging to each class introduced in the model. Indeed, once a
MLR model is trained, it is straightforward to calculate these probabilities
using equation (8). As an example, the average probability of belonging
to the class AG has been calculated for all particles predicted as AG by the
model, based on one iteration of cross validation. Results obtained show a
clear distinction between correct and erroneous predictions, with average
probabilities p̄(yn = AG, true)> 99% and p̄(yn = AG, false) ≃ 75%. For
applications requiring higher confidence in the predictive output, one can

therefore impose a certain threshold to the probability in order to select only the most reliable predictions.
If the 2D-S probe could be reconfigured to match images of the same particle collected by both orthogonal
photodiode arrays, one could potentially improve the reliability of the method by performing the classifica-
tion on the two projected images independently and merging the probabilities a posteriori in order to assign
one unique habit per particle, according to the methodology applied in Kennedy et al. (2018) for MASC data.

Learning curves have also been processed for the 2D-S classification model and are displayed in Figure 6b.
They exhibit a very similar behavior with respect to the HVPS model, yielding the same conclusions about the
stability of the prediction output as well as the completeness of the training set.
4.2.3. CPI
The CPI classifier was tested and validated following the same methodology as for the HVPS and 2D-S probes,
based on NCPI

ref
= 2, 964 labeled samples. In contrast to the previous probes, the CPI provides 256 levels

grayscale images allowing textural descriptors to be calculated. Interestingly, the feature selection process
led to the inclusion of only one texture-based descriptor in the 15 kept for the classification task: the Haralick
homogeneity (Haralick et al., 1973) Moreover, the evaluation of classification performance with and without
this feature showed that the latter was not crucial as it improved the HSS by less than 3%. One can there-
fore conclude that the added value brought by the textural descriptors introduced in this study has a very
limited impact for habit classification. This is in line with the findings from MASC hydrometeor classification
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Figure 8. Same as in Figure 5 but for the cloud particle imager classification
model.

(Praz et al., 2017) where the textural information appeared to be relevant
only for estimating the degree of riming and detecting melting snow. Rim-
ing degree identification was not achievable and would require dedicated
effort beyond the scope of this study due to some limitations intrinsic
to the CPI device: noise in the photodiodes, lack of constant background
intensity threshold and highly variable contrast, average brightness, and
focus from image to image. Nonetheless, the presence of transparent areas
within the ice particle boundaries (resulting in a low value of Haralick
homogeneity) proved to be a relevant criterion to distinguish between
some planar crystals and compact particles.

Figures 8 and 6c present the CPI classification results in the same manner
as outlined for the HVPS and 2D-S imaging devices. Similar conclusions to
the 2D-S classification model can be drawn, namely, a slightly reduced clas-
sification accuracy (OA = 95.3%, HSS = 94.2%, and BER = 5.9%) compared
to HVPS and a higher misclassification rate between AG and BR. In terms
of learning curves, the CPI curves are comparable to the previous ones.

Finally, it is worth highlighting the importance and relevance of two
descriptors common to the three classifiers, namely, the particle area
to convex hull area ratio and the sixth component of the standardized
distance to centroid Fourier power spectrum. Even though several past
studies have used area ratio to describe the microphysical properties
of ice particles, those works have generally introduced one single area
ratio, namely, the ratio of particle area to a reference circle (e.g., Grazioli
et al., 2014; Heymsfield et al., 2002; Korolev & Isaac, 2003; McFarquhar &
Heymsfield, 1996). With eight area ratios retained for the classification task
(see Table 2), the present study shows that combining different area ratios
allows for better identification of the particle habit (compact vs. complex
shape; rectangular, polygonal, or spherical outline, etc.).

4.3. Potential for Subclassification
As mentioned in section 3.1, the logistic regression framework offers the
opportunity to refine the habit detection by introducing subclassifica-
tion(s) in a nested fashion. In other words, one can train a binary/MLR
model on the output of the initial classifier by selecting all particles
belonging to a certain category and refining the classification scheme into
two or more subhabits. Coupled with information collected by other in situ

sensors, this gives the possibility to get more insight into the environmental conditions under which specific
habits grow and in turn improve the calculation of cloud radiative effects (Bailey & Hallett, 2009).

As a proof of concept, two binary subclassification schemes are introduced in the present study. The first aims
to discriminate aggregates of bullet rosettes from other aggregates. Thus, 88 aggregates of bullet rosettes and
123 other aggregates (mostly aggregates of plates) were manually identified and labeled from images initially
recognized as aggregates. In a second step, a forward feature selection was conducted in order to identify
the most relevant features for the subclassification. It appeared that a model based on only two descriptors
achieves high classification accuracy characterized by a HSS of 95.3% evaluated on validation data. This score
was not significantly improved by introducing additional descriptors. Figure 9 illustrates the classification
results by displaying a scatterplot of the two first descriptors picked by the forward feature selection algo-
rithm, namely the particle fractal index defined as F = 2 ln

(
P
4

)
∕ ln A (Grazioli et al., 2014) and the normalized

perimeter autocovariance acov
(

s( 1
12
), 0

)
.

Note that the fractal index was not utilized in the initial classification scheme and is therefore not present in
Table 2. As the descriptors were normalized for feature selection, the axis units are arbitrary and uninforma-
tive. The use of a single descriptor (i.e., the fractal index) discriminates very well between the two habits. The
second feature is not very informative by itself, as illustrated by the left-side histogram, but advantageously
bends the decision boundary in the two-dimensional space created.
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Figure 9. Scatterplot of the two descriptors selected by the feature selection algorithm for the subclassification of
aggregates into aggregates of bullet rosettes and other aggregates, on the basis of 211 reference samples. The two
descriptors have been normalized to have 0 mean and 1 standard deviation. The histograms represent the marginal
distributions with respect to each descriptor independently. BR = bullet rosette.

The second example of subclassification separates columnar crystals into columns and needles, as initially
introduced by Magono and Lee (1966). Needle-like crystals are characterized by a longer and more slender
body compared to standard columns (Libbrecht, 2005). Results of the subclassification based on a reference
data set composed of 90 columns and 81 needles are illustrated in Figure 10. In this case, the inclusion of a sin-
gle descriptor, the aspect ratio (AR) derived from the smallest rectangle encompassing the particle (bounding
box), yields a complete separation between the two habits. However, for the sake of consistency with Figure 9,

Figure 10. Same as in Figure 9 but for the subclassification of columnar crystals into columns and needles, as based on
171 reference samples.
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Table 4
Overview of Flight Information and Environmental Data Related to the Two Flight Periods Selected for the Comparative Analysis Conducted in Section 4.4

Date 2D-S/HVPS CPI Elevation (m agl) T (∘C) RH w.r.t. ice (%) LWC (g/m3)

12 November 2015 (F1) 19h20–19h21 19h20–19h25 1,100–1,600 −1–4 90–105 peak at 0.3

1 December 2015 (F2) 00h45–00h50 00h47–00h48 7,000 −28–30 79–85 < 0.01

Note. 2D-S = two-dimensional stereo; HVPS = high volume precipitation spectrometer; CPI = cloud particle imager; LWC = liquid water content; agl = above ground
level; w.r.t = with respect to.

a scatterplot of the first two features selected is presented. The second feature, called D90∕Dmax in this study,
corresponds to the ratio between the largest dimension perpendicular to Dmax and Dmax.

Note that in this case the axes were not renormalized as AR values are naturally bounded and can be easily
interpreted or compared to other studies. In the literature, different definitions of AR have been used (e.g.,
D90∕Dmax in Korolev & Isaac, 2003; Hogan et al., 2012; ellipse fit based AR in Garrett et al., 2015; Jiang et al.,
2017) and comparisons between those could be problematic if the obtained values are significantly different.
In the present case, we clearly see that even on rather simple shapes like columnar crystals, the use of different
AR definitions leads to different values. This observation appears to be more pronounced on more compact
columns where the AR defined as D90∕Dmax is systematically larger than the bounding box AR.

4.4. Application to Independent Flight Periods
In order to evaluate the potential of the classification method on independent data as well as to compare
and validate the output obtained with the different probes, the classification was performed on two data sets
collected during two flights carried out by the UND Citation aircraft during OLYMPEX. Due to the large amount
of time required to extract, process, and classify the high number of images collected by the HVPS and 2D-S
probes, the analysis was limited to two flight periods of 1 min each collected in contrasting environmental
conditions. Results are presented in the form of proportions of different habits identified by the classification
algorithm applied to each of the three probes. For a more detailed analysis, one would have to investigate
both shape and size of the imaged particles using state-of-the-art processing techniques to calculate particle
size distribution for each probe (e.g., Heymsfield et al., 2013; Jackson & McFarquhar, 2014; Protat et al., 2011)
but this is beyond the scope of this contribution.

The first interval (F1) consists of 1 min extracted at 19h20 from a flight performed on 12 November 2015. At
that time, the aircraft was climbing steadily from 1,100 to 1,600 m above ground. The sample is characterized
by an average temperature of −2 ∘ C, an average relative humidity with respect to ice of 95% and a peak in
liquid water content (LWC) reaching ∼0.3 g/m3 (compared to < 0.05 g/m3 in the minutes before and after), as
retrieved with a King probe. An overview of the selected time intervals is reported in Table 4. As the sampling
volume of the CPI probe is much lower than that of the HVPS and 2D-S, the time interval was extended to 5 min

Figure 11. Classification output for the three probes installed on the Citation aircraft during OLYMPEX flight on 12 November 2015. The results displayed are for
1-min period between 19h20 and 19h21 UTC (extended to 19h20–25 for the cloud particle imager probe). The three panels show the proportions of each habit
detected as pie charts. Trunc label (yellow) stands for particles that appeared truncated on the optical array probe image. HVPS = high volume precipitation
spectrometer; 2D-S = two-dimensional stereo; CPI = cloud particle imager.
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Figure 12. Classification output of the 2D-S and CPI probes for F1 restricted to a common size range between 100 and
600 μm. 2D-S = two-dimensional stereo; CPI = cloud particle imager.

for the CPI in order to have enough images to conduct a comparative study. Fluctuations in environmental
conditions during these 5 min were limited and are reported in Table 4.

Results obtained for F1 in terms of proportions of particle habit identified by the MLR models are presented
in Figure 11. As pointed out in several studies (e.g., Baumgardner et al., 2011; Lawson, 2011; McFarquhar et al.,
2007), airborne probes suffer from many artifacts like truncated targets, out-of-focus images, or shattering of
crystals into small fragments at the inlet of the detection system. In order to mitigate the impact of some of
these artifacts on the proportions obtained, a few basic filters were applied beforehand. First, particles smaller
than the first habit classified as non-SP were discarded. This filter is necessary to remove the extremely large
amount of images consisting of less than five shaded pixels present in the HVPS and 2D-S data set (93% and
99%, respectively). Then, in order to identify truncated crystals, the ratio of the perimeter length touching
the edge of the frame was calculated and particles characterized by a ratio > 0.3 were flagged as truncated.
Finally, CPI images with high noise in the background or very low contrast were discarded as well. Even though
the latter filter is not crucial here as the two time intervals were selected during periods where the CPI was
providing high quality images, it becomes essential when performing the classification at the flight scale as
bad quality CPI images are rather frequent (10% of the whole CPI data set for the flight on 12 November 2015).

The proportions of the different habits identified are displayed in Figure 11 in the form of pie charts. At first
glance, the displayed distributions look quite different. Before proceeding further, it is important to note here
that the three considered probes are characterized by significantly different specifications such as pixel reso-
lution, observable size range, and sampling volume. For instance, more than 90% of the CPI and 2D-S particles
collected and classified within F1 exhibit a Dmax < 0.5 mm. This corresponds to 1–3 of the HVPS photodiodes

Figure 13. Same as in Figure 11 but for the OLYMPEX flight on 12 November 2015. Results shown correspond to a time period of 1 min between 00h47 and
00h48 UTC (extended to 00h45–50 for the CPI probe). HVPS = high volume precipitation spectrometer; 2D-S = two-dimensional stereo; CPI = cloud particle
imager.
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Figure 14. Illustration of ice particles classified as aggregates collected on 1
December 2015 between 00h45 and 00h50 UTC. Habit identified as
aggregates of bullet rosettes (AG-BR) by the subclassification scheme are
shown on the top. Other aggregates (AG-O) are on the bottom.

shadowed, a size range hence too small to identify habits with this device.
As a result, consistency between the raw classification output from the
three probes is not expected. Rather, the proportions should be inter-
preted in a complementary manner as each device can identify habits in a
different size range. In order to somehow verify the consistency between
the different classifications, the habit proportions obtained for the 2D-S
and CPI were restricted to a common size range between 100 and 600 μm.
In this interval, both devices are expected to measure a lot of particles
entirely contained within the optical array (i.e., not truncated habits) and
100 μm is also sufficiently large to get enough 2D-S photodiodes shad-
owed for a reliable particle identification. Habit proportions given by the
2D-S and CPI in the restricted size range are illustrated in Figure 12 and
are in much better agreement. A few discrepancies remain between the
classes CP and QS. Since the QS habit is characterized by small diame-
ters (typically <50 μm), the large difference in the probe resolution could
explain these discrepancies.

The three classifiers diagnose a large number of small quasi-spheres, which
correlates well with the peak observed in the LWC recorded by the King
probe during that period. Moreover, the amount of QS detected by the CPI
is noticeably higher compared to the other probes. Given the finer resolu-
tion of the CPI and the fact that>95 % of QS habit detected by the CPI were
<100 μm, one could assume that this peak in LWC consists of droplets too
small to be resolved by the 2D-S and HVPS probes. However, as highlighted
in previous studies using the CPI (e.g., McFarquhar et al., 2013; Nousiainen
& McFarquhar, 2004), the distinction between small quasi-spherical ice par-
ticles and liquid droplets is delicate as the resolution limit of the instrument
is approached. A good indicator of the presence of liquid droplets is given
by the particle area to circumscribed circle area ratio 𝛼. McFarquhar et al.
(2013) studied fluctuations of 𝛼 in small cloud particles as a function of
the ratio between the LWC and the total water content, and concluded
that habits characterized by 𝛼 > 0.9 are most likely liquid droplets. In the
present case, 40% and 10% of the QS habit identified are characterized by
𝛼 values >0.8 and 0.9, respectively. Moreover, all these images were col-
lected between 19h20–21 when the King probe indicates a peak in the
LWC. It is interesting to note that all QS >60 μm detected were character-

ized by 𝛼 > 0.9 and a bright spot at the center of the particle. The presence of a bright spot was automatically
detected following the procedure detailed in Appendix A. It is a typical signature observed in liquid droplet
images when the particles are illuminated from behind (Saylor et al., 2002) and is commonly referred to as
specular reflection. Finally, the nonnegligible amount of compact particles identified with the three probes
could potentially attest to the presence of particles rimed after collecting supercooled liquid water droplets.

Results obtained for the second time interval considered (F2) are presented in Figure 13. During that period
extracted from a flight performed on 1 December 2015, the aircraft was flying at a constant altitude of 7,000 m.
The local environmental conditions were characterized by an average temperature of−29 ∘C, a relative humid-
ity of ∼80% with respect to ice and a low LWC <0.01 g/m3. Compared to the previous case, the particles
observed are globally larger, most of them being characterized by 500< Dmax < 1,000μm for each probe. Sim-
ilarly to F1, the proportions of SP and truncated particles are highly variable and probe dependent. In terms
of habit, the classifiers all identify a large number of AG and BR, in good agreement with the observations
of Bailey and Hallett (2009) at similar temperature and humidity ranges. As expected from the low tempera-
ture and LWC, almost no QS habit are observed except by the HVPS (10%). These 10% may be composed of
out-of-focus particles appearing rounded by blur or small particles with an insufficient number of photodi-
odes shadowed to resolved their shapes. The pie charts also indicate a larger amount of AG habit detected by
the CPI. For large particles, the CPI device collected a lot of truncated images, which could potentially lead to
some misclassifications of BR identified as AG. Recalling that for both 2D-S and CPI the highest misclassifica-
tion rate was observed between AG and BR (see Figure 8) and that even manual identification was ambiguous
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sometimes, a perfect agreement is therefore not expected. Moreover, if we omit small particles and truncated
images and merge AG and BR classes, one obtains very similar proportions for the three probes (HVPS = 60%,
2-DS = 60%, and CPI = 70%). In order to further investigate this issue as well as to test the applicability of
the subclassification scheme proposed in section 4.3, the AG habit is subclassified into aggregates of BR and
other aggregates. The results obtained indicate that among the 232 images classified as aggregate, 26% are
identified as aggregates of bullet rosette. Furthermore, manual inspection of the other aggregates revealed
that they are composed mainly of aggregates of plates, as illustrated in Figure 14. These findings are con-
sistent with Bailey and Hallett (2009) who observed a transition in habit around −30 ∘C from BR to platelike
crystals. Figure 14 also highlights the large variability of crystal shapes within the same class and therefore
the difficulty to classify complex ice particles into a finite set of discrete habits. This motivated some cloud
microphysical studies (e.g., Morrison & Milbrandt, 2015) to treat particle properties in a continuous manner
rather than assuming a collection of discrete habits as it is done traditionally. In that effort, the classification
approach proposed in the present study can be used to process large measurement data sets and precisely
document the intraclass and interclass variability of the main particle properties.

In summary, the two flight periods analyzed here show very distinct microphysical properties of snow crys-
tals in terms of habit. Moreover, the particle types revealed by the classifiers are in good agreement with
the literature and what one could expect in such environmental conditions. Combined with state-of-the-art
PSD retrieval techniques specifically designed for OAPs (McFarquhar et al., 2017), the proposed particle habit
classification technique is suitable for a detailed shape and size analysis on a broad spectrum of particle
dimension.

5. Conclusions

An automatic ice cloud habit classification model was developed and applied to three distinct OAPs com-
monly used on board research aircraft. The three probes, namely, HVPS, 2D-S, and CPI, cover a wide range
of image resolutions, particle sizes, and sample volumes. Adapted from a technique initially developed for
a ground-based snowflake imager (the MASC), the classification makes use of a customized MLR model in
order to identify particle habit among six classes: columnar crystal, planar crystal, bullet rosette, aggregate,
compact particle, and quasi-sphere. Two subclassification schemes were also proposed in order to distinguish
columns from needles as well as to separate aggregates composed of bullet rosettes from those composed
of other shapes, leading to eight classes in the end. Since the classification framework is highly versatile, new
classes can be easily added or removed, but the procedure requires manual selection and labeling of a few
hundred images for every new class included in the scheme. Some modifications and retraining may also be
required for classifying images obtained in different environmental conditions. The classification is based on
15 features selected from 98 geometrical and 13 texture-based (for CPI only) descriptors introduced for this
purpose. The principal conclusions drawn from this study are as follows:

- The three classifiers showed very satisfactory performance, characterized by overall accuracies and HSSs
(calculated on validation data) of 97.6% and 97.0%, 93.4% and of 92.1%, and 95.3% and 94.2% for the HVPS,
2D-S, and CPI probes, respectively. This suggests that the MLR framework can be further applied to any other
sensor providing two-dimensional images of snow crystals (binary or gray scale).

- Stability and representativeness of the classifiers were investigated and validated by means of learning
curves. It was shown that the amount of data used to train the classification models was sufficient, suggesting
that the models should reliably generalize to new data.

- Depending on the desired level of detail, subclassifications can be achieved in a nested fashion. This feature
is particularly relevant for determining the composition of crystal aggregates. Subclassification performed
on a flight period also proved to be relevant to study under which specific conditions different habits are
observed.

- The forward feature selection algorithm highlighted two descriptors common to the three classifiers and
therefore essential for habit classification: the particle area to convex hull area ratio and the sixth compo-
nent of the standardized distance to centroid Fourier power spectrum. Moreover, each classifier included at
least two other types of area ratio (e.g., based on circumscribed circle area, bounding box area, and small-
est encompassing ellipse area), suggesting that combining different area ratio definitions allows for a better
identification of the particle habit. Features assessing the degree of self-similarity in the particle perimeter
were shown to be relevant in each classifier.
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- Classification output extracted from data collected by the UND Citation research aircraft equipped with the
three probes was used to conduct a comparative analysis. Results showed that the habits observed by the
three probes were consistent and in good agreement with the environmental conditions recorded, although
the exact proportions differed. Consistency in these proportions is, however, not expected as each probe
can only identify habits in the specific size range of particles it images, thus providing complementary infor-
mation. Combined with state-of-the-art PSD retrieval techniques, the proposed particle habit classification
technique is therefore suitable for a detailed shape and size analysis applied on a broad spectrum of particle
dimension.

- The textural information brought by the grayscale images collected by the CPI probe appear to have only a
marginal impact on the classification accuracy (<3% improvement in the HSS). In contrast to MASC images
where textural descriptors were utilized to estimate the degree of riming of the particles (Praz et al., 2017),
background noise and contrast within CPI images are too variable to automatically retrieve information on
riming. If these issues could be fixed in the future, the possibility to identify riming degree would offer a
great potential to study riming mechanisms and particle morphological evolution as well as to relate these
observations with the amount of supercooled liquid water measured by other sensors.

In summary, the present study introduces a general framework based on the MLR model to identify and clas-
sify ice particle habit based on two-dimensional images. The method proved to perform well on a broad range
of imaging devices and will allow for a systematic and consistent classification of airborne particle images,
relevant for microphysical studies in the future. Indeed, the classification provides relevant information to
investigate habit growth and transition as the local environmental conditions and cloud properties vary. It
can also be used to refine cloud parametrization in radiative studies. In both ground and airborne studies,
habit classification is useful to compare and validate hydrometeor classification algorithms based on radar
products.

Appendix A: Automatic Detection of the Bright Spot Located at the Center of Water
Droplets in CPI Images

As mentioned in section 4.4, CPI images of liquid droplets are frequently characterized by the presence of a
small bright spot located at the center of the image. It is a typical signature observed in liquid droplet images
when the particles are illuminated from behind (Saylor et al., 2002). The presence of a bright spot provides a
clear and unambiguous way to distinguish between small quasi-spherical ice particles and water droplets. It
is therefore desirable to detect the presence of such a bright spot automatically. The procedure for achieving
this is outlined in this appendix.

First, the particle outline is detected and background noise is removed using standard image processing tech-
niques. In the second step, the brightest pixel in the 3×3 window around the particle centroid is calculated
and denoted C∗. The geometric distance dij to C∗ is then computed for every pixel located within the parti-
cle outline. The pixel intensity Iij is then plotted as a function of its distance from C∗ in Figure A1. Three radii
r1, r2 and r3 are then defined. r1 represents the maximum extent that the bright spot can take and was set to
3 pixels in this study. r2 and r3 delimit a reference annular area within the particle and are defined as

r2 = 0.25 ⋅ max(dij), r3 = 0.75 ⋅ max(dij). (A1)

The detection of the bright spot relies on the comparison of pixels with dij < r1 to pixels with r2 < dij < r3. By
denoting these two ensembles IBR and Iref, respectively, the bright spot detection index 𝛾BR is constructed as

𝛾BR =
ĨBR − Ĩref

min
(

ĨBR, Ĩref

) , (A2)

IBR =
{

Iij such as dij < r1

}
, (A3)

Iref =
{

Iij such as r2 < dij < r3

}
, (A4)

where Ĩ is the median pixel intensity in the ensemble I. In this way, the sign of 𝛾BR indicates whether a bright
spot is detected, and its numerical value gives an estimate of the brightness of this spot. In order to avoid false
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Figure A1. Illustration of the bright spot automatic detection procedure applied to two cloud particle imager images
collected during F1. In both examples, the ensemble IBR is delimited by the green circle on the left column and its
median intensity value is illustrated as a bold green line on the right column. Similarly, the ensemble Iref is delimited by
the red annulus on the left column and its median intensity value is illustrated as a bold red line on the right column. (a)
A typical example of a water droplet with a bright spot and (b) a compact particle without bright spot.

detection that could happen with highly transparent planar crystal for instance, the following set of criteria is
used to identify the presence of a bright spot:

water droplet bright spot ⇔

⎧⎪⎨⎪⎩
𝛾BR > 0.5,
𝛼 > 0.8,
𝜎
(

Iref

)
< 0.04,

(A5)

with 𝛼 the particle area to circumscribed circle area ratio and 𝜎
(

Iref

)
the standard deviation of the pixel inten-

sity calculated within the ensemble Iref. This method was able to detect the water droplets identifiable by eye
(highly spherical shape and presence of a bright spot) in the CPI labeled data set (i.e., 64 instances among
2,964 images) with a BER lower than 2%.
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