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Abstract.

The modeled settling speed of frozen hydrometeors has important implications for the prediction of weather and climate.

However, it is usually assumed, erroneously, that they fall in still air. Here, we present novel field measurements of individual

snowflake microphysical properties and their settling velocities in atmospheric surface-layer turbulence. Individual snowflake

motions are tracked in a laser light sheet using particle streak velocimetry (PSV). A hotplate device, the Differential Emissivity5

Imaging Disdrometer (DEID), is used to obtain precise estimates of snowflake mass, density, and size. Relative to calculated

terminal velocities in still air, we present enhancements and reductions of snowflake settling speeds in turbulent air for a broad

range of Reynolds and Stokes numbers. Functional forms describing actual snowflake fall speeds are presented and explored.

In particular, a promising non-dimensional functional form for the ratio of actual particle fall speed to terminal velocity is

presented in terms of turbulence intensity and a new variable called the shape density index or SDI, which is related to an10

individual hydrometeor’s microphysical structure.

1 Introduction

Predictions of precipitation amount, location, and duration are highly sensitive to parameterized expressions of how precipita-

tion particles fall (Morrison et al., 2020). Substantial impacts on predictability have been identified for forecasts of hurricane

trajectories (Fovell and Su, 2007), storm lifetimes (Garvert et al., 2005; Colle et al., 2005; Milbrandt et al., 2010), cumulative15

precipitation at regional scales (Colle et al., 2005; Milbrandt and Morrison, 2013; Morrison and Milbrandt, 2015; Hagos et al.,

2018; Bao and Windmiller, 2021), precipitation extremes (Singh and O’Gorman, 2014), convective cloud dynamics (Parodi

and Emanuel, 2009; Posselt et al., 2019), and weather and climate modeling (Jakob, 2002; Mitchell et al., 2008; Eidhammer

et al., 2024).

Particle fall speeds play an important role in determining spatial and temporal variability of snow cover, the surface energy20

budget of the lower atmosphere, local hydrology, the mass balance of glaciers, and vegetation development (Cohen and Rind,

1991; Lehning et al., 2008). Existing models of snow-cover distribution, soil moisture, surface runoff, and river discharge

use simple parameterizations of surface processes (Lehning et al., 2006). At smaller scales, topographical features modify

the flow-field near the surface resulting in preferential deposition and spatial-temporal heterogeneity of snowfall distributions,
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especially in mountain environments (Lehning et al., 2008; Mott and Lehning, 2010). Surface-layer turbulence is expected to25

be an important factor influencing the motion and deposition of frozen hydrometeors through their settling velocity.

In this paper, the ratio of the actual fall speed of a snow particle, Vp, to the calculated terminal velocity of the same snow

particle under quiescent (no wind) conditions, Vt, is used to evaluate the degree to which the movement of the surrounding

fluid modifies hydrometeor settling. Early experiments studying the effects of turbulence on particles falling in a gravitational

field explored heavy spherical particles (Murray, 1970) and quantified the settling reduction using a normalized parameter we30

term here the settling enhancement ratio, or Vp=Vt. Solid spherical particles with known densities and terminal fall speeds in

still fluid were compared to observed average fall speeds of identical particles falling through grid-generated turbulence, that is,

turbulence produced by passing a steady flow through a mesh or grid to create nearly isotropic and homogeneous fluctuations.

Murray (1970) conducted laboratory experiments using grid-generated turbulence and found that particle fall speeds were

reduced by as much as 30% relative to their terminal velocities in still fluid.35

By contrast, in a theoretical analysis, Maxey and Corrsin (1986) showed that inertial-particle settling speeds are generally

enhanced in simulated flow fields over similar particles in a still fluid. This enhancement is owing to the "fast-tracking" of

heavier particles that tend to sample the downward side of vortex boundaries. This effect was highlighted in subsequent publi-

cations that also showed instances of reductions in particle settling speed (Wang and Maxey, 1993a; Nielsen, 1993). Particles

that are too fast or too large to be guided along the fast-track periphery of eddies, or if the vortices are short-lived, spend more40

time sampling upward-moving regions of the flow, resulting in "particle loitering" and a subsequent decrease in fall speed.

When the eddy turnover time becomes comparable to the particle response time, however, even relatively large particles can

momentarily adjust to the surrounding flow, leading to improved alignment with turbulent motion.

Good et al. (2014) highlighted that particles with high inertia and densities much greater than the fluid are increasingly

unaffected by horizontal velocity fluctuations of the fluid, making them less likely to be fast-tracked, resulting in a reduction45

of the mean settling velocity. Nielsen (2007) identified a need for more experimental data due to the variety of flow structures

with the same relative turbulence strength.

Within a random flow field and in the absence of particle inertia, Maxey (1987) showed the average particle velocity to be

the same as the terminal velocity. In the case of very-high particle inertia, particles display ballistic trajectories decoupled from

the fluid flow.50

Generally, an increase or decrease in fall speed only occurs for particles within an intermediate range of inertia values,

typically corresponding to Stokes numbers of about 0:1 � St� 1, where the particle response time is comparable to the

Kolmogorov time scale (Wang and Maxey, 1993b; Ireland et al., 2016). In a review of several published simulations and

experimental results indicating enhancement and reduction in relative settling velocity, Nielsen (2007) noted the importance of

particle density and inertia in the form of a Stokes number derived from the particle and fluid timescale ratio.55

There is an increased likelihood of a particle having enough inertia to get into regions of fast-tracking with increasing Stokes

number. That is, they showed loitering increasing as Stokes number decreases.

Numerical simulations by Fornari et al. (2016) of finite-sized particles with densities slightly greater than the fluid, show a

reduction in settling velocity for Kolmogorov-scale particles. As Vt decreases and the streamwise turbulent velocity fluctuations
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U 0x increase, a reduction in the particle settling speed occurs. A reduction in Vp is also observed for sub-Kolmogorov particles60

as Vt increases and U 0x decreases as particles are less likely to sample the regions of downdrafts, similar to the observations

made by Nielsen (1993).

Fewer experiments exist that have measured the settling rate of snowflakes directly. The lack of experimental data is due

to the difficulty of tracking and labeling frozen hydrometeors in their natural airborne state while simultaneously quantifying

the microphysical attributes of each differing particle. The need to include the particle mass, density, and shape in fall speed65

calculations (Heymsfield and Westbrook, 2010) is highlighted by measurements obtained by Locatelli and Hobbs (1974) in

still air that show that natural aggregates, even of similar size, can fall at very different terminal velocities ranging from about

0.4 m s�1 to 1.2 m s�1.

Without measuring the inertial properties of snow, recent field experiments by Nemes et al. (2017) and Li et al. (2021b)

observed a substantial increase in the settling velocity of tracked snow particles (Vp) in the atmospheric surface layer with70

average settling-rate enhancements of three and seven fold, respectively, over the corresponding still air terminal velocities.

They define Vt in terms of a Stokes number timescale relationship as St=
�p
��

= Vt=g
��

, where �� is the Kolmogorov time scale

associated with the smallest turbulent eddies in the flow and �p the aerodynamic response times. They determined values of �p

from the distribution of snowflake accelerations. The reported increase in settling speed was primarily attributed to surface-layer

turbulence and preferential sweeping. Li et al. (2021a) observed the largest spread in velocity distributions associated with the75

narrowest spread in size distributions and visa-versa, suggesting that different densities could contribute to the counterintuitive

findings.

In this paper, we measure Lagrangian settling velocities by tracking snowflakes over a wide range of snowfall conditions.

Currently, limited measurements of the fall speed of frozen hydrometeors have been reported in the literature (Li et al., 2024a)

that contain direct measurements of mass and density; most instead use an assumed aerodynamic density, which is an effective80

density inferred from a particle’s drag behavior and depends on its shape, porosity, and orientation rather than its true material

density. Our goal is to understand the impacts of turbulence on the fall speed as a function of the actual measured snowflake

density and shape characteristics.

2 Methodology

Atmospheric turbulence is generated by two primary components: wind shear and buoyancy driven by temperature gradients.85

Our focus is on the atmospheric boundary layer (ABL), specifically the surface layer, or the portion of the troposphere that

is directly influenced by the surface on a timescale of approximately an hour or less and ranges in depth between hundreds

of meters to a few kilometers (Stull, 1988). The turbulence data presented here were collected during the nighttime snow

events when daytime buoyancy effects are weak. While diurnal behaviors are always present, during precipitation events,

near-surface turbulence statistics are primarily determined by the wind’s interaction with terrain complexities and vegetative-90

canopy structures. Turbulence statistics for each event are utilized to identify and segment cases into periods of high and low

turbulence.
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2.1 Field site

Field experiments were performed at the Mid-Collins (CLN) snow study plot in Alta, Utah, USA (40� 340 33.6600N 111� 380

19.9300W, elevation 2945 m) during the 2020-2021 winter season. The site averages 1300 cm of snowfall annually and has95

17.4 days with at least 25 cm of snow per winter (Alcott and Steenburgh, 2010). The Alta study plot is located in a clearing

surrounded by an� 10 m tall tree canopy surrounded by complex mountainous terrain. This site was chosen in-part to avoid

the additional measurement of windblown snow that is typically lifted from exposed terrain features.

The instrumentation deployed for this work was collocated with existing operation instruments operated by Alta Ski Area as

well as manual snow measurements conducted twice daily. Data collection at Alta consisted of one CSAT3 Campbell Scienti�c,100

Inc. sonic anemometer-thermometer that was maintained at� 1.5 m above the snow surface that measured all three components

of the wind and sonic temperature. These data were logged at 20 Hz to capture high frequency measurements of the along-wind

component of the wind velocityux , the transverse componentuy , and the vertical velocity componentuz . One high-precision

slow-response Vaisala HMP 155 thermometer/hygrometer was located at approximately 1.5 m above ground and sampled at

1 Hz. The CSAT3 and HMP 155 data were logged using a Campbell Scienti�c CR1000. A Differential Emissivity Imaging105

Disdrometer (DEID) (Singh et al., 2021b) was maintained at the same height as the sonic anemometer to measure individual

snow�ake mass, density, and geometric characteristics. Collocated with the DEID was a particle tracking system for measuring

individual snow�ake positions and velocities. A photograph of the main tower is presented in Fig. 1 (Figure. 1 was adapted

from (Singh et al., 2023) with the permission of AIP Publishing. © 2023 AIP Publishing.). Detailed descriptions of the DEID

and particle tracking system are given below.110

In addition to the instruments on the main tower, a Multi-Angle Snow�ake Camera (MASC) (Garrett et al., 2012) was

deployed at� 1 m above the snow surface on a mast located within 10 m of the main tower. The MASC captures high-

resolution photographs of individual snow�akes; however, its data were not used in the present analysis. We have also used

temperature data from Alta Ski Area's high-elevation Mt. Baldy observation station located at an elevation of 3373 m (40° 34'

3.72" N, 111° 38' 14.64" W)115

Intensive Observation Periods (IOPs) were performed during most nighttime snowfall events throughout the 2020-2021

season and comprised millions of snow�ake settling velocities and physical properties measurements. This paper focuses on

four cases conducted during snow-event IOPs on 12 December 2020 (Case 1), 4 January 2021 (Case 2), 16 March 2021

(Case 3), and 26 March 2021 (Case 4). Details about the meteorology condition, observation time intervals, and microphysical

parameters are provided in Table 2.120

2.2 Snow�ake imaging and tracking to measureVp

The motions of settling individual snow�akes were imaged using a particle tracking system consisting of a laser sheet with a

sampling volume (or region of interest, ROI) of 24.6 cm� 13.8 cm� 6.5 cm oriented normal to the viewing angle of a Nikon

D850 SLR camera with a single focal length Nikon AF-S VR Micro - Nikkor 105 mm f/2.8G IF-ED lens. The SLR camera

recorded 3840 pixel� 2160 pixel images with a spatial resolution of� 64 � m pixel� 1 at 30 fps within a vertical laser sheet125
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