Ice Particle Properties Inferred from Aggregation Modelling
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Abstract

We generated a large number (105°000) of aggregates composed of various monomer types and sizes using an aggregation model.
Combined with hydrodynamic theory, we derived ice particle properties such as mass, projected area, and terminal velocity as a
function of monomer number and size. This particle ensemble allows us to study the relation of particle properties with a high
level of detail which is often not provided by in-situ measurements. The ice particle properties change rather smoothly with
monomer number. We find very little differences in all particle properties between monomers and aggregates at sizes below 1
mm which is in contrast to many microphysics schemes. The impact of the monomer type on the particle properties decreases
with increasing monomer number. Whether e.g., the terminal velocity of an aggregate is larger or smaller than an equal-size
monomer, depends mostly on the monomer type. We fitted commonly used power laws as well as Atlas-type relations, which
represent the saturation of the terminal velocity at larger sizes, to the dataset and tested the impact of incorporating different
levels of complexity with idealized simulations using a 1D Lagrangian super-particle model. These simulations indicate that it
is sufficient to represent the monomer number dependency of ice particle properties with only two categories (monomers and
aggregates). The incorporation of the saturation velocity at larger sizes is found to be important to avoid an overestimation of

self-aggregation of larger snowflakes.
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We simulated aggregates to study the impact of monomer number and type on
ice particle properties

Ice particle properties show a smooth transition from monomers to aggregates
The saturation of terminal velocity needs to be taken into account when simulat-

ing snow aggregation
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We generated a large number 105,000 of aggregates composed of various monomer types
and sizes using an aggregation model. Combined with hydrodynamic theory, we derived
ice particle properties such as mass, projected area, and terminal velocity as a function
of monomer number and size. This particle ensemble allows us to study the relation of
particle properties with a high level of detail which is often not provided by in-situ mea-
surements. The ice particle properties change rather smoothly with monomer number.
We nd very little di erences in all particle properties between monomers and aggregates
at sizes below 1 mm which is in contrast to many microphysics schemes. The impact of
the monomer type on the particle properties decreases with increasing monomer num-
ber. Whether e.g., the terminal velocity of an aggregate is larger or smaller than an equal-
size monomer, depends mostly on the monomer type. We tted commonly used power
laws as well as Atlas-type relations, which represent the saturation of the terminal ve-
locity at large sizes (terminal velocity asymptotically approaching a limiting value), to
the dataset and tested the impact of incorporating di erent levels of complexity with ide-
alized simulations using a 1D Lagrangian super-particle model. These simulations in-
dicate that it is su cient to represent the monomer number dependency of ice particle
properties with only two categories (monomers and aggregates). The incorporation of
the saturation velocity at larger sizes is found to be important to avoid an overestima-

tion of self-aggregation of larger snow akes.

o

We have simulated and analyzed the properties, such as mass, area, and terminal
fall velocity of snow akes using a computer model. The snow akes in the atmosphere
form by collisions of ice crystals present in many di erent shapes. In the computer model,
ice crystals shapes typically found in the atmosphere, are stuck together to create three-
dimensional snow akes. The properties of the snow akes depend on the shape and the
number of ice crystals that are stuck together. While in weather and climate models the
properties of ice crystals and snow akes are often assumed to be very di erent even if
they are of the same size, we nd very little di erences in their properties. Many weather
and climate models assume that snow akes have a higher fall velocity the larger they
are, although eld observations have shown that particles larger than a few mm all fall

with similar velocity. We tted new parameterizations of the particle velocities which



can remove this de ciency in the models. Finally, we used another model and showed
that it might be su cient to divide the properties of the ice particles in only two cat-
egories. However, it is important to consider the almost constant velocity of the large

snow akes.

The terminal velocityy  ,,,0f ice monomers and aggregated ice particles and its
relation to size has manifold impacts on precipitation and radiative e ects of ice contain-
ing clouds. For example, Morales et al. (2019) show that parameters describing ,,
of aggregates have the largest impact on the precipitation of simulated orographic clouds.
Experiments with global climate simulations revealed that also radiative uxes are very
sensitive to changes inv  ,,(Jakob, 2002). Sanderson et al. (2008) found, that ,,
of ice is the second most in uential parameter for the climate sensitivity in their multi-
member perturbed physics General Circulation Model ensemble. Constraining ,,0f
cloud ice and aggregated ice particles can reduce the degrees of freedom in model tun-
ing (e.g., to improve top of atmosphere radiative uxes; Schmidt et al., 2017) and im-

prove the physical consistency in atmospheric models.

The importance ofv  ,,0f ice particle has been early recognized and has motivated

rst observational studies in the rst third of the 20th century. Using initially manual
observations and microphotography, pioneering studies such as Nakaya and Terada (1935);
Langleben (1954); Brown (1970); Zikmunda and Vali (1972); Kajikawa (1972); Locatelli
and Hobbs (1974) investigated the relation ®f ,,to the particle’s size for various ice
particle habits and aggregates. In addition to the direct measurements of velocity, sev-
eral studies started to investigate the principle relation between particle properties such
as mass, size, and projected area t¢  ,,which allows derivingy  ,,from these quan-
tities (Cornford, 1965; Heyms eld, 1972). Due to the large e orts in performing these
often manual measurements, the sample size of the derived relations is rather small. For
example, some of the relations of the widely used relations by Locatelli and Hobbs (1974)
are only based on 10 to 50 particles. One can assume that particles with ideal monomer
types might have been subjectively chosen in order to easier associate the derived rela-
tionships to certain well de ned shapes. Nevertheless, the relations of size, mass, area,
andv ,derived in these early studies are still used in microphysics parameterizations

(e.g. thev  ;size relation of the snow category in Morrison and Milbrandt (2015) is



taken from Locatelli and Hobbs (1974) mixed aggregates; see Figure 1). In Figure l1la a
selection of the aforementione¢ ,,relations are shown for their de ned size range. The
spread of velocities for di erent ice particle monomers is relatively high (e.g. Kajikawa
(1972) reportedv  ,,to be about 0.2 m st for a dendrite but about 0.5 ms* for a

plate monomer). In contrasty ,,of aggregates of di erent monomer types appear to

be relatively similar and always close to 1 nT$ in the reported size range.

Evolving computer technology allowed the realization of automated particle mea-
surement systems such as the 2D Video Disdrometer (2DVD, Kruger and Krajewski (2002)),
the Snow Video Imager (SVI; Newman et al., 2009), its successor the Particle Imaging
Package (PIP Tiira et al., 2016), the Hydrometeor Velocity and Shape Detector (HVSD;
Barthazy et al., 2004), or the Multi-Angle Snow ake Camera (MASC; Garrett et al., 2012).
These systems are based on optical methods to capture particle size and terminal veloc-
ity. Unlike in the early studies, particle property relations (Barthazy & Schefold, 2006;
Brandes et al., 2008; Zawadzki et al., 2010; Garrett & Yuter, 2014b) are now based on
a very large number of particles which are classi ed by automated algorithms rather than
visual selection (Bernauer et al., 2016; von Lerber et al., 2017). All optical disdrometers
have a smallest detectable size limit (e.g., 0.1-0.2 mm for 2DVD), which implies that mea-
surements close to this limit should be interpreted with care. A general behavior, which
is revealed by all instruments, is a ’saturation’ of aggregate terminal velocities (i.e., ter-
minal velocities asymptotically approaching a limiting value) at approximately 17h s

for unrimed particles and sizes larger than a few millimeters (Figure 1a).

Most ice microphysics schemes use two categories for unrimed ice particles, which
are commonly denoted as cloud ice and snow/aggregates. Relations between particle prop-
erties, such as size (e.g. the maximum dimensidd,, ), massm, projected areaA, or
v ., are de ned for each category. Examples of the ,,dependence on size which
are implemented in widely used two-moment schemes are shown in Figure 1b. When com-
paring these relations with observations (Figure 1a), we miss the saturation behavior of
v ,for larger sizes in most relations. This discrepancy is expected as most schemes
use power laws, which are unable to represent a saturation behavior. Alternative ’Atlas-
type’ three-parameter ts have been suggested (Seifert et al., 2014) but so far they have
not been tested thoroughly. The recent Predicted Particle Properties (P3) scheme (Morrison
& Milbrandt, 2015) uses only one ice category and a look-up table approachvfor .,

which better matches the saturation at large sizes. At the smaller size range, the snow



category is found for all schemes to fall signi cantly faster than the ice category with the
same size. Considering that  ,,depends strongly orm and A of the particle, it might
sound plausible, that for example, an aggregate of a few plates should fall faster than

a single plate of the same size. Unfortunately, most observations do not provide su -
ciently detailed information about monomer number and type which would be needed

to answer the question of whether there exists a ’jump’wn ,,for the number of monomers
exceeding a certain threshold. Fairly direct observations of the partictesand A are

only available from manual, particle-based observations (e.g. Locatelli & Hobbs, 1974).

An interesting new tool to better understand the underlying principles of aggre-
gation and its e ects on particle properties are aggregation models (Westbrook et al.,
2004a; Hashino & Tripoli, 2011; Leinonen & Moisseev, 2015; Ori et al., 2014; Przybylo
et al., 2019). Those models use idealized monomer shapes (e.g., dendrites, needles, plates,
columns) with particle properties matched to in-situ observations. Aggregates simulated
with the model by Westbrook et al. (2004a) helped to better understand theoretical scal-
ing relations associated to aggregation such as the increase of aggregate mass with size
by a power of two (Westbrook et al., 2004b), which was known from several previous in-
situ observations. This model has been extended by Leinonen and Moisseev (2015) pro-
viding a large number of monomer shapes and also provides an option to rime the ag-
gregate (Leinonen & Szyrmer, 2015). This allowed to better understand the evolution
of size and mass of a large number of aggregates which were increasingly rimed (Seifert

et al., 2019).

To inferv ., from modeled ice particles or aggregates, computational uid dy-
namics is an accurate but also computational costly method. It has been recently ap-
plied to idealized ice particle shapes (Hashino et al., 2016; Nettesheim & Wang, 2018;
Burgesser et al., 2019) and more computations with more complex shapes can be expected
shortly. Hydrodynamic theory is a computational cheaper alternative to calculate ,,
based on a number of bulk particle characteristic, rather than the complex 3D-shape (e.g.
Bohm, 1992; Khvorostyanov & Curry, 2005; Heyms eld & Westbrook, 2010). The ac-
curacy of hydrodynamic theories has recently been evaluated by ice particle analogs falling
in an oil tank (Westbrook & Sephton, 2017). The experimental results show deviations
smaller than 20% for the Heyms eld and Westbrook (2010) theory. A problematic as-

pect of these theories is still the formulation of the scaling towards higher Reynolds num-



ber (i.e. large particles) and the simulation of more complex particle shapes (Westbrook

& Sephton, 2017).

Aggregation models in combination with hydrodynamic theory have recently been
used to studyv  ,,of aggregates (Hashino & Tripoli, 2011; Schmitt et al., 2019). Hashino
and Tripoli (2011) identi ed a dependency of the aggregation rate and aggregate mass
on the mean size and type of the monomers. Schmitt et al. (2019) analyzed ,,and
its variability of simulated aggregates composed of hexagonal prisms taken from a monodis-
perse monomer size distribution. They found that the variabilitywof ,,is caused by

the variability of the number of monomei,, and the monomers’ aspect ratio.

In this study, we aim to study the dependency of, A andv  ,,0n size, monomer
number and type. For this, we create a large number of aggregates with various monomer
types including also mixtures of di erent monomer types. The monomer size is sampled
from a size distribution rather than a constant size to better represent real ensembles
of aggregates. Central questions of this study are, how important is the monomer num-
ber and type information for parameterizing aggregate properties and how well can they

be parameterized by di erent functional relations?

To answer these questions, we describe in Section 2 the aggregation model and the
created dataset of unrimed aggregates as well as the hydrodynamic theory to calculate
v based onm and A of these particles. The simulated particle properties are com-
pared to in-situ observations in Section 3. Section 4 presents several parameterizations
of the particle properties. Finally, in Section 5, we use a 1D Lagrangian particle model
to test the impact of including di erent complexity of particle properties for aggrega-

tion

2.1 @

We use the aggregation model developed by Leinonen and Moisseev (2015) which
includes a large number of realistic monomers (hexagonal plates, dendrites, columns, nee-
dle). Originally, the aggregation model was designed to produce realistic snow particle
structures which can then be used to calculate their scattering properties (Leinonen &
Moisseev, 2015; Leinonen et al., 2018). The model has also been used to systematically

investigate microphysical processes, such as riming (Seifert et al., 2019).
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The shape characteristics (length, thickness, etc.) of the monomers are prede ned
by geometric relations based on in-situ observations (Leinonen & Moisseev, 2015). The
aggregation process starts with generatiny,, = monomers with sizes following a pre-

de ned inverse exponential probability density functipn(D,, )

PDOw )= exp( Dy ) 1)

where ~1! is the size parameter of the monomer distribution arm, is the maximum

size of the monomer. The higher ! the larger are the sizes of the monomers.

The monomers sizes are sampled from the monomer distribution and assembled un-
til an aggregate, consisting oN,, = monomers is build up. In each aggregation step,
pairs of particles are selected according to a simpli ed gravitational collection kernel. The
probability distribution of collision among each possible particle pair is calculated as be-
ing proportional to the particle geometric cross sections and di erential fall speed (Westbrook
et al., 2004a). The two colliding particles form an aggregate which then becomes one of

the candidates for the next aggregation step. This process includes the collision between



aggregates. The aggregation code is publicly availabland more details on the imple-
mentation can be found in Leinonen and Moisseev (2015). During the aggregation pro-
cess, the collecting particles are partially aligned with the principal axis in the x-y plane.
Rotations around the principal axis are performed randomly with a standard deviation
of 40 . The collected particles are randomly aligned, which mimics the complex ow in

the vicinity of other particles (Leinonen & Moisseev, 2015).

The aggregation simulations performed in this study di er from previous studies
in two main aspects. The rst aspect is the resolution of the particle structure. The par-
ticle is internally represented by a three-dimensional lattice with a prede ned distance
of the volume elements of typically 40m. This distance was found to be su ciently small
for scattering computations, while being coarse enough in order to keep the numerical
costs for the scattering computations in a reasonable range. However, we discovered that
for small particle sizes, the theoretical relations for certain particle properties (see Fig-
ure 1 in Leinonen and Moisseev (2015)) are not exactly matched by the discretized par-
ticle. This discrepancy can be easily explained when considering for example that plate
monomers withD,, < 3.03 mm consist of only one layer of volume elements if the de-
fault resolution of 40 m is used. This does not necessarily a ect the aggregate prop-
erties of those monomers as shown in Leinonen and Moisseev (2015), however, in our study,
the focus is to investigate the transition from small to larger sizes particles. Hence, we

need to re ne the resolution especially for small particles.

As a compromise between computational feasibility and having ne enough resolved
particles, aggregates withiN,, 100 are simulated with a resolution of 5m, while
aggregates withN,, 100 are simulated with 10 m resolution. With a resolution
of 5 m (10 m) a plate monomer witlD,, = 3 mm has a thickness of 4 (8) volume
element layers. It should be noted that the sensitivity to resolution is smaller for monomer

types with less extreme aspect ratios (e.g. columns).

The second major di erence to previous aggregation studies using the model by
Leinonen and Moisseev (2015) is that we extended the code in a way that we can also
generate aggregates composed of monomers with di erent habits. The motivation for this

new feature was based on observations that larger snow akes often consist of a mixture
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type
Plate 0.788 2.48 0.631 1.99
Needle 0.005 1.89 0.002 1.42
Dendrite 0.074 2.33 0.142 1.94
Column 0.046 2.07 0.008 1.54

of dendrites and needles (Lawson et al., 1998). The modi ed code extends Equation 1

to be the joint distribution of multiple mono-dispersed distributions. Each monomer dis-
tribution is de ned by its own settings (e.g., monomer type, mean size and truncation).
The joint distribution is de ned by the relative weights of each mono-dispersed distri-
bution. These modi cations have been merged to the main aggregation code and are also

publicly available.

In order to account for a large variability of naturally observed particle shapes (Bailey

& Hallett, 2009), we simulated a large suite of aggregates consisting of plates, columns,
dendrites, needles and mixtures of dendrites and columns. Tine D,, andA D,,
relations for the monomers are given in Table 1. Two sets of aggregates with mixed monomer
types were created. For the rst mixture, the selection of the monomer type is random
with the same probability density function for both monomer types (“"Mix1"). This would
represent a scenario, where dendrites and needles coexist with similar PSD and likeli-
hood of aggregation. For the second mixture, the monomers widl), < 1 mm are
columns, while dendrites are taken for larger monomers (*"Mix2"). This choice is moti-
vated by the fact that at temperatures below -2@, the particle shape is less distinct
but mostly described by polycrystals while at temperatures between -20 and -COone

nds more planar and dendritic crystals (Bailey & Hallett, 2009). Considering a thick

cloud, we could assume that the small polycrystal or columnar crystals forming in the
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Resolution 1 N, D,. of the aggregate
5 m 50 m-10mm 1,2,3,...,10,20,30,...,100 1-2cm
10 m 50 m-10 mm 200,300,...,1000 3-5¢cm

upper part of the cloud begin to form the rst aggregate and then further grow by col-
lection of larger dendrites at lower layers. Of course, both scenarios are quite ad-hoc and
more detailed studies are needed to better understand the real properties of mixed-monomer
aggregates. Our mixtures are thus rather intended to qualitatively analyze the di erences

of mixed monomer aggregates compared to single-monomer type aggregates (as done in

another recent study by Dunnavan et al. (2019)).

The aggregation process strongly depends on the number concentration of parti-
cles and their relative terminal velocity di erences. In conditions, which are less favor-
able for aggregation (e.g., low number concentration) the particles can grow by depo-
sitional growth to relatively large sizes before aggregation becomes the dominant pro-
cess. It is therefore possible that aggregation involves very di erent monomer sizes. In
order to account for this variability, we vary ! in a large range from 50 m to 10 mm
with 500 di erent values of ~1, spaced evenly in the logarithmic space. The monomer
distribution is limited to sizes of 100m up to 3 mm following Leinonen and Moisseev
(2015) in order to be consistent with the typical size range of observed ice particles. Due
to this truncation of the inverse exponential distribution, the mean monomer size dif-

fers from —! and ranges from 150 m to 1.48 mm.

The spacing of the monomer number (Table 2) is ner at Iddy,  and becomes
more coarse at larger numbers. In this way, we can investigate the changes at small monomer
numbers with greater detail. In fact, we expect the largest changes in snow properties
at the transition from single monomers to aggregates composed of few pristine crystals
as shown in earlier studies (Schmitt & Heyms eld, 2010; Dunnavan et al., 2019). The
coarser spacing ofN,, also limits computational costs. With our settings we obtain

maximum aggregates sizes ranging from 3 cm to 5 cm which means that we include also
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the typically observed large snow akes during intense snowfall on the ground (Lawson

et al., 1998).

In Figure 2 several examples of similar sized aggregates simulated with di erent
combinations of ~!, N,, , and monomer types are shown. In total, 105,000 particles
were simulated. Apart from the visual di erences of shapes and structure, also the par-
ticle properties such as mass, area, or terminal velocity show a wide range of values al-

though all aggregates have maximum sizes ranging between 3 and 5 mm.



2.2 Bk

Hydrodynamic models are needed in order to derive the terminal velooity ,,from
the particle’s masam, projected areaA and maximum sizeD,, . The most commonly
used hydrodynamic models are Bohm (1992, hereafter B92), Khvorostyanov and Curry
(2005, hereafter KC05) and Heyms eld and Westbrook (2010, hereafter HW10). All mod-
els are based on particle boundary layer theory and rely on the Best numbXr) @pproach

(Abraham, 1970).v  ,,is calculated via

v = Re(X) «Dn ) 2

where is the dynamic viscosityRe the Reynolds number (parameterized as a function

of X) and , is the air density.X is de ned as
X =C Re? ©))

where C is the drag coe cient. The proportionality &f to the particle properties is
given by
X  mD)> A% 4

for B92.

For this study, we decided to use B92 because it best represents the saturation of
v ,for our simulated particles at larger aggregate sizes (Figure A2) in accordance with
observations (Figure 1). B92 includes an empirical correctionXfdue to wake turbu-
lence which increases the drag of large particleX depends on the aspect ratio , which
is larger than one for prolate and smaller than one for oblate particles. For this study,
we set to 1.0, because aggregates with small values ®f,,  are not easily classi able

as either prolate or oblate and show in general a large variability o{Jiang et al., 2019).

To be able to interpret the dependency of ,,0onN,, in Section 4.3, we sketch
here howv ,scales withD,,, in the simpli ed case oRe 1 (Stokes drag) and
Re 1 (Newtonian drag). FoRe 1, Cp is approximately proportional to=2Re

Inserting this approximation and Equations 3 and 4 into Equation 2 yields:

v . mD ;uO 5A70 25 (5)

If we approximatem and A by the power lawsm = a,,D,» and A =asD, 2

we can expressv  ,,solely as a function oD,



v . Dnzﬁo 5-025 4 (6)

ForRe 1, Cp is approximately constant. In this case Equation 3 gives Re

X5 and by using again the Equations (2 and 4) we get:

—155-025 05 m—15-025 4 05
v ., mD_ °A D, A ©)]

In both extreme cases oRe, v ,increases the faster with size the highds,
0:25b, is and we expect this also to be in between these cases whdRe transitions from
Re X toRe XO°5 This has certain implications for the dependency wf ,,0n

N,, (Section 4.3).

The di erences between the three hydrodynamic models as well as an analysis of
the potential impact of changing to di erent hydrodynamic models is discussed in the

Appendix A2.
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Particle properties, such asn, A and D,,, , are used in hydrodynamic models to
calculatev  ,,(Section 2.2). We compare our relations of these particle properties and
v ,with frequently used relations that are based on in-situ measurements from Locatelli
and Hobbs (1974, LH74) and Mitchell (1996, M96). LH74 de ned an equivalent diam-
eter, that is equal to \the diameter of the smallest circle into which the aggregate as pho-
tographed will t without changing its density”. M96 collected observations as a func-
tion of D,, without specifying the exact de nition. The de nitions of particle size used
in these studies are limited by the observation equipment used and the conversion from
one to the other is not trivial. In our simulation study we can access the full 3D struc-
ture of the particles and use the true maximum size (i.e. the maximum distance between

any two points of the particle) as size de nition.

Except for the aggregates of dendrites, which have a considerably lower density than
LH74 aggregates of dendrites, the absolute value of of the simulated aggregates is sim-
ilar to the observations, where the same monomer type is available (Figure 3). The slope

of them D,, relation from this study is comparable to the slope from M96, while



LH74 report lower slopes for the aggregates of dendrites. Time D,, relation of the
mixed aggregates (\Aggregates of unrimed radiating assemblages of plates, side planes,
bullets, and columns™, LH74 mix), however, has a similar slope to the simulated Mix2
aggregates. The mixS3 and sideplane aggregates from M96 are similar to many simu-

lated aggregates (composed of di erent monomers).

M96 derivedA D,, relations for \assemblages of planar polycrystals in cirrus
clouds™ (M96 polycrystal in Figure 3) based on observations in a relatively small size range
and applied them to other aggregate types. Thd&s D,, relation is also used in sev-
eral microphysics schemes (Morrison & Milbrandt, 2015; Brdar & Seifert, 2018). The ab-
solute value ofA given in M96 is slightly higher thai of the simulated particles from
this study (except for the aggregates of plates). The slope of the D,, relations
is slightly higher 4 = 1:88) in M96 observations compared to the relations from this
study (1.79 b 4 < 1.88). Observations of aggregates composed of the same monomer

types than the one used in these studies are not available.

32 Esh

Observations ofv  ,,vs. size have been reported using several di erent de nitions
of the diameter (Szyrmer & Zawadzki, 2010). To facilitate a consistent comparison be-
tween the observations from the PIP instrument (which are described in Section Al) and
v ,,0f the simulated aggregates, we use the same bin sizes as the PIP instrument to
derive the medianv  ,, Moreover we derive the maximum dimension from a side pro-
jection of the modeled particle in the same way as in the observations from the PIP in-
strument (described by von Lerber et al., 2017P¢, . ; Figure 3c,d). Displayed are
the median and the 25 and 75 percentiles of ,,0f the detected particles. Bins with
fewer than 1000 particles are excluded from the statistics. Although LH74, M96 and Kajikawa
(1972, K72) did not use the same de nition as the PIP-CARE dataset, ts from this study
are also shown in Figure 3c and d because they can ease the comparison with other stud-

ies.

At small sizes D,, < 1 mm),v ,of the simulated aggregates of dendrites is
close tov  ,,0f the monomers from Kajikawa (1972, K72, Figure 3c). The plate monomers
in K72 are reported with a similay  ,,as the aggregates of plates, needles and Mix1

(which all have similar values). Note that ,,of plates and dendrites from K72 and



v ,,0f all aggregates simulated in this study (except for the aggregates of columns and
"Mix2') are considerably smaller tham ,,of the aggregates from the PIP-CARE dataset
and LH74. The observations from LH74 are within the 25th and 75th percentile of the
PIP-CARE dataset. The median of ,,0f the simulated aggregates of this study in-

creases faster with size compared to the in-situ observations at sizes of several mm (Fig-

ure 3d). Onlyv  ,,of the mixture of small columns and large dendrites (""Mix2"") have

a comparably low slope. Potential reasons for this mismatch are limitations of the ob-
servations at these sizes (Brandes et al., 2008), turbulence a ecting the observations (Garrett
& Yuter, 2014b), missing processes in the aggregation model (e.g. depositional growth

on aggregates), imperfect parameterizations in the hydrodynamic model, or the dom-

inance of monomer type mixtures in the aggregates.

Figures 3c and d also show  ,,calculated with B92 and then D,, andA
D,. relations from M96 (which did not measure . directly). The simulated slope
of v, from M96 observed aggregates is similar to the one simulated in this study while

the absolute value is slightly higher.

At sizes larger than about 5 mm, the simulated and the observed ,.reach a sat-
uration value close to 1 ms!. The median ofv  ,,0f most simulated aggregates lies
within the 25th and 75th percentile in the sub-cm range, except the aggregates with the
most extreme density (aggregate of dendrites and aggregates of columns). Thus, based
on this comparison, these aggregates can be considered most representative for many ag-

gregates found in the atmosphere.

4 abe

The relationships between hydrometeor properties such as mass, size, projected area,

and velocity are key components in any ice microphysics scheme and they strongly in-

uence various microphysical processes (e.g., sedimentation, depositional growth, aggre-
gation, or riming). Di erent microphysics schemes require a more or less simpli ed pa-
rameterization of particle properties. To address these di erent needs, we derive in this
section ts form and A as a function ofD,, andN,, that can be used in micro-
physics schemes, which can prediah and N,,  given a certainD,, (Section 4.2).
Of course, most bulk schemes require less detailed ts and hence we also derive ts of

m, A, andv ,as a function ofD,, or the mass-equivalent diameteD . This also
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allows us to assess the potential error of the less detailed ts (Section 4.5) while their

impact on modeled processes is studied later in Section 5.

41 Bier

e

The particle properties of the monomers are de ned a priori in the aggregation model

and based on well-established observations. In contrast, the aggregate properties are de-

termined by the aggregation process and change with increasiNg, . As we are par-
ticularly interested in quantifying how key particle properties of aggregates di er from

the properties of the same-sized monomers, we normalize the aggregate properties by the

property of a monomer with the samp,,

f O N, )= P(Dye ;N )

B p(Dnu ;Nm = 1) (8)

p represents the particle properties (mass or areg)(D,, ;N,, =1) is the prop-
erty of single monomers (given in Table 1), arfd is the normalizing function. A nor-
malizing function which is larger (smaller) than 1 indicates that the aggregate proper-

ties are larger (smaller) than its composing monomer with the same size (Figure 4).

To tf to various monomer types, we parameterife by a power law and express
the coe cients by rational functions to t the dependency by,  similar to the ap-

proach presented in Frick et al. (2013).

f (Dlm ; NnL ) — a(Nm )DmSNnorm )

o 100, Moo v o108, Noono 9)
— 10" © MO0 Moo b JOG N
= J na .

The coe cients off for all monomer types can be found in Table 3. Note, that we ex-
cluded the mixture of monomer types from the monomer dependent analysis because our

normalization approach cannot be applied to monomer mixtures.

4 2 egaiAeh

Motivated by the common classi cation of unrimed ice hydrometeors in cloud ice
and snow in many bulk schemes, we will investigate in this section how mass and area

change when building up an aggregate with an increasing number of monomers. In par-
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Plate -0.673 0.364 -0.092 0.091 -0.473 0.322 -0.021 -0.166
Needle 0.162 -0.008 0.018 0.102 0.349 0.005 0.060 0.013
Dendrite -0.288 0.215 -0.042 -0.056 -0.100 0.131 -0.019 -0.059
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ticular, we want to explore whether the properties change smoothly with monomer num-

ber or whether they show any sharp transition at certain monomer numbers.

When we compare the mass of an aggregate with the mass of its monomer of the
same size, we nd in some conditions the aggregate to be heavier or lighter than the monomer.
The relevant mechanisms which explain this behavior are illustrated in Figure 4 for ag-
gregates of plates. Note that we assume for simplicity a monodisperse monomer distri-
bution in Figure 4. When we consider pure depositional growth, we obtain a speeh ¢
D,. relation for each monomer type (Table 1; black line in Figure 4). One extreme ag-
gregation scenario, which leads to the maximal size of an aggregate with a given nhum-
ber of monomers (which in this simpli ed case of a monodisperse distribution also de-
termines its mass) would be if we assume that all monomers align along their maximum
dimension. Clearly, the resulting aggregate would have a smalierthan a monomer of
the same size. Of course, this maximal elongated assemblage of monomers is rather un-
likely and thus the aggregate will have a more compact structure. If we imagine rear-
ranging the monomers inside the aggregate in a progressively more packed con guration
(indicated by the horizontal arrow in Figure 4), we might be able to reach the point where
the size of the aggregate equals the one of the equal-mass monomer. At this point, it might
be even possible to pack the monomers in a way that their size is smaller than an equal-
mass monomer. A simple example of such an extreme packing would be to stack a num-
ber of plates on top of each other, i.e. along their smallest axis. Whether an aggregate
can be smaller than an equal-mass monomer is of course also dependent on how close
the monomerm D,, relation is to the theoretical maximum packing of an equal-

mass sphere.

The dependency ofA on N,,  can be understood analogously. Also fok, the
maximal elongated assemblage of the monomers leads to a lowerof the aggregate com-
pared to the monomer of the same size, but in reality, the monomers will assemble in a
more compact way. In addition, we have to consider thatis not simply additive as it
is the case form. Overlap (in the horizontally projected plane) and non-horizontal align-
ment of the constituting monomers lead to a smallér than the sum ofA of the con-
stituting monomers. Based on these simpli ed considerations it becomes clear that the
dependency ofm and A on N,, is determined by the exponent of the monomer power

laws and the overall \compactness' of the aggregates.



When considering the monomer dependence of all simulated aggregates, we nd
the most di erent behavior for plate and needle aggregates. For plate aggregatesand
A steadily decrease for a giverd,, with an increasing number of monomers (Figure
5b,d). From the principal considerations discussed in Figure 4, this behavior can be well
understood. The plate monomers have the largest exponerf,(; = 2:48) of all monomers
(Table 1) while the monomers itself show relatively loose connections within the aggre-
gate (Figure 2a-c). Interestingly, the aggregate mass for very snidl},  can be slightly
larger than the equal-size monomer whila is immediately decreasing foN,, > 1.
This e ect can be easily understood when considering, for example, two plates that con-

nect in a 90 angle of their major axes.

An opposite behavior is found for needle aggregates (Figure 6b,d). With increas-
ingN,, , bothm and A of the aggregates become larger than the equal-size monomers.
In contrast to plates, the needle monomers have the lowest exponents for thand A
power laws (Table 1). The aggregates of the more one-dimensional needles also show a

more compact packing.

The deviation of the particle properties of the individual simulated particles from
the tis characterized by the mean absolute error (Table A2), which is smallest for plates
(0.1190 forf,, and 0.0816 forf 4) and largest for needles (0.3737 fof,, and 0.3926 for
f 4). The mean absolute error also shows that the monomer number dependent t is su-
perior to the more simple power law t (Section 4.4) when there is a substantial depen-

dence of the particle property oiN,,

Dendrite and column aggregates have been analyzed similarly (according gures
can be found in Supplement). The dendrites are similar to plates, while the columns are
similar to needles. However, for all aggregate types, we nd on average a relatively smooth
transition ofm and A when changing from single monomers to aggregates. For these two
particle properties, we are unable to identify a \jump" due to the onset of aggregation.
The next sections will show whether this behavior will change when deriving terminal

velocity fromm and A.

43 elBeh

The terminal velocity for all aggregates was calculated with the hydrodynamic model

of B92 (Section 2.2). In Figure 7ay  ,,is shown as a function ob,,  for plate ag-
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gregates. Note, that the ts have been derived by applying B92 to the D,, and

A D,, ts(Table 3) rather than tting them directly to the cloud of individual ,,

In this way, we are consistent with the way how ,,relations are usually connected

tom D,, in bulk schemes. The terminal velocity of plate aggregates steadily de-
creases with increasingN,, . This dependency is much less pronounced at smdbl,,

as compared to the largest sizes. However, it should be noted that the ts for very small
monomer numbers are probably unrealistic for lar@®,, as we do not expect aggre-
gates of cm sizes to be composed of only a few large plates. In fact, the here used ge-
ometrical relations for the plate monomers are only valid for a maximum size of 3 mm

(Pruppacher & Klett, 1998).

We nd a similar decreasiny  ,,with increasingN,,  for dendrites (see Sup-
plement). As we might expect from the di erent changermfand A withN,,  seen
in Figure 7a, also the behavior of  ,,with increasingN,, is di erent for needles (Fig-
ure 7). Needles aggregates seem to fall slightly faster when their monomer number in-

creases. Interestingly, all aggregates reveal a very low dependencevof ,,0n monomer



number at small sizes which is in contrast to assumptions in some microphysics schemes,
that distinguish between monomers and aggregates (e.g. Seifert & Beheng, 2006; Tsai

& Chen, 2020). Besides, all aggregates reveal a saturationwf ,,at large (centimeter)
sizes which is in good agreement with observations (Figure 1). However, the absolute

value of the saturatiorv  ,,ranges from 0.8 to 1.6 ms! depending on the monomer

type.

Becausev  ,,0f monomers and aggregates is converging towards the same value
at small sizes (Figure 7), we can use the previously derived scaling relation (Equations
6 and 7) to relate the dependency of ,,on N,, to the exponentsh,, and by of the
monomers @, 1 and by 1) and aggregates B, .,, and by ,44) in them D, relation.
Starting from a similar value of  ,,at small sizes,v  ,,0f an average aggregate in-
creases slower tharv  ,,0f a monomer ifs,, = Dbnagg bm1  0:25(4 agg
by 1)< O (cf. 6 and 7). As a result, at larger sizes;, ,,,0f the aggregate is lower than
v ,,0f the monomer. In an analog way  ,,0f an aggregate is larger tharv  ,,of
the monomer ifs,, > 0. Asby, a9 and by .4, is similar for all aggregates (Table
4), the sign ofv  ,,with increasingN,, depends mainly onb,, ;1 and by 1. For plates

and needless,, equals 0:21 and Q12, respectively.

How the particle properties change with increasimd,,  as well as the absolute
values of calculatedv  ,,depends on the choice of the hydrodynamic model. Finding
the optimal formulation of hydrodynamic models for ice and snow particles is still an ac-
tive eld of research (Westbrook & Sephton, 2017; Nettesheim & Wang, 2018) and out-
side the scope of this study. In Appendix A2, we tested the sensitivity of the results to
the choice of the hydrodynamic model for plate aggregates. HW10 seems to yield over-
all similar results to B92 except for the saturation at large diameters. Due to the ab-
sence of the turbulence correction in HW18, ,,increases also at large diameters. For
KCO05, the monomer dependence is much weaker. However, all hydrodynamic models show

an overall small monomer dependence at small particle sizes.

It has also been observed (e.g. Garrett & Yuter, 2014a) that tumbling of particles
caused for example by turbulence might decrease the e ective projected area and there-
fore increasev  ,, We also tested the sensitivity of our results to di erent degrees of
tumbling (Section A22). As expected, the e ect of tumbling is largest for single crystals

(due to their more extreme aspect ratio) but strongly decreases for aggregates. Certainly,
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for aggregates, the choice of the hydrodynamic model has a larger e ectwof ,,than

di erent assumptions on particle tumbling.

44 deegdi €
ad

The relatively continuous change of particle properties with,  found in the
last section justi es a simpli ed t, which is also necessary for implementing the results
into common bulk microphysics schemes. These schemes often only contain two classes

for unrimed ice particles, usually denoted as cloud ice (monomers) and snow (aggregates).

Figure 8a, b shows the derivean D,, relations for single monomersN,, =
1) and the derivedv  ,,based on them D,, andA D,, relations summarized
in Table 1. Similar ts ofn andv ,,to aggregates of any monomer number larger than

1 are shown in Figure 8c, d; the t coe cients can be found in Table 4.

Them D,, relations for monomers show a larger spread especially for larger
sizes as compared to the aggregates. This is expected considering that the exponents for
monomers range between 1.89 to 2.48 (Table 1) while the exponents for aggregates are

between 1.95 and 2.22 (Table 4). The values for aggregates agree well with theoretical
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type

Plate 0.076 2.22 0.083 1.79
Needle 0.028 211 0.045 1.79
Dendrite 0.027 2.22 0.090 1.88
Column 0.074 2.15 0.060 1.79

Mix1 0.045 2.16 0.070 1.83

Mix2 0.017 1.94 0.066 1.79

aggregation studies (Westbrook et al., 2004b) as well as in-situ observations (Section 3.1).
Despite the similar exponent, the e ective density of the aggregates varies considerably
(comparem at a given size in Figure 8c) , which is in agreement with previous studies
(Hashino & Tripoli, 2011; Dunnavan et al., 2019), even though their approaches to sim-
ulate aggregates is very di erent from the approach used in this study. Aggregates of

columns exhibit the highest density, while aggregates of dendrites show the lowest den-
sity.

The di erences in then D,, relation are linked to the resulting ,, D,
relation (Figure 8c, d). AD,, =5 mm, thev ,0of di erent monomers spread nearly
1 ms . The di erences are in general smaller for aggregates. Interestingly, most ag-
gregate types reveal very similav  ,, The main exceptions are dendrite aggregates with

the slowest, and column aggregates with the fastegt ,, v ,,0f the Mix2 aggregates

increases slower with increasing,, compared to the other aggregates.

Similar to the previous monomer number dependent ts, also the \two-category"
ts show similarv ~ ,,at small sizes. The monomer type appears to have in general a

much larger impact orv  ,,than the classi cation into certail,, regimes.

4 5 exichif

Power-law ts form, A, andv  ,,are commonly used in bulk schemes. Especially

forv ,, the power law introduces inconsistencies with observations because a satura-
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tion value forv  ,,as observed for raindrops or snow akes cannot be represented. In-

stead of using standard power laws in the form

V(sz ) = Dy s D e (10)

and the two t parameters, p,, andb, , Atlas et al. (1973) proposed a three-

parameter ( p, , p. ., p, ) formulation
v D )= p, p. exp( p. D ) (11)

Formulating this \Atlas-type"™ t with the mass equivalent diameler instead ofD,,

has been found to provide optimal t quality for snow aggregates (Seifert et al., 2014).
For small (large) values oD ,v ,approaches p, p. ( p, ). With increasing

values of , the transition from small to larger values of ,,is shifted towards larger

values of D . Approximations for bulk collision rates based on Atlas-type ts can be
found in Seifert et al. (2014) which makes them usable in bulk microphysics schemes with-

out the necessity of look-up tables.

Power-law and Atlas-type relations have been applied to the various aggregates and
the tcoe cients are summarized in Table 5. For the tting, we did not use ,,of
the individual particles but directly applied to tt ,,derived with B92 and the ex-

istingm D,, andA D,, relations.

In Figure 9 the di erent ts are compared for plate monomers and their aggregates.

Note that the saturation regionl¥,, > 1 cm) has been excluded for the power-law

ts. It can be seen in Figure 9b that the Atlas-type tis very close to the theoretical
line calculated with B92 and then D,, andA D,, relations. The power-law

ts (Figure 9a) provide only a close t to the theoretical values at the smaller size range.
Between 300 m and 4 mm they cause a slight underestimation while at larger sizes they
increasingly overestimates  ,, Similar ts have been derived for all aggregate types
(Table 5, gures for other monomer types similar to Figure 9 can be found in the sup-

plemental material).

When we compare the calculated ,,with some widely used microphysics schemes
(Figure 9¢) we nd most schemes to overestimate ,,at small sizes (except of the cloud
ice category in Morrison et al. (2005)). The absolute values for ,,at small sizes are

strongly dependent on monomer type and hence, additional constraints should be pro-



)

Monomer  p, [m/s] p, [m/s] p, [I/m] a, p,, [mM™ - m</S] b, p,.

type

N, =1
Plate 2.265 2.275 771.138 90.386 0.755
Needle 0.848 0.871 2276.977 9.229 0.481
Dendrite 1.133 1.153 1177.000 41.870 0.755
Column 1.629 1.667 1585.956 22.800 0.521

N, >1
Plate 1.366 1.391 1285.591 30.966 0.635
Needle 1.118 1.133 1659.461 17.583 0.557
Dendrite 0.880 0.895 1392.959 24.348 0.698
Column 1.583 1.600 1491.168 23.416 0.534
Mix1 1.233 1.250 1509.549 21.739 0.580
Mix2 1.121 1.119 2292.233 8.567 0.393

vided by additional observations. However, the aggregation model shows independent
on the monomer type that at sub-mm sizes there should be no strong \jumpVin ,,
between ice particles and small aggregates. Also in the cm-size range, models using a

power-law formulation are strongly overestimating ,,for all aggregate types.

5 Widcihb

In this section, we will test the possible impact of implementing particle proper-
ties with di erent amount of complexity (monomer number dependence) or di erent t-
ting functions (power law vs Atlas type) on the simulation of sedimentation, aggrega-
tion and depositional growth. For this, we use a one-dimensional setup of the Lagrangian
particle model McSnow (Brdar & Seifert, 2018), which provides the exibility to imple-

ment the di erent particle property formulations.

For simplicity, only sedimentation, depositional growth and aggregation are con-

sidered in our simulations. Aggregation is calculated with a Monte-Carlo algorithm fol-
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lowing Shima et al. (2009) and the sticking e ciency of Connolly et al. (2012) is used.
McSnow is based on the Lagrangian super-particle approach (Shima et al., 2009), which
allows deriving not only the particle mass and its multipliciXy, , but it also predicts
the number of monomers the particle is composed of. This information is key to test the
N,,  dependent particle relations. The thermodynamic pro les and the overall setup

is similar to previous simulation studies with McSnow in Brdar and Seifert (2018) and
Seifert et al. (2019). Particles are initialized at the upper boundary of the 5km thick do-
main with a mass ux of,, = 2 107° kg s~ and a mean mass of the particle size
distribution ofm,,, =210 kg. The initial ice particles follow a generalized gamma
distribution of particle mass with a shape parameter of 0 and a dispersion parameter of
1/3 (following Equation 9 in Khain et al. (2015)). The temperature decreases linearly
from 273.1 K at z=0 km to 242.2 K at z = 5 km. The supersaturation over ice is held
constant at 5 % with respect to ice in the whole column and is not consumed by the growth
of the particle. The simulations are performed with 250 vertical levels, which results in
a vertical resolution of 20 m. The model time step is set to 5 s and the initial multiplic-
ity is chosen to be 1000. The simulations are run for 10h, from which the last 5h are av-

eraged in 10 min intervals to reduce noise in the analyzed pro les.

In the following, we will focus the comparison on particle number UBg{, mass
ux (F ), and mean massm,,, (which is the ratio between the integrated mass den-

sity ¢,, and the integrated number densityy ).

In the rst simulation experiment shown in Figure 10, we include particle proper-
ties for which the fulN,,  dependence is taken into account (Table 5). This setup we
call hereafter the control simulation (\CTRL"). Pro les are separated into single monomers
(N,, = 1) and aggregates K, > 1) to better distinguish the e ects on what
we might de ne as \cloud ice" and \snow" category in a bulk scheme. This separation
might be important considering that there can be cases of weak aggregation. With weak
aggregation, most of the particles will remain monomers and thus it is especially impor-

tant to match pro les of these particles accurately.

In general, aggregation decreases the number u¥ ), while the increase in the
mass ux (,,) is due to depositional growth. The mass ux of aggregates increases also
due to conversion from monomers to aggregates by aggregation. The combination of both

processes is causingm,,, to continuously increase towards the surface. Aggregation



rates in McSnow are proportional to the gravitational collection kernel (Equation 21 in
Brdar and Seifert (2018)). Thus, the probability of collision for two particles is high if
they have strongly di erentt ,,and if the sum of their cross-sectional areas is large.
Fy of the monomers N,, = 1) decreases monotonically with decreasing height be-
cause the monomers are converted into aggregatebl{, > 1) by the aggregation pro-
cess and there is no source of monomers like nucleation considered (Figure 10a). This
decrease of Fy (and increase ofm,,, ) is especially strong at heights between 2 km to
3 km. This region of enhanced aggregation is found at heights where the temperature
is close to -15 C where the sticking e ciency has a local maximum. As a result of the
conversion of monomers to aggregates;y of the aggregates increases at heights higher
than about 3.5 km (Figure 10b). At lower heights the number of aggregate-aggregate
collisions outweigh the number of monomer-monomer collisions and tkis of the ag-

gregates decreases.

The signature of the conversion from monomers to aggregates is also seerFijp
of the monomers (Figure 10c). Especially in the region of enhanced aggregation, this leads
to a strong decrease of-,,. In the heights above this region, depositional growth out-
weighs the loss of mass of the monomers to the aggregates and thus, there is an increase
of F,, with decreasing heightF,, of the aggregates increases monotonously due to both
depositional growth of the aggregates and conversion from monomers to aggregates (Fig-
ure 10d). In this setup, the change df,, with height is governed by ,,and gy at
a given height. For example, a combination of low ,,and highqgy at upper layers leads
to a large increase inF,,. Simply speaking, a large number of slow falling ice crystals

can grow e ciently by deposition which increasés, .

5.1 eade

The \CTRL" simulation is now compared to simulations with a binary separation
into single-monomer particles and aggregates of any monomer number larger than 1 (bi-
nary). An additional simulation is performed with no monomer number dependence (con-
stant). Here the particle properties, that were tted to the mean of all aggregates, are
used for all particles. All simulations are done for plate and needle monomers and ag-
gregates because we found the monomer dependence to be most pronounced for these
monomer types. For the other monomer types the e ectNf, can be expected to

be smaller.



The most apparent di erence between the simulations with di erent representa-
tions of theN,,  dependencies for plate monomers and aggregates of plates is the faster
decrease of Fy and F,, and faster increase ofm,,, of the monomers {,, =1)in
the \constant™ simulation (Figure 10). A slightly faster decreaseFof (faster increase
of m,,, ) for aggregates N,, > 1) with decreasing height can be seen for both the
\binary" and the \CTRL" simulation. However, all of the simulations show very sim-

ilar pro les.

Figure 11 shows the same experiment as Figure 10 but using the parameterizations
for needles instead of plates. Also for needles the most remarkable di erence between
the simulations is the di erence between the \constant” and the \CTRL" run (Figure
11a and e). Also aggregate-aggregate collections are less e ective in the \CTRL" run (Fig-
ure 11b and f). Note that all monomers have been depleted by aggregation at a height

of about 1000 m and therebyn,,, is not de ned below.

Overall, the di erences ofn,,, at the ground of the total ice particle population
is small (factor of 1.2 and 1.4 highem,,, for the \binary" and \constant" simulation
for plates and factor of 0.8 lowem,,,, for the \binary" and \constant" simulation for

needles, Table 5).

Also the di erences in the precipitation rate§( ) are small (less than 5%; see Ta-
ble 5). These small di erences are due to the small di erence of the absolute value of
v pat small sizes (Figure 7) and|y at upper heights, which lead to a similar mass up-
take (Figure 10). However, the precipitation rate between the \Plate CTRL" simulation
and the \Needle CTRL" simulation is relatively large (Table 5), which might be due to

the strongly di erentv  ,,of the monomers.

TheN,, -dependency is even weaker for aggregates composed of other monomer
types (Section 4.2 and 4.3). In summary, the simulation experiments with di erent monomer
dependency indicate that a binary separation between single monomers and aggregates
performs similarly well as relations which take into account a more detailed monomer
dependency. Some but still small di erences are found if no monomer dependency is taken
into account, i.e. a single ice class for all monomer numbers is assumed. In our simula-
tion, particles with lowN,,  are only prevalent at cold temperatures, where aggrega-
tion is less important due to the low sticking e ciency. Additional simulations (shown

in the Supplement) with loweF,, and therefore weaker aggregation show that the \bi-



nary" simulations stay very close to the \CTRL" simulation, while the \monodep"* sim-
ulations show considerably larger deviations. Hence we nd that the classical separation
in cloud ice (monomers) and snow (aggregates) is su cient for the aspects of monomer

number dependent particle properties.

5.2 caalf

In this section, we test the sensitivity of the simulations to di erent implementa-
tions of thev ,, D,, formulation. In Figure 12y  ,,of plate monomers and ag-

gregates is parameterized either as power-law or Atlas-type t.

As we saw in Figure 9, the power-law and Atlas-type ts match very closely at small
particle sizes. This explains the very close matching of the three simulations in the up-
per part of the simulated pro les (Figure 12) where the PSD is dominated by small par-
ticles. As soon as the aggregation becomes stronger (below ca. 3 krR); in the sim-
ulations using the power law (Figure 12b) is much lower than for Atlas-type. The de-
creasing number ux of aggregates with lower height (Figure 12b) also indicates that es-
pecially the self-collection of aggregates is stronger than for Atlas-type. In the same height
region, the mean mass of the aggregates (Figure 12f) is strongly increased for the power
law (factor of 5). Instead of using an Atlas-type t to consider the saturation of the ter-
minal velocity, one can also think of imposing an upper limiten ,,in the power law
relation. In the \Powerlawlimit" simulation, we chose the saturation value of the Atlas-
type t ( p, ) asan upper limit. This limit does not only a ect the sedimentation but
all processes which depend ov  ,,(e.g. aggregation). In this way, the overestimation
of m,,, , caused by an unlimited increase of ,, can indeed be prevented, but the
height pro le ofFy and m,,, is not as well matched as with the Atlas-type approx-
imation. As expected, the continuously increasing ,,in the unlimited power law leads
to much stronger growth of aggregates as compared to relations which include the sat-
uration velocity at large particle sizes. This is an interesting nding and could be one
reason for the overestimation of radar re ectivities found at lower layers in ice clouds sim-

ulated with the Seifert-Beheng scheme (Heinze et al., 2017).

Althoughm,,, of the aggregates is much larger for the power law, the di erence
to the Atlas-type in precipitation rates is very small (smaller than 5%; Figure 12d and

Table 5). Note that in more realistic cases, as e.g. in presence of stronger sublimation



layers, the di erence irm,,, can induce larger di erences in the precipitation rate be-
cause larger particles can fall through a thicker layer of subsaturated air before they sub-

limate completely.

6 mah

In this study, we generated a large ensemble of ice aggregates (ca. 105,000 parti-
cles) using an aggregation model and hydrodynamic theory to study the change of par-
ticle properties such as massn, projected areaA and terminal velocityw  ,,as a func-
tion of monomer numbeiN,,  and size. The aggregates were composed of various monomers
types (plates, dendrites, needles and columns), monomer sizes and monomer numbers.
In order to test the impact of habit mixtures, we also included in our analysis two dif-
ferent mixtures of dendrites and columns. The choice of mixing speci cally dendrites and
columns was motivated by in-situ observations of the composing monomers in large ag-

gregates sampled on the ground (Lawson et al., 1998).

When comparing our aggregate properties with in-situ observations, we mand
A to be very similar to the results presented in Mitchell (1996) but the slope of our
D,. relations is larger than the slope given in Locatelli and Hobbs (1974). A better
agreement with Locatelli and Hobbs (1974) and also with theoretical considerations in
Westbrook et al. (2004b) are reached for mixtures of small columns and larger dendrites
(Mix2). Interestingly, this monomer mixture also achieves the best agreement with ob-
servedv ,, D,, relations. Considering the large spread in the observations (Fig-
ure 3), we can overall conclude that our aggregate ensemble matches the observed range

of variability and does not show any substantial bias.

Our synthetic aggregate ensemble allowed us to investigate the transition of par-
ticle properties from single crystals to aggregates with increasing number of monomers
in a level of detail which is currently unavailable from in-situ observations. fFoend
A as a function of size we nd the relations to change rather smoothly with increasing
N,, . The di erences introduced by the choice of the monomer type are found to be
overall larger than due to the number of monomers. We nd the exponents in #he
D,, andm D,, relations of the monomers to be closely connected to the result-

ing change withN,,
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The derivedA D,, andm D,, relations including the monomer type and
number dependence were then used to calculate ,, D,, relations. Again, we nd
a rather smooth transition from single crystals to aggregates rather than a ’jump’ as found
in several microphysics schemes (Figure 1b). For small sizes below a few mm, our results
suggests that the ’ice’ and ’snow’ category of microphysics schemes should have similar
properties. At larger sizes, the aggregates ,,are found to deviate more from the monomers.
Again, the monomer type is found to have a larger impact than the monomer number.
Aggregates of plates tend to be faster while aggregates of needles are slower than the equal-
size monomer. In accordance to in-situ observations, our simulations reveal for all ag-
gregate types a saturation o  ,,at cm sizes. However, the saturation value varies for

the di erent aggregate types from 0.8 to 1.6 nt&.

In order to potentially implement our results in microphysics schemes, we derived
two-parameter power-law ts and three-parameter Atlas-type ts for single monomers
(N,, = 1) and aggregates K, > 1) representing the commonly used ice and
snow classes in models. The new power-law ts match the small sizes well and avoid un-
realistic 'jumps’ found in current schemes. However, the power laws are unable to rep-
resent the saturation off  ,,at larger sizes. The Atlas-type ts are found to match the
entire size range well and should thus be considered to be implemented in ice microphysics
schemes as they do not substantially increase the computational costs while strongly im-

proving the realism of the relations.

We nally tested the impact of implementing monomer dependence, habit type,

and velocity tting method on idealized aggregation simulations. For this, we used a new
1D Lagrangian Monte Carlo model which allowed us to implement the derived relations
with di erent degree of complexity. The simulations experiments revealed that there is
only a very small impact of using a relation of only two monomer categories (single par-
ticle and aggregate) as compared to a continuous monomer number dependence. A sin-
gle category which does not take any monomer number into account shows slightly larger
deviations but the variability due to monomer type is in general larger than the impact

of monomer number.

In a second simulation experiment, we investigated the impact of using a power law
or an Atlas-type tfow ,, The simulations show very small di erences in the upper

part of the cloud where the pro les are dominated by small particles which are tted sim-



ilarly well with the two relations. Once aggregation becomes more dominant and the spread
of particles sizes shifts to larger sizes, the simulations using the power law lead to a much
stronger aggregation and in particular stronger self-aggregation of particles as compared

to the Atlas-type t. The impact of the widely used power-law relationsyor ,,should

thus be further studied for bulk schemes as it seems to be likely that they might cause

an overestimation of aggregation and snow particle sizes.

We also shortly investigated the sensitivity of our derived relations to particle tum-
bling and the choice of the hydrodynamic theory. While tumbling can signi cantly af-
fect the properties of single monomers, it has a surprisingly small e ect on our results
for the aggregates. The choice of the hydrodynamic theory is a larger source of uncer-
tainty which should be further investigated in future studies. It seems to be important
in the future to better constraint the composition of aggregates regarding the monomer
type. This question could be approached by improved in-situ techniques but also with
detailed models that allow to predict the particle habit such as presented in e.g. Woods

et al. (2007); Jensen et al. (2017); Shima et al. (2019).

AAA
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The terminal velocityw  ,,0f the simulated aggregates from this study is compared
to recent observations of falling ice particle properties and frequently used literature in
Section 3.2. These surface observations are from the Centre for Atmospheric Research
Experiments (CARE), Canada. It is a research facility of the Air Quality Research Branch
of the Meteorological Service of Canada, located about 80 km north of Toronto, Ontario
(lat = 44 13’ 58N, lon = 79 46 53"W). The instrumentation includes a video-disdrometer,
Particle Imaging Package (PIP), precipitation weighing gauge, and meteorological mea-

surements of e.g. wind velocity.

More detail about PIP can be found in von Lerber et al. (2017) and references therein.
The particle sizes are recorded in the range of 0.2 - 26 mm (disk equivalent diameter)
with a resolution of 0.2 mm, which is converted to the side project®g, . In practice,
the minimum reliable size with measurement wf ,,is approximately 0.5 mm. Obser-
vations of the side projected maximum dimensidd,, _ can be conducted from the

gray-scale video images. The velocity ,,is obtained from the observations of the con-



secutive frames. The observed ,,utilized in the Figures 1a and 3c-d are separated

from the whole dataset by limiting the exponent of the \5-minute m-D relation™ between
1.7-2.2 to exclude rimed particles (von Lerber et al., 2017). To apply this m-D thresh-
old, the mass of the single particle and,, has to be retrieved. The mass estimate of

a single particle is calculated from the observed ,, correctedD,, and area ratio

using di erent parametrizations of the hydrodynamic theory (Bohm, 1989; Mitchell &
Heyms eld, 2005; Heyms eld & Westbrook, 2010). For each snowfall event, each of these
parameterizations are calculated and the one which minimizes the error in the estimate
of the liquid water equivalent precipitation with respect to the precipitation gauge is se-
lected for that event. This procedure and the related uncertainties are described more

in detail in von Lerber et al. (2017). Additionally observations during 5-minutes inter-
vals, where the mean horizontal wind speed exceeds 4 m'sare excluded to reduce tur-

bulence e ects (similar to Brandes et al. (2008)).

After applying these Iters, the dataset, which covers the winters from 2014 to 2017
with 48 snowfall events, contains about 4.3 million ice particles. It should be noted that
PIP is providing a measurement of the ensemble of particles and no particle by particle-
based classi cation is performed. Hence, the measurement volume includes mixtures of

di erent habits.

A pdFeb
&

A21 Hydrodynamic Models

As mentioned in Section 2.2, the hydrodynamic models of B92, KC05 and HW10
di er in several aspects. Th&ke(X) relation requires assumptions about particle sur-
face roughness, which are di erently implemented in the models. Also the de nition of
X is di erent (Table A1l). While in B9X is proportional tomD%5 A=025 X is pro-
portional tomD,,, A~°5in HW10 andmD2, A~!in KC05. As a result in B92 and
HW10,v  ,increases slower with decreasing area rati?\( = 4A ~'D~?) than in the

formulation of KC05. The empirical correction &f due to wake turbulence is also ap-

plied in KCO5 but not in HW10.

These di erences a ect the behaviour of ,,at large sizes and the monomer num-

ber dependency (which we quantify by, ). Without the empirical correction of
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X (which considers wake turbulence); ,,only saturates ifv =~ ,, -4 D°. For
example with HW10 the saturation would be reached foy 0:5by 1 = 0 (Table
Al). This is e.g. not the case for aggregates of plates simulated in this study and there-

fore HW10 does not predict a saturation of ,,at larger sizes (Figure Ala).

Also the sign and the strength of the increase/decreasewf ,,with increasingN,,
depends on the formulation oK. In Section 4.3 we introduced,, as a measure
for this monomer number dependency. Applying this measure to the aggregates of plates
yieldss,, = 0:21 for HW10 ands,, = 0:06 for KC05. Both HW10 and
KCO05 show the decrease o  ,,with increasingN,, which we saw when using B92,

but this decrease is very weak for KCO05.

A22 Tumbling

To investigate the e ect of the tumbling of the aggregates (as reported e.g. by Garrett
and Yuter (2014a)) on the projected are&d andv  ,, the particles are tilted with a stan-
dard deviation of 0, 20 , 40 and 60, around the principal axis (Figure A2). This is
done only after the nal aggregate is assembled and thereby does not in uence the struc-

ture of the aggregates. This rotation reduces and in turn,v  ,,increases.
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Figure Al. Same as Figure 7a (aggregates of plates) but using HW10 in a) and KCO05 in b)

The monomers (top panel in Figure A2) are stronger e ected by tumbling (espe-
cially at large Dnax ) due to their lower aspect ratio (not shown). The largest increase
in Vierm With increasing tumbling is found for KCO5 due to the largest increase in the
Best number with decreasingA (see Section 2.2). B92 shows the least in uence of tum-
bling, which increasesvierm at maximum by about 0.1 m s ! and has a negligible e ect

on Vierm  for the aggregates.

A3 Mean Absolute Error of the Mass and Area-Size Relations

In Sections 4.2 and 4.4, we provided t relations for mass and area with and with-
out taking into account the monomer number dependency of the simulated aggregates.
The mean absolute error of the ts shown in Table 3 and Table 4 (normalized by the prop-
erties of the monomers; e.g. shown for plates with the green dotted lines in Figure 5) is

shown in Table A2
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1. Figures S1 to S17
Introduction

In this supplemental material we provide additional figures, which may be interesting
for some readers but are not necessary to draw the conclusions of the main text. We show
figures with the same or similar content than figures in the main text, but using a dif-
ferent size definition or additional monomer types or additional simulations or additional
variables supplementary to the simulations with McSnow.
Particle Properties Against Mass Equivalent Diameter

Figure S1 shows the same plot as Figure 7 but using the mass-equivalent diameter D,,.
This depiction might be helpful in applications where m is the primary variable (instead
of Dyyar). Overall Figure 7 and Figure S1 look similar and we do not observe systematic

shifts in the dependency of vierm 0N Nyono When changing the variable.
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X-2
Dependence of Aggregate Mass, Area and Terminal Velocity on Monomer
Number for Additional Monomer Types

Figures S2 and S5 show the particle properties m and A and Figure S3 and S5 show
Vgerm Of dendrites and columns. While dendrites behave similarly to plates (both are
planar-like shapes), columns behave similarly to needles (both are column-like shapes).
For dendrites m, A and v, is decreasing with increasing N,,on,. For columns m, A and
Uterm 18 Increasing with increasing N, ono-
Power Law and Atlas-type Fits for Terminal Velocity for Additional Monomer
Types

Figures S6 to S10 show power law and Atlas-type fits for monomers and aggregates for
needles, dendrites, columns as well as the mixture of columns and dendrites ("Mix1” and
”"Mix2”). For the mixtures "Mix1” and ”Mix2” the properties of particles with N,pn0 = 1
are defined by the properties of the column monomer. Also for these habits, the Atlas-
type fit allows a much more accurate representation of vy, at large sizes. The deviation
between the assumptions in the microphysics schemes and the dendrites is especially large.
The monomers and aggregates of columns and "Mix2” (which assume monomers with
Doz < Imm to be columns and monomers with D,,,, > Imm to be dendrites) exhibit
larger values of vy, which is closer to the assumptions in the microphysics schemes.
"Mix2” (here the selection of the monomer type - dendrite or column - is random) shows
a large spread of vy, of the individual particles.

Additional Simulations with the Lagrangian Particle Mode McSnow

May 14, 2020, 12:18pm



Figures S11 to S13 show McSnow simulations testing the impact of the representation
of the monomer number dependency analog to Figure 10 but with a lower mass flux F),
at the initialization height (model top).

In the simulations beginning with a two times up to a ten times lower F,, (Figure S14
to S17) the mean and median number of monomers is increasingly smaller. As a result,
also the height range where more than half of the particles are monomers is larger. In
the simulation shown in Figure S13 the median of N,,.,, stays at one for all heights of
the simulation. This prevalence of the monomers deteriorates the accuracy of the simu-
lation where the particle properties of all particles are approximated by a single relation
(“constant”). However the “binary” simulation (where monomers have distinct particle
properties) deviates even less from the “CTRL” simulation compared to the simulation

with the higher F),, which is shown in Figure 10.
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Figure S1. Same as Figure 7 but using the mass-equivalent diameter D.,. Fits for different

values of NV,,.n, have not been calculated.
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Same as Figure 6 but for aggregates of dendrites

May 14, 2020, 12:18pm

Dmax [M]

Nmono



257 _ —} 1000
Vterm USing m-D
& A-D fits and B92
—— Nmono=1 - 700
20 —— Nmono =2
) —— Nmono=5 L 400
—— Nmono =10
Nmono = 100
Nmono = 1000 - 100
— 1.54 == Nmono>1
% 70
E:
2 40
>
10
7
4
0.0 ' . . 1
1074 1073 1072
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Figure S6. Same as Figure 9 but for aggregates of needles
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Figure S7. Same as Figure 9 but for aggregates of dendrites
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Figure S8. Same as Figure 9 but for aggregates of columns
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Figure S9. Same as Figure 9 but for ”"Mix1”
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Figure S10. Same as Figure 9 but for ”Mix2”
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Figure S12. Same as Figure 10 but with a four times smaller mass flux (F;, = 5-107%) and

same mean mass Myean- May 14, 2020, 12:18pm
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Figure S14. Mean and median N,,,,, corresponding to the simulations shown in Figure 10.
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Figure S15. Mean and median N,,,,, corresponding to the simulations shown in Figure S11

but with a two times smaller mass flux (F,,, =1 - 10_5) and same mean mass Myean-
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Figure S16. Mean and median N,,,,, corresponding to the simulations shown in Figure S12.
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Figure S17. Mean and median N,,,,, corresponding to the simulations shown in Figure S13.
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