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Clouds are an important component of our climate system with their life cycle significantly influenced
by ice formation. Measured ice concentrations in clouds often exceed the number of ice nucleating
particles, a discrepancy attributed to secondary ice processes. However, these processes are not well
understood or quantified. One such process, drop fragmentation upon freezing, involves significant
uncertainty regarding the number of produced ice particles. Here we identify the occurrence of this
process by combining in situ and remote sensing observations during a case of refreezing rain. By
categorizing the in situ imagery, we estimate that between 1.2 and 6.1 secondary ice crystals are
produced per drop. Drops between 0.5 and 1 mm in diameter were found to be particularly prone to
breakup. These results highlight the effectiveness of droplet fragmentation and provide valuable
insights for improving the representation of this process in atmospheric models.

Mixed-phase clouds are a widespread and critical component of our climate
system'. Accurate representation of these clouds in weather and climate
models is therefore essential for reliable prediction of Earth’s radiation
budget, local and global precipitation distribution and the degree of future
global warming™. The life cycle and the optical characteristics of mixed-
phase clouds are significantly influenced by ice formation processes. The
observed discrepancy between ice nucleating particle (INP) and ice particle
number concentrations [e.g., refs. 4-6] in mixed-phase clouds has led to the
concept of secondary ice production (SIP). This refers to a collection of
processes that enhance the number of ice crystals without the need for
INPs”". Despite their importance, the mechanistic understanding of these
processes is limited, and the quantification of all SIP processes is incon-
sistent and represents a major challenge within cloud microphysics. Current
parameterizations of SIP are based on sparse experimental studies, which
partly contradict each other®”. The significance of each process in relation to
the others has also not been established yet’. This makes the unambiguous
identification of active SIP processes in real clouds a priority of current
research. One of the earliest proposed SIP processes is drop fragmentation
upon freezing (DFF)". During this process, a drop will form an ice shell on
the surface, encapsulating liquid. As the freezing progresses, ice expanding
inwards increases the internal pressure, which can eventually cause the shell
to crack or bulge and release ice fragments that form secondary ice''. Recent
laboratory studies'"” have identified four distinct mechanisms during drop
freezing (bubble burst, jetting, breakup, and cracking), that can lead to the

production of ice splinters in typical atmospheric conditions. The frequency
of occurrence of these mechanisms is dependent on drop size and envir-
onmental conditions such as air temperature, solute content, sedimentation
velocity, and humidity, but, like for other proposed SIP mechanisms, it is
unclear how many ice particles are created per freezing drop®'>"*. SIP during
DFF can occur during the refreezing of rain, where liquid precipitation,
falling through a layer with temperatures below 0°C, freezes into ice
pellets. Ice pellets have been regularly observed alongside pristine ice
crystals'™"%, suggesting the production of ice splinters in the process, which
then can grow to additional ice crystals. In vertical cloud radar observations,
refreezing layers can be identified by a distinct signature'” in the linear
depolarization ratio (LDR)"’, a radar variable sensitive to nonsphericity and
melting of hydrometeors. Signatures like this were further investigated using
radar spectra of LDR, which revealed coexisting populations of hydro-
meteors with different sedimentation velocities’**'. Because cloud radars are
able to perform continuous measurements, they can be used to obtain
statistically relevant datasets”’. However, the identification and quantifica-
tion of the underlying processes remains a challenging issue, because of the
indirect nature of radar measurements. This disadvantage can be partly
compensated by combination with ground-based in situ observations™*,
which enable continuous quantification and reveal fingerprints of ice for-
mation processes™ .

In this study, we examine a refreezing rain event with strong indica-
tions of occurring DFF in Hyytiéld, Finland, on 16 February 2024, using
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such a combination of measurements. Our aim is to quantify the effec-
tiveness of SIP. Main focus will be on ground-based in situ measurements
conducted by the Video In Situ Snowfall Sensor (VISSS)* and radar mea-
surements by a 94 GHz cloud radar”, which are used to develop a timeline of
the event. Based on a simple classification, the occurring hydrometeors are
divided into subpopulations, allowing us to perform a quantification and a
geometrical analysis of the fragmenting drops.

Results

Refreezing rain case

A timeline of the secondary ice formation event on February 16, 2024 (all
times given in UTC) reveals four phases of precipitation shown in Fig. 1.
Phase I begins at 14:00 with standard snowfall conditions and the formation
of a melting layer at ~700 m™. In situ images captured by the VISSS (Fig. 1¢)
depict predominantly small, irregular, or elongated shapes. Phase II starts at
14:30, marked by the onset of refreezing, visible in LDR values at altitudes
below 500 m'®. During this phase, number concentration and particle size
distribution (PSD) at the ground remain relatively constant, except for the
emergence of rain-sized hydrometeors (~1 mm) in the PSD at 15:15,
reaching values of ~10” m™. In situ images show (completely or partially)
melted snow that has collapsed into a spherical shape, or ice pellets resulting
from refreezing. A considerable proportion of the shapes are of hemi-
spherical character, which can also be assumed to be frozen. Columns are
also observed. The height of the refreezing layer descends around 15:00 but
rises again and stabilizes above 500 m for phase III at 15:30. It is char-
acterized by a significant peak in number concentration reaching over
40.000 hydrometeors per cubic meter between 15:50 and 16:40. In addition,
PSD values exceed 10° m™ for small hydrometeors (<0.5 mm) during that
phase. In situ images show that columns, aggregates of columns, as well as
ice lollies, defined as ice columns with a droplet attached to one end’,
become the dominant particle shapes during this phase. Finally, phase IV
begins around 17:00, marked by the dissipation of the refreezing signature, a
stabilization of number concentration compared to phase III, and a tran-
sition to rain.

Occurrence of raindrop fragmentation

Here, we show how the columnar ice mainly observed during Phase III grew
from ice splinters formed by DFF (Fig. 2). Due to the melting at 1500 m, the
observed columnar ice must originate from the refreezing layer (Fig. 2). It
cannot be caused by primary ice production by active INP because the con-
centration of INP in February at the site is typically below 107> INP per
standard liter at —6 °C”. This is several orders of magnitude lower than the
concentrations measured by the VISSS (temporarily >40/1), indicating that the
observed ice splinters are related to SIP. The extent of the snowflakes' melting is
discussed in section 1.2 of the supplementary information, with the main result
that all snowflakes collapse into drop shape (as evident from radar observa-
tions), but at least some of the larger drops still contain ice. After leaving the
melting layer, these drops immediately start to refreeze, resulting in DFF with
different deformation types [see ref. 12]. Three of the described deformations
could also be observed in the VISSS images. The samples in Fig. 2c show
spicules and bulges with a wide range of sizes, thicknesses and orientations,
which are characteristic of the bubble bursting process. Hemispheres, typically
resulting from complete breakup (illustrated in Fig. 2d) were the most prevalent
deformation, and are present in all visually verifiable size bins. The rare particles
that were identified as resulting from incomplete breakup are depicted in
Fig. 2e. At present, the processes of jetting, cracking and bubble burst without
bulging cannot be identified because they leave no visible fingerprint that can be
detected by the VISSS.

This fragmentation produces ice splinters, which can collide with other
supercooled drops and cause them to freeze and fragment, initiating a
cascade as shown in refs. 17,33, or grow to columns by vapor deposition,
leading to the observed high number concentration at the ground. This
process is also supported by the analysis of the Doppler spectra (Supple-
mentary Fig. 1 and Section 1.2 in the supplementary information). The
temperatures recorded by the radiosonde launched at 16:18 (Fig. 2) lie only
marginally in the temperature range assumed for rime splintering (—8 to
—3°C,*). Furthermore, the absence of rime on the surface of the observed
particles (Fig. 1c) indicates that rime splintering cannot be a major con-
tributing factor. Also, we are outside of the temperature range of the
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Fig. 1 | Observations of the refreezing event from radar and in situ perspective. a LDR measurement. b PSD and total number concentration as measured by the VISSS.

¢ Random sample of the particles observed by VISSS during the individual phases.
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Fig. 2 | Temperature profile, conceptual sketch of the occurring microphysical
processes, and example images of the three modes of deformation captured
during the refreezing event. a The temperature (red) was measured by a radiosonde
launched at 16:18 UTC and is compared to 0 °C (black, dashed). The humidity
measurement showed an unrealistic, static value during the ascent through the
refreezing layer and is therefore not shown. b The conceptual sketch shows the stages
of precipitation at different heights during phase III, including the (partial) melting

of snowflakes, refreezing into ice pellets and the resulting fragmentation by DFF via
breakup, cracking or spicular growth, creating ice splinters. The ice splinters grow
into columnar ice, which can collide with droplets to create ice lollies.

¢ Hydrometeors that are bulged or show a spicular. d Hemispherical particles
resulting from complete drop breakup. e Incompletely broken drops consisting of
two semi-spherical fragments attached together.

dendritic growth range, where collisional breakup is suspected to be most
efficient”. Sublimation breakup can be excluded because it would result in a
decrease in radar reflectivity with decreasing altitude, which is not observed
within the refreezing layer. Given all of these considerations, the impact of
other SIP processes is likely negligible.

Quantification of ice multiplication

We quantified the SIP by DFF by separating the observed drops/pellets from
the columns/aggregates based on their shape (see section “Methods”) for
sizes larger than 0.41 mm. Here, we use the observed particle concentrations
and particle fluxes. The concentration of drops/pellets remains low
throughout the three phases (Fig. 3a). In contrast, the concentration of
columns/aggregates, which is close to 0 for phases Il and IV, demonstrates a
prominent increase during Phase III with a distinct maximum (~10* par-
ticles per m’) occurring shortly before 16:00, implying a high activity of SIP
in this period. The number concentration of the hydrometeors that are too
small for the developed classification is displayed in Fig. 3b and shows a clear
correlation to that of columns/aggregates, but is higher by a factor of ~4. The
fluxes of the individual populations (Fig. 3¢, d) show a similar pattern. As the
sedimentation velocities of the columns/aggregates and small particles are
lower than that of drops/pellets the substantial differences in concentration
are to an extent counterbalanced, but Phase III remains predominantly
characterized by columnar and small ice. Based on the relatively constant
number of drops/pellets at the ground, ratios of the particle fluxes can be
used to define an upper and lower limit of how many ice splinters a freezing
drop produces on average during the course of the event (Fig. 3c) as outlined
in section “Quantifying secondary ice production”. The lower limit is based
only on particles larger than 0.41 mm and approaches a value of 2.81 at the
maximum, while the upper limit reaches a maximum of 13.12, assuming
that the small particle concentration is dominated by secondary ice. Both
time series show the most activity during Phase III. These time-resolved
ratios might be influenced by the size-dependent fall times of the particles,

although the concentration of drops/pellets remains relatively constant.
Therefore, we also obtain the ratios of the time-integrated fluxes, yielding 1.2
for the lower and 6.1 for the upper limit, as a constraint on the number of ice
splinters produced per freezing drop during Phase III as a whole.

Breakup process

The columns/aggregates and drops/pellets classes, along with the hemi-
spheres resulting from breakup as a subclass (section “Quantifying broken
ice pellets”), were used to calculate individual, time-resolved PSDs (Fig. 4).
In Fig. 4a, the population of rain-sized drops (onset 15:10, ~1 mm) that has
previously been identified in the total PSD (see Fig. 1b) can also be observed
during Phase III. In addition, clusters of smaller drizzle drops (<0.5 mm) are
present at the lower end of the depicted size range at 14:50, at 15:40, and
between 16:00 and ~16:40. The hemisphere PSD depicted in Fig. 4b overlaps
mainly with the observed rain drops from the drop/pellet class. Hemi-
spheres are not observed anymore after the transition to rain. The columns/
aggregates class is mainly observed in small-size bins during Phase III, where
values of 10" m™* are exceeded. Relevant concentrations for larger size bins
(>1 mm) are also only observed between 15:30 and 17:00, correlating with
the occurrence of hemispheres and the highest breakup fraction. Another
cluster of columns/aggregates is visible during the beginning of Phase II, but
it does not reach the magnitude of the Phase III maximum.

The correlation of a high breakup fraction with the peak in ice mul-
tiplication suggests that complete breakup could be a potentially important
drop fragmentation mechanism for the case. Therefore, we investigated the
hemispheres subclass further by calculating a size-dependent breakup
fraction as described in “Quantifying secondary ice production”. The time
frame between 15:30 and 16:30, where this breakup fraction is most stable
(between 10 and 15 %, Fig. 4b), is used to generate Fig. 5, which shows a size
histogram of the drop/pellet class and the complete breakup fraction for the
individual size bins. A bimodal size distribution corresponding to rain and
drizzle populations, as well as a distinct maximum in breakup fraction of
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30% around 0.5 mm are observed. For smaller-size bins, the values drop
quickly to 12% at 0.46 mm, while for larger drops, the breakup fraction
gradually declines, with 1.2 mm drops still breaking with a probability of
15%. It is noticeable that especially rain drops in the range of 0.5 to 1 mm
have a high breakup fraction (above or close to 20%).

Discussion

The main goal of this study is to quantify SIP through DFF during the
occurrence of refreezing rain based on observations. The number of col-
umns/aggregates that reach the ground during Phase III is in total 1.2 times
the number of drops when using only classified particles, when time-
integrating the fluxes. This number increases to 6.1 when assuming small
particles are dominantly created by SIP (cf. Fig. 3c), which is motivated by
the correlation of the concentration of small drops with the concentration of
columnar ice (Fig. 4). In comparison", observed an average of 2.4 ice
splinters produced by 300 um freely falling drops during breakup for mostly
much colder temperatures in a moist environment. This value has to be
considered as a lower limit as well, given the technical limitations of the
detection of small ice splinters. Despite the fact that the drop size and
temperature do not match our observations, there is nevertheless an
agreement in the estimated number of ice splinters produced. Older lab
studies that have been aggregated in ref. 9 report far lower numbers (e.g.,
0.14 and 0.009 fragments per frozen drop for —5 °C), values again at least in
part attributable to the difficulties of splinter detection. In contrast, in a field

study with similar temperature conditions (>—3°C), concludes that a
200 um droplet produces 18 secondary ice particles during DFF, which still
has to be regarded as an lower limit”’. Despite the disagreement in effectivity,
the activity of the process observed at relatively high temperatures could be
confirmed, which is significantly warmer than in other studies (e.g., —6.7 °C,
respectively —8.9 °C for ref. 14). This is a key finding of this study, poten-
tially relevant for explaining why SIP is regularly observed close to the
melting layer™. For a case of refreezing rain close to Montreal, Canada,
similar to the presented case, ref. 14 found that five to eight fragments of ice
are produced per drop during DFF, determined through analysis of airborne
data. This consistency in estimated efficiency using a different set of
instruments at another geographical location indicates that the assumptions
of this study are valid and the results are not specific to this case study.
Additionally, in ref. 14, two available parametrizations of DFF were found
unable to reproduce the observed numbers, which demonstrates the need
for adjusted representations of DFF in models. The effect of aggregation on
the results is difficult to quantify. Since the columns/aggregates class
includes aggregates of columns that are counted only once, the actual
number of columns will be higher than estimated in all cases. The observed
ice lollies can be regarded as evidence for collisions between supercooled
drops and growing ice splinters. The freezing of drops initiated by these
collisions could potentially result in further DFF, thereby initiating a cas-
cading process as described in ref. 17. These collisions would result in the
loss of columns, which would contribute further to an underestimation of
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the secondary ice production. However, the frequency of such collisions
remains uncertain and via testing (assuming that each ice pellet has collided
with an ice splinter) this effect was found to be to be minor. The absence of a
measured humidity profile for the subfreezing layer leads to further ambi-
guities, e.g,, regarding the effect of a potential evaporative cooling on the
droplets. In summary, it must be recognized that the estimation of sec-
ondary ice production is subject to some uncertainty. In order to accurately
measure the number of secondary ice particles produced by DFF, well-
controlled laboratory experiments are required. Further, to account for
interaction of different hydrometeors (for example, collisions between ice
splinters and unfrozen supercooled droplets) leading to glaciation in a
turbulent flow field, detailed turbulence resolving-models are the method of
choice, especially to model the cascade effect of ice multiplication. Regarding
the affinity to breakup, the general trend observed in lab studies is that larger
droplets are more prone to shatter*"”. In contrast to these findings, we have
seen a maximum probability of breakup between 0.5 and 1 mm. For larger

diameters, the fraction of broken drops decreases again. A key factor might
be the possibly incomplete melting of the largest drops. In ref. 37, a breakup
fraction of ~20% is reported for a similar case of refreezing, as observed
through macrophotography of ice pellets on the ground, within the size
range of 0.5 to 1 mm. Consistent with the study at hand, a decrease in the
breakup fraction is observed for larger sizes. For other events, that are
completely dominated by partial melting” find almost no fracturing for all
sizes. This evidence suggests that the degree of melting is crucial for the
activity of the DFF. Conversely, for smaller drops that do not contain ice, it is
possible that no freezing process is initiated, which could explain the
observed decrease in breakup fraction for smaller sizes. Other relevant
factors could be humidity and ventilation. Keinert et al. (2020)" report a
breakup frequency of ~15% during lab experiments with 300-pm droplets of
pure water at —5 °C in a moist airflow. For the smallest size bin (~0.41 mm),
we observe about 12% of breakup. Again, a qualitative agreement is found
here, even though the parameters of the setup differ. The SIP is only highly
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Fig. 6 | Meteorological conditions on the 16th of February 2024. a Time series of
2 m temperature at the measurement site. b Time series of 2 m relative humidity at
the measurement site. ¢ Time series of the measured cumulative liquid water
equivalent (LWE) precipitation at the measurement site. d Time series of the

visibility at the measurement site. e Time-height plot of the reflectivity Ze showing
the passage of the cloud system responsible for the precipitation during the day of the
event. The time frame of the event is indicated with a gray box and time of the
radiosounding is marked with a dashed black line.

active for a limited time frame of ~1.5 h, which supports the general finding
from ref. 22 that secondary ice events are transient. One of the key questions
regarding the timeline of the event is why the efficiency of the process during
Phase II is comparatively low, despite the conditions not being significantly
different from those of Phase III, where a high efficiency is observed. One
potentially major influence identified through the analysis of the PSDs is
that drops, which are prone to breakup (0.5-1 mm), are more numerous
during Phase III (Fig. 4). This suggests that larger rain drops could play a
more significant role in the process of DFF than smaller drizzle drops,
aligning with the general observation that bigger droplets produce more
splinters when fragmenting. Another possible influence is the potentially
different degree of partial melting that occurs during Phase II. As discussed
previously”, we found almost no fracturing and bulging in cases involving
partial melting, which can be assumed to be connected to the lower effi-
ciency of SIP. Moreover, it is possible that columnar ice may be present prior
to the increase of the total number concentration observed by the VISSS,,
which has not grown to a size sufficiently large for detection. The resolution
of the VISSS (46.7 um), which prevents the reliable detection of hydro-
meteors smaller than 93.4 um, is the main limitation for the analysis.
Additionally, splinters produced aloft that are initially suspended or fall at a
very low velocity will be detected on the ground with a delay. The presented
methodology for quantifying SIP from a ground-based perspective can aid
in evaluating parameterizations for DFF from a unique event-based view.
Additionally, the method has the potential to be extended to the process of
rime-splintering, by distinguishing between graupel and small ice particles
with the same approach. Future studies should apply this method to other
cases to obtain additional data points in the vast parameter space.

Methods

Location and instrumentation

We used data from Hyytiéld, Finland (147 m above mean sea level, 61.8°N,
24.29°E) during January and February 2024. In the following, all altitudes
are expressed in relation to the ground level of the site and all times are given
in coordinated universal time (UTC).

Ground-based in situ measurements were performed with the third
generation of the VISSS. For a detailed description of the technical details of
the device and its data processing, refer to ref. 28. This device is a system
composed of two cameras arranged at a 90° angle to each other, so that they

constrain an observation volume (47.1 x 47.1 x 58.9 mm), which enables
the accurate calculation of ice crystal number concentrations. The utiliza-
tion of telecentric lenses ensures the elimination of sizing errors due to
different object distances. Videos are captured at a frame rate of 220 Hz and
a resolution of 46 um, and consecutive frames that exhibit movement are
saved as raw data. In the data processing chain, individual hydrometeors are
reliably identified in the videos, if they are equal to or larger than two pixels
in size, ie, 93.4 pm. These are geometrically analysed and the resulting
properties are saved, along with the position and the time of recording. The
perspectives of both cameras are then combined using a probabilistic
comparison of selected attributes, enabling the identification of hydro-
meteors observed from two sides within the observational volume. In order
to calculate sedimentation velocities, particles are tracked through multiple
frames based on the prediction of future positions. The final processing step
is to switch from particle properties to time-resolved statistics. The resulting
datasets contain the calibrated concentration, particle size distributions and
the statistics of the hydrometeor properties.

A 94 GHz dual-polarization frequency-modulated continuous-wave
Doppler cloud radar™ is installed at the site. It is oriented vertically and is
capable of measuring spectral moments, LDR (minimum observable LDR
around —30 dB), and dual-polarization Doppler spectra. In this study, we
analyze reflectivity and spectral observations recorded on the 16th of Feb-
ruary 2024”. For the range of 102 to 996 m, which is most relevant for the
analysis in this study, a range resolution of 25.5 m, a Doppler unambiguous
velocity of 10.24 m/s and a Doppler spectral resolution of 0.02 m/s apply.
For an in-depth description of the cloud radar, consider, for example, ref. 20.

Radio soundings were conducted utilizing GRAW DFM-17 sondes,
which measured profiles of temperature and humidity. At the ground,
measurements of temperature, humidity, wind and pressure are observed by
a weather station™.

Case

On February 16, 2024, a warm front linked to a Scandinavian low-pressure
system brought stratiform precipitation to the measurement site. Surface
temperatures rose from —2 °C at 14:00 UTC to 0.5 °C by midnight, accom-
panied by 20 mm of liquid water equivalent precipitation, transitioning from
snow to rain (Fig. 6a). Radar reflectivity data showed cloud development
starting around 6:00 UTC at 7500 m with precipitation beginning at ~11:00
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aggregates (right). The pictures shown here were recorded between 16:20-16:30

UTC. They are shown in 5 px size bins, were each pixel corresponds to 46 um (VISSS
resolution). Each grid cell shows 100 particles of that size bin and class. If the class for

a respective bin contains more than 100 particles, random sampling is used. The
apparent repetition of identical particles is the result of them being captured multiple
times in consecutive frames.
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Fig. 9 | Example for the classification of hemispheres (right) and intact ice pellets (left). The pictures shown here were recorded between 17:00 and 17:10 with a threshold
of 0.75 in aspect ratio used to distinguish between the classes. Each grid cell shows 100 particles of a 5 px size bin and class.

UTC (Fig. 6b). The humidity and visibility observations indicate no fog during
the event, as their values remain below 95% and above 1 km, respectively.

Separating ice pellets and columnar ice

The initial precipitation during the presence of refreezing signature (Phase
II), comprises liquid drops and ice pellets, which can be spherical, deformed,
broken, or bulged. This class will be called drops/pellets in the following.
Starting from 15:30 UTC until 17:00 UTC, single columns (or needles), ice
lollies and aggregates are reaching the ground (Fig. 1c). Subsequently, these
three particle types will be collected under the label columns/aggregates. To
distinguish between drops/pellets and columns/aggregates, a classification
based on the hydrometeor geometry was developed. For this purpose, the
complexity of a particle, defined in ref. 40 as

_ P
2y

X ey

with the perimeter P and the area equivalent radius 7., was calculated for all
hydrometeors observed during the event. For a completely round particle y
equals 1 and this value increases with deviation from a spherical shape. The
resulting dataset was then aggregated into bins based on the maximum
diameter of the particle in pixels (~46 pm per pixel). For each of these bins, a
density histogram of y was plotted. Starting from a size of 13 up to 40 pixels,
these histograms revealed a bimodal distribution, with each mode corre-
sponding to one of the two classes. Hydrometeors larger than 40 pixels were
too sparse to apply this method. Below 13 pixels, the bi-modality
disappeared, presumably due to resolution limits. For the size bins between
13 and 40 px, a Gaussian kernel density estimation of the y-histogram was
performed, and its local minimum, as the value that best separates both
classes, was detected using the scipy library". The values of these minima
were plotted against the maximum particle diameter and extrapolated to
smaller and larger sizes using a linear fit (Fig. 7).

This fit was performed multiple times on random subsamples of the
minima, obtained through bootstrapping, to derive a set of slopes and
intercepts. It was found beneficial to use the values at the 5th percentile of
this set for better separation of the two classes. This resulted in

Xthresh aDmax +b
a = 0.0131/px 2)
b = 0.9921

as size-dependent threshold for D, given in pixels, with every
hydrometeor with a complexity larger than this threshold being classified
as columns/aggregates and those with a lower complexity being regarded as
drops/pellets. An example of this classification is shown in Fig. 8. Based on
the above calculated linear fit, the error of the classification between 13 and
41 px is estimated to be below 5%. Even for particle sizes between 9 and 13
pixels and larger than 40 pixels the error is estimated to be below 5%, as
confirmed by manual inspection. 9 px corresponds to approximately
0.41 mm, as the lower limit of the classification. Using this threshold, time
series of individual concentrations, PSDs and velocity distributions of the
two classes can be calculated.

Quantifying broken ice pellets

Keinert et al.” observed that droplets typically break into two equally large
fragments. Thus, the drops/pellets class is filtered for hemispheres as a
subclass, i.e., every hemisphere also belongs to the drop/pellet class.
Hemispheres are characterized by an aspect ratio (the ratio of width and
length) of ~0.5, whereas intact drops have an aspect ratio close to 1. In the
VISSS data processing, the aspect ratio is calculated by fitting a rectangle to
the shape of the observed hydrometeor and dividing the width and length
of this rectangle. Through the application of a threshold that is based on
the minimum value of the two camera perspectives of this aspect ratio, the
drop category can be effectively filtered to isolate those exhibiting hemi-
spherical shapes by setting a threshold value of 0.75. It is important to note
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that not all breakup events yield perfectly hemispherical shapes. Some
broken ice pellets will remain classified within the broader drops/pellets
category. For larger size bins, low aspect ratios are also achieved by ice
pellets with long spicules, which are therefore miscategorised. The same
applies to incompletely broken ice pellets. On the other hand, hemispheres
with spicules can, in turn, cause aspect ratios close to 1 and are therefore
wrongly classified. For smaller-size bins, the hemispherical shape is
increasingly hard to identify correctly, with no clear bias towards false
positives or false negatives. An example of such a categorization is shown
in Fig. 9. By visual inspection of plots like Fig. 9, an overall classification
accuracy of 20% is assumed here.

Quantifying secondary ice production

For the classes defined in the two preceding sections, individual fluxes can be
calculated using the PSDs and velocity distributions observed by the VISSS,
ie.,

¢,(D) = PSDy(D)v(D), (3
where i can stand for any defined subpopulation of the observed hydro-

meteors. SIP by DFF is then quantified by introducing size-independent
number fluxes

o= [ " 4,(D)D @

for the four classes drops/pellets, columns/aggregates, hemispheres and
small particles. The following two ratios are regarded as upper and lower
limits of the number of ice splinters created per freezing drop:

(0]
o 1 1
Lower Limit col u.mns/alggrega es (5)
drops/pellets — 2 1 hemispheres
and
I at 1l
UpperLimit D columns /aggregates D smal ( 6)

1o ’
drops/pellets ~ 2 ™ hemispheres

The lower limit is obtained as the ratio between columns/aggregates
and drops/pellets for particles larger than 0.41 mm, assuming that columnar
ice is produced by the freezing of the drops. The flux of drops/pellets is
reduced by half of the flux of hemispheres, accounting for the fact that a drop
splits into two hemispheres. For the upper limit, it is assumed, that all small
particles (<0.41 mm) are also produced by DFF.

The breakup fraction is calculated using the concentrations at the
ground N;, via

BF = % N hemispheres (7)

1 )
N, drops/pellets — 2 N; hemispheres

again we take into account that single drops break into two hemispheres.
Fluxes are not considered here, since they were not found to alter the results
considerably.

Data availability

Cloud radar and weather station data were available in the Cloudnet data
portal®>”. Raw in situ data of the VISSS was published via Pangea®. The
time-resolved in situ datasets used in this study are available at https://doi.
org/10.5281/zenodo.17434700.

Code availability

The raw in situ data were processed using the open source VISSSIib library™.
The figures of the main manuscript can be reproduced using the Jupyter
Notebook given in https://doi.org/10.5281/zenodo.17434749.
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