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Abstract

Here we present the field measurements of snow morphology as well as its corresponding
settling velocity based on the data collected from multiple deployments at EOLOS Wind
Energy Research Field Station at Rosemount, MN, USA. All the deployments were
conducted at night, allowing us to implement the in situ large-scale particle image
velocimetry (PIV) and particle tracking velocimetry (PTV) to quantify the turbulent flow
field and snow particle settling velocity in a sampling area on the order of 10 m as reported
by Nemes et al. [J. Fluid Mech. 2017] and Heisel et al. [J. Fluid Mech. 2018]. The general
micrometeorological conditions were provided by a 130 m meteorological tower (met-
tower) equipped with 4 sonic anemometers and 6 low frequency humidity and temperature
sensors at the field site, and the turbulence characteristics were measured using both the
met-tower sonics and in situ PIV. In addition, the snow particle size and morphology were
captured using digital in-line holography (DIH). Snow particle terminal velocity in
quiescent flow is calculated corresponding to the snow morphology based on the modified
drag coefficient empirical formulas. The settling velocity of snow particles was captured
using in situ PIV or PTV during each deployment. The turbulence conditions from the
available deployments varied by an order of magnitude in the Taylor-scale Reynolds
number, covering a range of Stokes number and different cases of snow particle-turbulence
interaction phenomenology. The snow morphological effect on snow fall speed is
quantitatively observed corresponding to the snow particle classification. The comparisons
of snow particle fall speed and settling velocity quantify settling velocity enhancement by
turbulence. Overall, the presented study focuses on a better understanding of the effects of
snow morphology and atmospheric turbulence on the settling velocity of snow in nature.
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Chapter 1: Introduction

Consider a tiny, fragile snow particle falling during winter, drifting gently toward the
surface of the earth. When envisioning the fall trajectory of a snow particle, it leads us to
expect complex translational and rotational motions, such as side-side oscillations
(fluttering) and tumbling. The particle settling motions in turbulent flow have interested
scientists for centuries in the study of fluid dynamics and various branches of engineering.
Here we focus on investing snow settling dynamics at field scales where natural snowflake
motion will be obtained by Particle Image Velocimetry (PIV) and Particle Tracking
Velocimetry (PTV), and the morphology of snow particles will be quantified by Digital In-
line Holography (DIH). The goal of this study is to develop a predictive understanding of
the effects of snow morphology — aggregate, dendrite, graupel, plate, column, needle, and
small ice particle - and atmospheric turbulence on the fall speed of snow. Such information
is important for developing more accurate models for predicting snow accumulation under

various weather conditions.

1.1 Background and motivation
Settling dynamics play a crucial role in the atmospheric phenomena and weather
forecasting, which is an indispensable element of human activity. Settling velocity is
mainly determined by temperature, turbulence, and particle size and shape (Garret & Yuter
2014). There are still unsolved guestions about the settling velocity of irregularly shaped
particles in turbulence. Frozen hydrometeors take on all types of shapes and sizes, from
graupels to more complicated dendrites and aggregates. Snow particles of various shapes
and sizes possess varying masses and dimensions, which influence the aerodynamics of the
particles including their fall velocities (Pruppacher & Klett 1997). Quantitative knowledge
of the microphysical properties is required for accurate weather and climate predictions,
though these properties are not well understood on the scale of individual snow particles.
Different imaging techniques have been developed for imaging snow particle
morphology. Lab microscopic imaging is ideal but deviating from real snow particle
morphology (Libbrecht 2007). In situ imaging methods are developed as 3D multi-camera
imaging (Garrett & Yuter 2014) and digital in-line holography (Nemes et al. 2017).



Theoretical calculations are essential for a deeper understanding of the snow particle
motions and making meaningful assessments of their roles in cloud microphysical
processes. Different shapes of snow particles in motion have different trajectories due to
different drag forces, which lead to enhance the still-air terminal velocity compared to
spherical particles (Huang & Han 2011; Tran-Cong & Michaelides 2004).

Previous studies have found that the average snowflakes settling velocity in atmospheric
turbulence differ from the still-air terminal velocities (Nemes et al. 2017; Maxey 1987).
The particle-turbulence interaction mechanisms can greatly impact on the settling velocity
in turbulence. In specific, the preferential sweeping has a dominant effect leading to settling
enhancement because trajectories that sample the downward side of the eddies are favored
by the particles (Wang & Maxey 1993).

Investigate canonical flows interacting with spherical microscopic particles or droplets
(Alseda et al. 2002; Wood, Hwang & Eaton 2005; Ayyalasomayajula et al. 2006; Good et
al. 2014) have qualitatively confirmed many of findings from numerical simulations. There
are limitations since it is investigated usually only for ideal cases like homogenous
isotropic turbulence interacting with spherical particles. Reynolds numbers relevant to
environmental phenomena are hard to obtain in lab experiments unless special measures
are taken to reduce the fluid viscosity (Bodenschatz et al. 2010).

Field experiments can reconcile the results from numerical simulations and lab
experiments. But field measurements focused on particle-turbulence interaction in the
atmosphere are comparatively scarce. This is likely due to the massive range of scales
involved, from the particle size to the large-scale motions in shear or convective flows, and
consequently the daunting level of resolution and dynamic range needed. Remote
observations from radar and satellites are essential to deduce the microphysics cloud
structure and the concentration and distribution of aerosols but cannot provide a direct
characterization of particle-turbulence interplay. The first direct observation of Lagrangian
trajectories and settling velocity of snow particles in the atmospheric surface layer is
reported (Nemes et al. 2017).

To extend the framework laid out by Nemes et al. 2017 and previous studies, the future
challenge would have to deal with the factoring of snow morphological and turbulence

characteristics and how they influence the physics. This dissertation consists of two major



parts of (1) atmospheric turbulence effects on snow settling dynamics and (2) snow
morphological effects on snow fall speed. Chapter 2 addresses the properties of
atmospheric turbulent flow. In chapter 3, we present snow particle classification and fall
velocity models to characterize the aerodynamic properties for irregular snow particles.
The thesis concludes with Chapter 4 investigating the effect of turbulence on the fall
velocity of snow particles of given morphology. Finally, a summary and future work are

addressed in chapter 5.



Chapter 2: Experimental methods for snow settling
under atmospheric turbulence

2.1 Experimental setup
2.1.1 Field site

Zrov
'

Wind direction

FIGURE 1. Schematic of the measurement setup used in the deployments. Field of view
(FOV) geometry defined by the width W, height H, and center field elevation zgqgy (see
table 1).

The data presented in the current study are from the three field deployments in the period
of years 2016 to 2019 as summarized in table 1. The deployments were conducted at Eolos
Wind Energy Research Field Station (referred to as the Eolos station hereafter) in
Rosemount, MN. The station has a meteorological tower (referred to as the met tower
hereafter) to characterize the local atmospheric conditions. The met tower instrumentation
includes a number of wind velocity (sonic, cup-and-vane anemometers), temperature and
humidity sensors installed at elevations ranging from 7 m to the highest point, 129 m. Four

of these elevations (129, 80, 30 and 10 m) are instrumented with high resolution, Campbell



Scientific CSAT3 3D sonic anemometers with a sampling rate of 20 Hz. Three metres
below each sonic (elevations of 126, 77, 27 and 7 m) are standard cup-and-vane
anemometers with a sampling rate of 1 Hz. Overall, the data from the met tower are
sampled continuously 24 hours a day and stored on backed up servers. Details of the
research station along with instruments specifications are provided in Hong et al. (2014)
and Toloui et al. (2014).

For each field deployment, the settling dynamics of snow particles is captured using
super-large-scale particle image velocimetry (P1V) or particle tracking velocimetry (PTV)
described in Hong et al. (2014) and Nemes et al. (2017), respectively. The corresponding
size and shape distribution of snow particles are obtained using in-house digital in-line
holographic (DIH) system first introduced in Nemes et al. (2017). The meteorological and
turbulence conditions according to each deployment are recorded and determined using the
data from the met-tower measurements. The key information (e.qg. field of view, resolution,
and sample size) for PIV/PTV and DIH measurements in each deployment are summarized
in table 1 with detailed description of PIV/PTV and DIH presented in the remaining portion
of this section. Subsequently, the detailed information regarding the meteorological and
turbulence conditions as well as the snow particle conditions are provided in §2.2 and §3.2,

respectively.

2.1.2 Large-scale imaging of snow particles

Jan 2016 Nov 2018

Re;=3545
€=19cm?%s® .

Re,=938
€ = 8 cm?/s3

4 m 4 m

FIGURE 2. (Colour online) Sample acquisition of snow particles zoomedinona 6 X 4 m?
field of view and a 32 X 32 pixel? subset of the image showing individual snow particles.



The general configuration of the experimental setup for PIV/PTV is illustrated in figure 1.
The Eulerian and Lagrangian velocity fields were computed using particle image
velocimetry (PIV) and particle tracking velocimetry (PTV) respectively. The setup is
composed of an optical assembly for illumination, a camera, and the corresponding data
acquisition system. The illumination system includes a 5 kW search light (a divergence <
0.3°and an initial beam size of 300 mm in diameter) and a curved reflecting mirror for
projecting a horizontal cylindrical beam into a vertical expanding light sheet. The entire
system is attached to a trailer for good mobility in aligning the light sheet with the
predominant wind direction to ensure out of plane motion within the sampling area is
minimized for PIV/PTV. The camera is placed on the ground at a distance of L¢;, from the
light sheet with a tilted angle 8. The coordinate system (i.e., x, y, z and the corresponding
velocity components u, v, w) as well as the location and dimensions of field of view (FOV)
of PIV/PTV are illustrated in figure 1. Note that the Jan 2016 dataset in table 1 corresponds
to the same dataset used in Nemes et al. (2017). The Nov 2018 and Jan 2019 datasets are
from more recent deployments which yield longer durations of recording under different
turbulence and snow particle conditions in comparison to the Jan 2016 dataset. Figure 2
provides sample images of snow particles from each deployment. For comparison of results
across different datasets, a sampling region of 7 m x 4 m (matching the field of view of Jan
2016 dataset presented in Nemes et al. (2017) with the same 32 pixel x 32 pixel PIV
interrogation window is consistent used for all the datasets in the following analyses.
Accordingly, both PTV and PIV have been applied to obtain the statistics of snow settling
velocity from the Jan 2016 and Nov 2018 datasets, which show consistent results as those
demonstrated in (Nemes et al., 2017). In contrast, only PIV is applicable for Jan 2019
dataset due to high particle concentration. Thus, for better comparison across the settling
statistics from the datasets with different particle concentrations, the settling velocity are
measured in an Eulerian sense inside each interrogation window using PIV. Detailed
information including image pre- (e.g. distortion correction) and postprocessing as well as
velocity vector calculation for the PTV is available in Nemes et al. (2017) and for the PIV
can be found in (Dasari, Wu, Liu, & Hong, 2019; Hong et al., 2014; Nemes et al., 2017,
Toloui et al., 2014).



2.1.3 Digital holography

: Acrylic case
Imaging y

lens

Collimating
Beam lens

Laser expander ]

l Power supply

DAQ

Camera

Sample volume z depth

FIGURE 3. The digital in-line holography (DIH) system used to record snowflake images
during the field measurements, showing left: schematic of the DIH system, right: mounting
on the field vehicle and actual application during a snowfall event.

The size and morphology of snow particles were characterised using digital in-line
holography (DIH) in figure 3. The two versions of DIH systems are employed to
characterize snow particle morphology (e.g. size and shape) for the three datasets in the
present study. The earlier version of DIH was employed for the Jan 2016 dataset and its
configuration has been described in detail in Nemes et al. (2017). The later version, which
has a larger sampling volume with improved spatial resolution and data acquisition
capability, was used for the Nov 2018 and Jan 2019 datasets. The later version of DIH uses
a diode laser (Roithner 5 mW, 635 nm), a beam expander (Edmund Optics 9 mm plano-
concave lens), and a collimating lens (Thorlabs 100 mm biconvex lens with anti-reflective
coating) to generate a collimated beam with a 50 mm diameter. It employs a CMOS camera
(PtGrey Blackfly 2048 x 1536 pixels, 3.45 um/pixel) mounted with a Fujinon 25 mm f/1.4
lens to capture the interference pattern between the light scattered from the snowflakes and
that from the collimated beam. The camera is connected to the DAQ (Raspberry Pi 3 -
Model B), which interfaces with a laptop running FLIR SpinView software to control the
camera and collect the images. The entire DIH system is encased in an acrylic enclosure to
protect the electronics from moisture. The enclosure contains an opening which is aligned
with the mean wind direction to allow the snowflakes to pass through the field of view with

minimal disturbance.
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2.2 Meteorological and turbulence conditions
(b) 3

1 (min)

FIGURE 4. (Colour online) Time series of the sonic anemometer data at elevation z =
10 m showing (@) streamwise wind velocity (u) and (b) velocity fluctuation (u') for the
Jan 2016 (solid blue line), Nov 2018 (dotted red line), Jan 2019 (dashed green line)
datasets.

The meteorological and turbulence conditions during each deployment are characterized
using the sonic anemometer measurements from the met tower. In particular, the sonic
measurements at z =10 m, which is at the elevation closest to those of PIV/PTV sampling
areas, are used to provide a statistical description of the turbulence conditions. As shown
in figure 4, the time series of the wind velocity (u) and fluctuation (u") from the 10 m sonic
indicates good stationarity of turbulent flow for all the datasets used in the present study.
Table 2 summarizes the key meteorological and turbulence parameters for all the datasets.
In particular, atmospheric stability conditions are estimated based on both the bulk
Richardson number, Ry, and the Obukhov length, Lyg using the formula below

R, = —|g14A6,A2/(8,[(AU)? + (AV)?]) 1)
Lop = _UTBH_U/KQWI—HVI 2

where g is the gravitational constant, @,, is the virtual potential temperature, U and V are
the average north and west wind velocity, U, is the shear velocity, w' is the vertical wind
velocity fluctuation, and xk is the von Karman constant. The @,, is calculated using 1 Hz
temperature, pressure, and relative humidity measurements. The mean velocity difference
AU and AV are estimated using difference of velocities measured at the bottom (z =10 m)

and top (z =129 m) anemometers, corresponding to Az = 119 m . The Lyg is obtained



using the sonic anemometer near the surface (i.e. z =10 m). We approximated the surface
turbulent virtual potential heat flux as w'8,,". The shear velocity, U, is characterized based
on the Reynolds stress tensor terms u'w’ and v'w’ (Stull 1988) using the formula below

@)

For all the datasets, the values of Ry, are close to zero and those of Ly are significantly

U, = (@w? +vw?2)"*

larger than the length scales associated with our sampling areas of ~10 m, both indicating
the atmospheric flows are neutrally stratified (Hogstrom, Hunt & Smedman 2002).

For the turbulence parameters for Jan 2016 data are adopted from Nemes et al. (2017).
For Nov 2018 and Jan 2019 datasets, the integral time scale, 7y, is calculated from the

temporal auto-correlation function, p, using the formulas below
p(t) = (ul(t)u,(t + T))/O-urz (4)
T
=, p(@de (5)

where 7 is the temporal separation, g, is the standard deviation of u’, and T, is the 1% zero
crossing point of the auto-correlation function. The corresponding integral length scale, L,
is obtained via

L= (g (6)

The dissipation rate, &, is estimated using the second-order temporal streamwise structure

function below
Dy1 (1) ={[u'(t + 1) —u'(D)]?) (7

To yield better convergence of D;,(7), the velocity time series are divided into multiple
two minutes windows with 50% overlap. The structure function is calculated over each

window, and its compensated spatial form (dimensionless) is derived as
Cu’z(r) = D11 (r)/ (e T)2/3 (8)

The spatial lag r in the above formula is estimated using Taylor frozen hypothesisas r =
TUymin Where U, min 1S the mean velocity within each two minutes window. The ensemble
averaged curve for Cu,z(T‘) is used to estimate energy dissipation (&) in the inertial
subrange, where it is supposed to reach a plateau according to the Kolmogorov theory

(Saddoughi & Veeravalli 1994). As shown in figure 5, the compensated structure function
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is plotted for the Nov 2018 and Jan 2019 datasets. For both cases, the curve has a constant
region with value of 2.0, matching reasonably well with the previous study (e.g., Saddoughi

& Veeravalli 1994). Based on the estimate of energy dissipation rate, the corresponding
Kolmogorov time and length scale are calculated as 7, = /v /e, and n = (v3/€)*/*, and

the Taylor microscale A = (u'?)'/2./15v/e and Taylor microscale Reynolds number

(u'?)1/2 /v are also obtained.

¢ Nov 2018 1
© Jan 2019 |

r/n

FIGURE 5. The compensated second-order spatial structure function of the streamwise
velocity component computed using the sonic measurements at z = 10 m. The dashed line
corresponds to a constant value of 2.0.

Meteorological conditions Turbulence conditions
Datasets ¢y ¢, o0, RH T Ry, Log| L 1 £ n Ty A Re
(m/s) (m/s) (m/fs) (%) (°C) (=) (m) [(M) () (cm?/s%)(mm) (ms) (MM) (=)
Jan 2016 1.98 0.16 0.08 98.3 -0.1 0.03 811 |4.9 30.6 8 1.29 126 78 938
Nov 2018 1.55 0.38 0.25 94.3 -1.8 0.12 1007 3.4 89 19 1.04 83 122 3545

Jan 2019 5.95 1.18 0.54 80.0-16.00.03 -2643(14.612.9 290 0.49 20 93 9180

TABLE 2. The meteorological and turbulence parameters obtained using the sonic
anemometer at z = 10 m for all three datasets. Here U denotes the mean streamwise wind
velocity, 0, and o,, the root mean square (r.m.s.) of the streamwise and vertical velocity
components, RH relative humidity, T temperature, L the integral length scale, 7, the
integral time scale, € the dissipation rate, n the Kolmogorov length scale, 7, the
Kolmogorov time scale, A the Taylor microscale, Re; the Taylor microscale Reynolds
number, Ry, the bulk Richardson number and Lgyg the Obukhov length.
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Chapter 3: Snow morphology on settling velocity

3.1 Snow particle classification

Snow particles have been classified into various categories throughout history (e.g.
Magono & Lee 1966; Mason 1971; Nakaya & Sekido 1936; Libbrecht 2007) based on
particle geometrical features. Magono & Lee (1966) classification of snow particles is the
most common classifications as shown in figure 6. More recently, snow particles are
categorized by riming degree estimation or shape complexity from pictures collected with
a MASC (Garret & Yuter 2014; Praz et al. 2017). The wide variety of snow shapes follow
snowflakes growth processes including the meteorological condition of temperature and
relative humidity (Magono & Lee 1966; Libbrecht 2007) in figure 7.
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FIGURE 6. Magono-Lee classification of naturally occurring snow crystals from Magono
& Lee (1966).
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FIGURE 7. Temperature and humidity conditions for the growth of natural snow particles
of various types from Magono & Lee (1966).

Having qualitative classification is extremely useful for understanding the descriptive
categorization of ice and snow crystals, but these classifications are inadequate for
performing physical calculations, which require quantitative classification. There are a
handful of possible ways to quantitatively classify frozen hydrometeors. For example, Lim
et al. (2013) devised a classification methodology of snow particles, such as crystals,
aggregates, rimed snow, etc., by utilizing radar reflectivity fields, which can be used for
determining more accurate estimates of snowfall rates. The empirical relationships that

describe the particle dimensions, diameter, mass, density, and fall velocity are described in
83.2.

Figure 8 depicts the six snow particle types from the DIH system to estimate the still-
air particle terminal velocity. We classify snow particles based on the meteorological
condition of snow formation, specifically temperature and humidity (Magono & Lee 1966;
Libbrecht 2007) and snow geometric features (e.g. particle size and shape). We aim to
develop a new snow classification that can meaningfully relate to the physical parameters

in snow settling dynamics, typically for the snow fall velocity.
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FIGURE 8. The snow particle classification categorized by its geometrical shape and
atmospheric snow formation condition: type 1 — aggregates; type 2 — dendrites; type 3 -
graupels; type 4 — plates; type 5 — columns and needles; type 6 — small ice particles.

3.2 Snow particle properties
3.3.1 Dimensions and mass
In this section, we describe in detail the information about the snow conditions using the
three datasets. Table 3 provides a summary of the snow particle bulk properties
characterized using the DIH systems introduced in 82.1. Specifically, as shown in table 3,
the size of snow particles is measured using the diameter of projected area corresponding
to the diameter of a circle having the same projected area as the snow particle. Snow
particle shape is characterized with the aspect ratio defined as the ratio between the major
and minor axis of an ellipsoid fit to each particle image detected by the DIH system.

The characteristic parameters for snow particles are defined as follows: S is the effective
projected area from the snow holographic image. The cross-sectional area A is defined as

the area of ellipsoid with major and minor axis. Figure 9 depicts these definitions

graphically.
The particle diameter, d,, = /4S /7 )]
Area ratio, A, = S/A where A = dy; X dpy, (10)
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Aspect ratio, E = dy,/d,,
Sphericity, ¢ = 47S/P?

P: Perimeter

dy
i

S: Surface area

(11)
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FIGURE 9. Definition of projected area S, perimeter of the projected area, P, and the major
axis and minor axis of an ellipsoid fit, respectively d,, and d,,,. See text for explanations

in detail.
Particle type Size (dp) Arearatio (A,)  Aspectratio (E)  Sphericity (¢)
[mm] [—] [—] -]
1 1.23+0.36 0.6240.08 1.94+0.53 0.2240.13
2 0.6710.17 0.66+0.09 1.43+0.36 0.324+0.14
3 0.62+0.17 0.7240.05 1.454+0.30 0.50+0.19
4 0.60+0.22 0.67£0.09 1.37+£0.24 0.431+0.18
5 0.56+0.19 0.67£0.09 1.97+£0.46 0.44+0.17
6 0.3440.11 0.57£0.11 1.524+0.47 0.574£0.23

TABLE 3. A summary of snow particle bulk properties characterized using the DIH

systems.

Since most of snow particles are not perfectly spherical, a calibration curve was

constructed for determining the masses and densities of various snowflakes. The ice
particle melting method (Locatelli & Hobbs 1974; Zhang, Pitter & Mitchell 1989) has been

used to estimate mass for individual snow particles as a function of diameter. The influence

of riming and aggregation on ice particle masses was examined based on the empirical

expressions relating snow particle masses and dimensions. The detailed relationships are

summarized in Table 4.
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Particle type Mass m [kg] Density p, [kg/m?]

1 0.0029D*° ;
2 0.068D22 -
3 0.14D27 -
4 0.028D%5 90
5 0.017d,,*® 65d,, %01
6 0.022D%0 -

TABLE 4. A summary of the empirical expressions relating snow particle mass, density,
and size.

3.3 Snow particle fall velocity model

The terminal velocity of falling snowflakes has been a topic of interest and debate since
the Nakaya & Terada (1935) paper, where the velocity of individual crystals was measured
through crystal position observations with the naked eye and the time was measured with
a stopwatch. Subsequent studies measured fall velocity using photographic techniques with
stroboscopic illumination (e.g., Higuchi 1956, Langleben 1954, Schaefer 1947, Zikmunda
& Vali 1972), and radar (e.g., Marshall 1953). The need for accurate predictions of terminal
velocity is critical for modeling cloud processes, which have been shown to be sensitive to
the parameterization of fall velocities (Starr & Cox 1985).

Snow morphology has a significant impact on snow particle terminal velocity. We
predict snow particle fall velocity by a relationship between the Reynolds number (Re) and
Best number (X) corresponding to the six classification types respectively, the type 1
aggregate by Heymsfield & Westbrook 2010; type 2 dendrite by Nettesheim & Wang 2018;
type 3 graupel by Dioguardi, Mele & Dellino 2018, type 4 plate, type 5 column and needle
by Haider & Levenspiel 1989; type 6 small particle by Bohm 1989). Although the five fall
velocity models only consider for the idealized snowflakes, it is the first observation of
different fall velocity using real snow particles.

Aggregate snow is comprised of a circle, square, hexagram, and pentagram. Heymsfield
& Westbrook (2010) proposed adjustment to Michell’s (1966) formula, and in all cases,
the error is 25 % or less. Although these models are much simplified relative to natural

snowflakes, it is a logical first test of aggregate fall velocities. Here p; and n denote the air

16



density and viscosity and g the gravitational acceleration. The procedure for calculating

fall velocity, V, using this method is as follows:

X+ =228 (13)

0.5
n? mAy

We employ the widely used expression derived by Béhm (1989):

2 * 1/2 2
Re=2 l(1 + ﬂ) — 1] (14)

4

With values of the pressure drag coefficient C, = 0.35 and surface roughness constant
6, = 8.0 which were found to provide good agreement with observations of falling
aggregate (Mitchell 1996).

__ NMRe

= o (15)

t

Nettesheim & Wang (2018) introduced the hydrodynamic behavior of four types of freely
falling dendrites through numerical simulations. Fall behavior and an analysis of the results
are in general agreement with numerical studies and reported observations. We assume the
common feature of dendrite types is broad-branched crystals or stellar crystals, so the fall

velocity is estimated as the average value of them:
V, = (1.67 x 1071d,,*?*° — 0.59 + 1.87 x 107*d,**") /2 (16)

Dioguardi, Mele & Dellino (2018) proposed new shape-dependent drag law for graupel
type of particles. The particle shapes of graupels are characterized by sphericity and
circularity. The terminal velocity is calculated with the new-shape dependent drag law:

1/4

The unified Davis number, X = ——22f (i) (17)
n Ae
2
Re =8.5[(1+0.1519x"/2)"/* 1] (18)
W = 4mA/P? (Cox, 1927) (19)
24 (19 025 24 . _(Re008 0.4251

CD = Re (R_e + 1) + Re (0.1806R€O 6459)1/) (Re ) + W (20)

d - . .
V, = /w where p,, is estimated from mass value (21)
3Cppyr
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Haider & Levenspiel (1989) proposed the fall velocity and diameter relationship for three

major particle shapes (sphere, plate and cylinder):

. : . 9o (pp-p )\ />
The dimensionless diameter d* = d,, (%) (22)
-1
The dimensionless terminal velocity V; = (% + 43%) (23)
where K; = 3.1131 — 2.3252 ¢
2\
V=V (5ita) &

The fall velocity of small particles are derived by the widely used expression from Bohm
(1989):

Ren

t = oo priy (25)

The overall procedure of calculating individual snow particle fall velocities is summarized

in figure 10 using the snowflake holographic images from the DIH system.

Original holography Enhanced holography . .
Individual snow particles
Image - 5
preprocessing Automatic
— .
detection of
individual
snow particles Particle
feature
extraction
Final assignment
Performance assessment Probabilistic
*  Overall accuracy output
* Balanced error rate <
*  Baseline model Particle type: 4 (Plate)
(class centroids) Fall velocity: 0.23 m/s

Independent classification

FIGURE 10. Overall procedure to calculate individual snow particle terminal velocities in
quiescent flow.
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Chapter 4: Results and Discussions

4.1 Snow morphology on snow fall speed
As figure 11 shows, from Jan 2016 to Nov 2018 to Jan 2019 datasets, the average snow
particle size reduces with a corresponding decrease in the span of their size distributions

(figure 11a) while the snow particle shapes stay close across the three datasets (figure 11b).

(b)

dM /e dm

FIGURE 11. The distributions in terms of probability density function (PDF) of (a) snow
particle size and (b) aspect ratio for the Jan 2016 (solid blue line), Nov 2018 (dotted red
line), and Jan 2019 (dashed green line) datasets.

The most common type of snow particles is graupel during the three datasets in figure 12.
The Nov 2018 dataset includes much more small ice particles compared to other datasets
which can influence on the distribution of particle terminal velocity, and the Jan 2019
dataset holds more variety of particle types with type 4 and 5 snowflakes.
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FIGURE 12. The frequency of each snow particle type during the three datasets (a) the Jan
2016 (b) Nov 2018, and (¢) Jan 2019 datasets.
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The results of freely falling snow particles are presented in this section. Corresponding to
each snow categorization, we estimate the still-air particle fall velocity using the five model
equations. In figure 13 and 14, the relationship between fall velocity and snow shape are
clearly differentiated corresponding to the snow classification types and quantitatively
consistent with previous literature (e.g. Garrett & Yuter 2014). The calculated terminal
velocities of each particle type can be fit by power law relationships as shown in figure 13.
Graupel type has a higher fall velocity which is consistent with previous literature while
aggregate type has a smaller value presumably due the difference of particle masses and

densities.
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FIGURE 13. Terminal velocities of aggregates, dendrites, graupel, plates, column & needle,
and small ice particles from the snowflake holographic images.
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FIGURE 14. Terminal velocity PDFs of aggregates, dendrites, graupel, plates, column &
needle, and small ice particles.
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FIGURE 15. (Colour online) (a) Snow particle terminal velocity, VV; PDF (b) The non-
dimensionalized snow particle terminal velocity PDF using average velocity, <V, > for the
Jan 2016 (solid blue line), Nov 2018 (dotted red line), Jan 2019 (dashed green line)
datasets.

The still-air particle terminal velocity of snow for all three datasets are used for generating
terminal velocity distribution as shown in figure 15(a). The distribution presents a wide
range of fall velocities in quiescent flow in terms of the ensemble mean of the fall velocity

distribution (table 5) as a result of snow morphological effects. As discussed before, the
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particle size distribution measured by the DIH system shows a significant difference
between three datasets in terms of the mean and standard deviation (see figure 11). Notably,
the Jan 2016 and Jan 2019 have the largest and smallest span of particles size distribution,
respectively. The mean values of snow particle terminal velocity are correlated with the
increasing size of particle diameter from the Jan 2016 to Jan 2019 datasets. The resulting
non-dimensionalized distributions in figure 15 exhibit trend in terms of the distribution
variance related to the meteorological conditions, especially temperature. Since the Jan
2019 dataset holds very cold temperature, it includes more diverse snow particle

morphologies which lead the highest distribution variance.

4.2 Effect of turbulence and snow morphology on snow fall speed

The instantaneous settling velocity of the snow particle denoted as wg(x, z, t) resulting
from PIV analysis for all three datasets is used for generating settling velocity distribution,
as shown in figure 16. Based on the comparison between the DIH snow fall velocity and
the PIV settling velocity distribution, the enhanced snow settling velocity by turbulence
was quantitatively observed. However, it is difficult to establish an exact correspondence
between the particle conditions characterized using DIH and those for PIV due to different
sampling locations of these two measurements (the DIH measurements were performed on
the roof of our deployment vehicle near the ground). We also acknowledge that there could
be an underestimate of snow particle size due to the sampling bias associated with the
location of DIH measurements, particularly for the Jan 2019 dataset which had a higher
wind speed and more turbulent flow conditions. For this reason, most of small particles

and needles could not be considered at the PIV processing.

Based on the comparison between the snow fall velocity from the DIH system and the PI1V
settling velocity distribution in figure 16, the enhanced snow settling velocity by turbulence
was quantitatively observed (see table 5). For all three datasets, the probability density
function (PDF) of the snow particle settling velocity fits well to a normal distribution. The
mean values are not fully correlated with the increasing level of turbulence. Its magnitude

increases first with increasing turbulence level from Jan 2016 to Nov 2018 datasets, and
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decreases as the turbulence level further increase in Jan 2018 dataset causing a significant

portion of instantaneous velocity shifting to positive values (pointing upward).
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FIGURE 16. The PDFs of snow particle terminal (dashed line) from DIH analysis and
settling velocity (solid line) from PIV analysis for (a) the Jan 2016 (solid blue line), (b)
Nov 2018 (dotted red line), and (c) Jan 2019 (dashed green line) datasets.

Such a fall speed enhancement is interpreted as an effect of the particle-turbulence
interaction. As mentioned in the introduction, the majority of previous numerical and
experimental studies found that turbulence significantly enhances the settling velocity of
small inertial particles by means of the preferential sweeping mechanism (Wang & Maxey
1994; Aliseda et al. 2002; Good et al. 2014; Ireland, Bragg & Collins 2016a; Rosa et al.
2016). In particular, the measurements of Aliseda et al. (2002) and Good et al. (2014)
showed that droplets with St of order unity falling in air turbulence can reach settling
velocities two to three times larger than in still air. Those experiments were conducted at
Reynolds numbers one order of magnitude lower than the present one. Numerical studies
have also been limited in Reynolds numbers and typically reported maximum settling
enhancements of 30% to 80 %. Recent simulations covering wide parameter ranges suggest
that settling enhancement is indeed stronger for higher turbulent dissipation rates (Ayala et
al. 2008; Rosa et al. 2016) and larger Re; (Ireland et al. 2016a).

Deployment datasets V: (m/s) W, (m/s) Ww; [V,
Jan 2016 0.40 0.67 1.68
Nov 2018 0.36 1.07 2.98
Jan 2019 0.30 0.70 2.33

TABLE 5. A summary of mean snow particle terminal velocity and snow settling velocity.
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The present results may help to shed some light on longstanding questions on the
relationship between snowflake size, morphology, fall speed, and turbulence. In fact, these
results support the hypothesis that turbulence has a dominant role in determining not only
the variance but also the mean of the snowflake settling velocity.
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Chapter 5: Summary

We provide a systematic field investigation of snow settling dynamics with detailed
characterization of snow and turbulence conditions. Using a holographic technique, a
variety of individual snowflakes in nature are captured when they fall to the ground.
Observations show that natural snow particles do not demonstrate near-perfect symmetry
most of the time, and often have rough surfaces. Additionally, individual ice crystals often
form aggregates with other crystals while they fall toward the surface of the earth.

We mostly focus on the effects of particle shapes on the fall velocity and determining
the enhancement of mean settling velocity by turbulence. The hydrodynamic behaviors of
six types of freely falling snowflakes are explored in this study. Flow characteristics, fall
behavior, and an analysis of the results are reported, and are in general agreement with
previous numerical studies and reported observations. Such information is important in
accurately modeling snow precipitation under different weather conditions. In general, the
result signifies that snow particles react to different turbulent intensities in a complex way,

specifically depending on their inertial properties and on the turbulent spectrum.
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