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Abstract: Understanding the mechanisms of snow adhesion to surfaces and its subsequent shedding
provides means to search for active and passive methods to mitigate the issues caused by snow
accumulation on surfaces. Here, a novel setup is presented to measure the adhesion strength of snow
to various surfaces without altering its properties (i.e., liquid water content (LWC) and/or density)
during the measurements and to study snow shedding mechanisms. In this setup, a sensor is utilized
to ensure constant temperature and liquid water content of snow on test substrates, unlike inclined or
centrifugal snow adhesion testing. A snow gun consisting of an internal mixing chamber and ball
valves for adjusting air and water flow is designed to form snow with controlled LWC inside a walk-in
freezing room with controlled temperatures. We report that snow adheres to surfaces strongly when
the LWC is around 20%. We also show that on smooth (i.e., RMS roughness of less than 7.17 µm)
and very rough (i.e., RMS roughness of greater than 308.33 µm) surfaces, snow experiences minimal
contact with the surface, resulting in low adhesion strength of snow. At the intermediate surface
roughness (i.e., RMS of 50 µm with a surface temperature of 0 ◦C, the contact area between the snow
and the surface increases, leading to increased adhesion strength of snow to the substrate. It is also
found that an increase in the polar surface energy significantly increases the adhesion strength of
wet snow while adhesion strength decreases with an increase in dispersive surface energy. Finally,
we show that during shedding, snow experiences complete sliding, compression, or a combination of
the two behaviors depending on surface temperature and LWC of the snow. The results of this study
suggest pathways for designing surfaces that might reduce snow adhesion strength and facilitate
its shedding.

Keywords: snow formation; snow adhesion; snow gun; surface roughness; surface energy; liquid
water content (LWC) sensor

1. Introduction

The freezing process of liquid water droplets in the atmosphere and adhering to surfaces is known
as atmospheric icing [1,2]. Atmospheric icing includes the three important categories: hoar frost,
in-cloud icing, and precipitation icing [3]. Hoar frost forms because of the direct phase change of water
vapor around a cold substrate to the solid state of ice. On the other hand, in-cloud icing occurs when
supercooled water droplets convert to ice. In-cloud icing includes two phases: glaze and rime [2].
Glaze particles have a diameter of 70 µm to a few millimeters and occur when there is water runoff

from a surface. Rime particles have a diameter of 5–70 µm and occur when there is no water runoff
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from the surface [4,5]. Precipitation icing includes freezing rain, and snow [6]. Freezing rain occurs
when supercooled water droplets freeze upon impact to a surface [6,7]. Snow, due to its high stickiness
and capability of applying high loads to structures, can be problematic.

Snow events occur naturally in many areas in the world such as North America, Europe,
Russia, Japan, Greenland, and others. Safety concerns arise when snow accretes on bridge cables,
power lines, telecommunication structures, wind turbines, sensors of autonomous vehicles, and solar
panels. Snow accretion on structures can result in failures due to overloading, while its shedding
and detachment could be damaging to pedestrians and vehicles [2,8]. Snow covering the sensors of
autonomous vehicle sensors causes loss of data to the system, which could lead to fatal vehicular
accidents [9,10]. Solar panels experience a significant reduction in power production when covered
with snow, which sometimes may last for days [11–13].

It was initially reported that snowfall occurs when wet bulb temperatures are below 0 ◦C
and moisture is present in the atmosphere [14]. Later findings indicated snow formation even at
wet bulb temperatures greater than 0 ◦C [15]. Snow particles are formed in clouds as a result of
nucleation of water droplets around small particles. The most observed snow particle structures are
plate-like, columnar, needle, and dendritic. The size and shape of the snow particles are dependent on
the temperature and supersaturation of the environment [16].

A snow layer is a mixture of ice particles, air, and water. Liquid water content (LWC) is a snow
property that describes the amount of water in the snow and is defined by the mass ratio of the liquid
water in the snow to the total mass of snow [17]. Dry snow is composed of air and ice. Wet snow on
the other hand has water that fills the gaps between the ice particles, minimizing the amount of air
between these particles. Dry snow has a relatively low density, rarely exceeding 100 kg/m3 [8]. Snow is
in so-called pendular regime, when the liquid water content in snow is below ~27%. Air and small
amounts of water fill the gaps between the ice particles. The so-called funicular regime occurs when
gaps between ice particles are mostly filled by liquid water with minimal air [18]. Dry snow can
accumulate at wind speeds below 2 m/s and below 0 ◦C, in which case air accounts for more than
70% of the total volume and the liquid water content is typically less than 5% [19]. Wet snow results
when dry snowflakes rapidly metamorphize at negative air temperatures in supercooled clouds.
These snowflakes pass into a positive temperature air layer, allowing melting to occur, thus causing an
increase in the liquid water content [20].

Discrepancies exist about at which temperatures wet snow actually forms. Admirat claimed wet
snow forms in the temperature range of 0 to 2 ◦C [2]. However, Makkonen later claimed that snow
accretes at wet bulb temperatures greater than 0 ◦C [15]. Next, he modified this claim to wet bulb
temperatures greater than −0.2 ◦C [21]. Finstead and co-workers also suggested that wet snow occurs
when air temperatures are between −2 and 5 ◦C and the critical percent relative humidity is more
than 85.1 − 5.3 × Ta [22]. Under these conditions snow can adhere to surfaces. At the first stages of
snow accumulation, it is relatively easy to remove the snow, but once the temperature falls below 0 ◦C,
the snow freezes into a hard, dense (300–800 kg/m3) layer with strong adhesion [2]. While some studies
have aimed at exploring snow formation and adhesion [5,23–25] there is no comprehensive study
focusing on relationships between surface properties and snow adhesion and its shedding mechanisms.

Here, we present a systematic approach to investigate the impact of surface energy and roughness
on the adhesion strength and shedding mechanism of snow. An experimental setup is developed
to measure snow adhesion strength on various surfaces without altering the properties of snow
(i.e., liquid water content). A LWC sensor is used to monitor the snow wetness during the adhesion
measurements. We show how infiltration of the snow’s free liquid water into the surface roughness
depends on temperature and plays a significant role in snow adhesion or shedding. The results of
this work can be helpful in identifying snow mitigation strategies on bridge cables, solar panels,
and camera lenses of autonomous vehicles.
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2. Experimental Section

A snow gun was designed for artificial snow formation year-round inside a walk-in freezing room
that reached temperatures of −20 ◦C (Figure S1) [26]. The snow gun has an internal mixing chamber
and two ball valves for adjusting air and water flow (Figure 1). The addition of the ball valves allows
the liquid water content to be controlled while producing artificial snow. When the snow gun began
operating, the cold room would warm first. Next, the cold room temperature would remain constant
between −5 and 0 °C for approximately one hour for artificial snow to be produced. Compressed air of
1.5 to 3 Bar (depending on the desired LWC in snow) is mixed internally with room-temperature water
flowing at a rate of approximately 1.51 L per minute. The mixture is forced through converging nozzles
with end size of 1/16 inch. Fast moving liquid water droplets exit the nozzles and enter the walk-in
freezing room, in which snow nucleation occurs. The spray pattern is conical to reduce the collision
of particles within the air before they nucleate. The final mass ratio of water to air at the exit is
approximately 98%. Reducing the inflow of water by the adjustment valve creates drier (low LWC)
snow while increasing the opening of the adjustment valve results in a high density and high LWC
artificial snow. Movie S1 shows snow formation using the snow gun. A high-speed camera (OLYMPUS,
i-SPEED TR, 10,000 fps) was used for capturing the slow-motion side-view videos of artificial snow
particles, before impacting the surface and possibly agglomerating on it. Images of the moving snow
particles were extracted from the videos and analyzed with the ImageJ processing tool, obtaining snow
particles with LWC of ~22%, and with diameters of 43.53 ± 24.99 µm.
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Figure 1. (a) Schematic of a snow gun with four nozzles that forms the snow by mixing air and water
with controlled pressure. (b) The UToledo snow gun with four nozzles. Each nozzle has its own ball
valve for controlling air and water flow. (c) The components of a single nozzle snow gun. The water
entrance, compressed air entrance, and nozzle are depicted. The air and water entrance can be controlled
by the corresponding ball valves, which in turn controls the LWC of snow.

LWC plays a critical role in determining snow properties. A LWC sensor was used throughout all
experiments to track any changes that could occur during testing. The sensor measures the temperature
and the electrical conductivity of the medium (i.e., snow). It uses a database and a complex algorithm
to determine whether air, water, or snow and/or ice are present on its surface. Further details about
the sensor are available in our recent patent (Figure S2) [17]. Snow consists of air, water, and ice
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and based on their ratio it can be in the pendular or funicular regime. In the pendular regime, the water
droplets are surrounded by air and graupel particles and the LWC is below ~27% (for a density of
0.2 g/cm3) (Figure 2a). In the funicular regime, the air is surrounded by water and graupel particles
and the LWC is high (Figure 2b). In both regimes water can migrate within the snow impacting its
LWC values locally. It is hypothesized that the LWC of snow impacts its adhesion strength to any
surfaces, regardless of the surface properties. Therefore, any setup to measure snow adhesion strength
must prevent any water movement and change in the LWC within the snow, during the measurements.
In a gravitational [27] or a centrifugal [28] setup the gradient of liquid water content occurs in snow
(Figure 2c) during the adhesion measurement, leading to incorrect and unreliable correlation between
LWC of snow and snow adhesion strength. Here, we utilized two LWC sensors, one on the top
and another on the bottom of an inclined aluminum substrate, and visually observed migration of
water to the bottom of the snowpack due to gravity (Figure 2d).
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Figure 2. (a) Schematic of snow in the pendular regime; this typically occurs when the liquid water
content in snow is below ~27%. Air and small amounts of water fill the gaps between the ice particles.
(b) Schematic of snow in the funicular regime in which gaps between ice particles are mostly filled
by liquid water with minimal air. At around 27% LWC in snow, the transition between pendular
and funicular regimes occurs. (c) Schematically shows the liquid water content gradient that occurs
in snow on an inclined substrate during shedding. The LWC sensors confirm this water movement
in snow on inclined substrates. (d) A photo of a snow pile accumulated on an aluminum substrate,
indicating migration of water to the bottom of the snowpack due to gravity. A liquid water content
gradient forms, resulting in lower LWC at the top of the snowpack, when compared to its bottom.

To prevent the LWC gradient from rapidly changing during measurements, a flat configuration
is used to design a snow adhesion measurement setup as shown schematically in Figure 3 (see also
Figure S3 for the photo of the setup). An LWC sensor is centered on the sample furthest from the shear
wall. Initially, two sensors were placed on the sample during testing. Once it was verified that the LWC
remained unchanged, a single sensor was used to maximize the surface area of the substrate in contact
with the snow.
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Figure 3. Schematic of a setup developed for measuring shear adhesion strength of snow on various
substrates. The test substrate with snow is placed on a cart. The shear wall is adjusted to the interface
of the snow and the substrate. A motor pulls a cart holding a force probe which pulls the cart with
the snow sample. The force probe measures the force required to shear the snow, as well as the friction
between the cart’s wheels. The setup is reset to its original position and the shear wall is adjusted to
not interfere with the sample or snow. The motor is turned on once more to measure the frictional force
between the cart’s wheels. The frictional force is measured during each experiment to account for any
differences in the weight of the snow or samples.

To conduct adhesion measurements multiple 6 × 6 in samples made of various materials were
prepared and the artificial snow formed by the snow gun was collected and sifted onto the test samples
at a minimum distance of 2 cm. The excess snow was cut from the samples using a straight edge to
ensure the snow surface area was not larger than the 6 in × 6 in each square sample. The sample was
then placed on the test apparatus. The shear wall height was adjusted to the interface of the snow
and the substrate. The motor was turned on and the cart was pulled at a speed of 1.7 mm/s. Various
speeds were tested to understand how velocity impacts snow adhesion. The failure mechanisms
described are apparent regardless of the cart velocity. A force probe (DS2-4 digital force gauge from
GaugeCity.com) with a capacity of 20.00 N and a resolution of 0.01 N was used to measure shear
forces. At the end of the first pull, the snow remained on the end of the cart, not on the test substrate.
Then, the cart was reset to its initial position and the motor was turned on again. The force was
recorded a second time to determine the specific friction for the test case. Because the weight of
the snow changes with varying LWC, the friction test was conducted with each trial. The average
friction force (it remained the same throughout the experiment) was subtracted from the maximum
force recorded from the first pull with snow. The resultant is the force in newtons required to shear
the snow. This resultant is divided by the area of the substrate to obtain the adhesion strength of
snow in pascals (see Supporting Information). Each experiment was conducted a minimum of five
times and at a temperature of 0 ◦C in order to mimic a realistic scenario of snow adhesion where both
ice and liquid water can be present. The detailed results of the experiments are shown in Table S1.
In addition, calculations of adhesion strength are shown with raw data in Figure S4 and Table S2.

To study the impact of roughness on snow adhesion strength, samples of different materials
were treated with an aluminum oxide sandpaper with sizes ranging from 60- to 4000-grit. Standard
stainless steel, aluminum 6061, and copper samples were used to study the impact of surface energy
and roughness. In addition, high-density polyethylene (HDPE) and photovoltaic glass were purchased
from Amazon and Cat I Glass Manufacturing Inc., respectively. A Keyence VHX 6000 optical
microscope was used to determine the surface roughness of each material. The microscope has
multi-angle observation with lighting data from every direction that enables building of 3D structures.
The resolution used for the roughness measurements was 2000×. On each sample, measurements
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were taken in 16 random locations and average RMS values with error bars are reported in Table 1.
The surface energy of each sample was measured using a Kruss Mobile Surface Analyzer (MSA).
The MSA uses an Owens-Wendt-Rabel & Kaelble (OWRK) model, deionized water, and diiodomethane
to calculate the surface free energy. In addition, the surface energies were also obtained by the Fowkes
method using contact angle measurements of deionized water and glycerol on the test substrates.

Table 1. Surface energy measurements taken from the Kruss Mobile Surface Analyzer as well as
the surface roughness measurements taken from the Keyence VHX 6000 are shown for the substrates
that were tested during snow adhesion measurements.

Substrate RMS
(µm)

Polar Surface
Energy
(mJ/m2)

Dispersive
Surface Energy

(mJ/m2)

Total Surface
Energy
(mJ/m2)

Average Shear Adhesion
Strength of Snow

(Pa)

AL 6061

7.17 ± 0.13 3.16 ± 0.04 27.13 ± 0.26 30.29 ± 1.18 29.9

15.34 ± 0.22 0.38 ± 0.21 27.71 ± 5.06 28.09 ± 4.85 187.7

134.4 ± 0.16 0.56 ± 1.80 26.59 ± 0.12 27.16 ± 1.92 151.1

169.42 ± 1.94 2.86 ± 1.72 28.46 ± 3.12 31.31 ± 4.84 137.3

238.29 ± 1.47 15.01 ± 1.31 13.77 ± 2.91 28.78 ± 2.12 51.5

273.31 ± 2.88 19.17 ± 7.47 9.44 ± 6.44 28.61 ± 1.42 50.8

308.33 ± 2.43 9.37 ± 4.56 21.58 ±6.01 30.95 ± 1.56 32.4

36.4 ± 1.96 9.86 ± 0.98 16.34 ± 2.74 26.20 ± 1.76 331.4

HDPE 36.4 ± 4.36 6.15 ± 2.62 31.03 ± 1.37 37.18 ± 1.25 29.6

Stainless Steel 36.4 ± 2.31 7.41 ± 1.85 29.64 ± 3.09 37.05 ± 4.32 66.4

Copper 36.4 ± 1.34 1.15 ± 2.69 34.26 ± 0.92 35.40 ± 1.77 73.3

3. Results and Discussion

For studying snow adhesion strength to various surfaces, liquid water content (LWC) in snow
plays an important role. Figure 4a shows snow shear adhesion strength to aluminum (Al 6061)
and photovoltaic (PV) glass as a function of the LWC in snow. At low liquid water content values,
the snow has a powdery structure and its adhesion strength is low due to the lack of free water to
form capillary actions at the interface. Many air gaps can occur at the surface because the snow is dry
and this can result in lower contact area between the snow and the substrate, leading to lower snow
adhesion strength. As the LWC increases, the capillary forces increase, forming a strong adhesive
bond between the snow and the substrate. Once the LWC in snow surpasses ~20% the snow becomes
slushy, and the excessive water forms a liquid layer to allow gliding of the snow grains on the substrate,
leading to decrease in adhesion strength between the snow and the substrate.Appl. Sci. 2019, 9, x FOR PEER REVIEW 7 of 13 
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Figure 4. Impact of LWC and surface roughness on snow adhesion strength. (a) Results of snow shear
adhesion strength on aluminum (Al) 6061 and photovoltaic (PV) glass. Maximum snow adhesion
strength values are observed on both substrates, when the LWC of snow is around 20%. (b) Results
are shown for shear adhesion strength (at LWC of ~22%) of snow on aluminum 6061 substrates as a
function of surface roughness (RMS = 7 to 308 µm).
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We hypothesize that the higher snow adhesion strength of Al 6061, when compared to the PV
glass substrate, is due to differences in their roughness and surface energy. To study the impact of
each parameter separately, first we treated the Al 6061 substrates with aluminum oxide paper to
obtain surfaces with various roughness. The surface roughness was measured using the Keyence
VHX 6000 tool; the roughness values of the substrates are listed in Table 1. Next, we measured snow
adhesion strength on these substrates, similar to the method reported earlier where the LWC in snow
and substrate temperature were kept at ~22% and 0 ◦C respectively. As mentioned earlier, the diameter
of the snow particles (at LWC of ~22%) was 43.53± 24.99 µm. While it is not possible to directly measure
the size of snow particles on the surface, we hypothesize that when the substrate is very smooth (RMS
values of ~7.17 µm or lower), snow adhesion strength is relatively low (Figure 4b). An increase in shear
adhesion strength of snow is observed when the surface roughness increases to a level comparable
to the size of the snow particles. The highest snow adhesion strength is observed on the Al 6061
substrate with RMS roughness of ~36.35 µm, where snow has more contact area with the surface, when
compared to very smooth surfaces. We believe that the enhanced surface area, while maintaining
the apparent surface area constant (6 × 6 in), might be responsible for the observed increase in the snow
adhesion strength, given the considerable presence of liquid water in snow (LWC of ~22%). As surface
roughness increases further beyond the size scale of the snow particles, the surface roughness becomes
filled with the snow particles, which are lubricating each other. During the adhesion measurements,
cohesive failure happens locally between the bulk layer of snow and the snow particles that are filling
the surface roughness. This results in reduced apparent snow adhesion strength on these very rough
surfaces. However, this only can be claimed in the macroscopic level (large surface area) and not in
the microscopic level. Figure 5a–c schematically demonstrates the impact of surface roughness on
the adhesion strength of snow.
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Figure 5. Impact of surface roughness on the snow adhesion mechanism, hypothesized schematically.
(a) On a very flat surface, snow does not become trapped within the roughness and shears at the interface.
(b) When the size of snow particles and surface roughness are on the same range, the snow particle are
sheared in half, leading to enhanced adhesion strength values. (c) When the snow particles are smaller
than the surface roughness, shear adhesion strength is lower because some snow particles glide over
others that are inside the roughness.

Surface energy is another important parameter when studying snow adhesion strength. Since snow
is composed of liquid water, ice, and air, it is a polar structure with a surface energy of 30–72 mN/m,
depending on its LWC value [29]. To understand the impact of surface energy, aluminum 6061, stainless
steel, HDPE, and copper were studied. It is important to note that the aluminum used in this experiment
was pretreated to prevent oxidation of pure aluminum to form Al2O3. This pretreatment of the metal
results in lower surface energy than the pure element [30]. Each substrate was roughened using
aluminum oxide sandpaper to obtain the same average roughness (RMS of ~36.4 µm) before adhesion
measurements. In addition, for the adhesion measurements on all substrates, the LWC of snow
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and the substrate temperature were kept at ~22% and 0 ◦C, respectively. A strong correlation was
found between polar and dispersive surface energy and snow shear adhesion strength.

Dispersive surface interactions are caused by temporary fluctuations of charges between atoms or
molecules. These temporary interactions exist in every substance and are known as Van der Waals
interactions with a shear adhesive strength of 0.4–4.0 kJ/mol. Polar interactions are comprised of
Coulomb interactions between dipoles (e.g., hydrogen bonds). Hydrogen bonding has a shear adhesive
strength range of 12–30 kJ/mol, which is much stronger, compared to the der Waals interactions [31].
Modulating surface roughness impacts the polar and dispersive surface energy while maintaining
the same total surface energy (Table 1). Dispersive surface energies are naturally weak. Polar surface
energy is related to hydrogen bonding and Coulombic forces, which are stronger than the Van der
Waals forces. For highly nonpolar surfaces, variation in dispersive surface energy greatly impacts
the adhesive strength. However, when the surface is relatively polar, the component of the dispersive
surface energy does not play a major role in determining the adhesion strength of the surface to another
material, i.e., snow. For a relatively polar surface, by decreasing the polarity, the adhesion strength of
snow decreases as well (Table 1). To decrease surface polarity the symmetry of the surface roughness
must increase. These findings help in designing surfaces with reduced snow adhesion strength.

While conducting snow adhesion measurements, three snow de-adhering/shedding mechanisms
were identified (Figure S5). LWC was held constant at ~22% for the observation of each failure
mechanism. Slight adjustments in the compressed air pressure and water flow rate of the snow
gun as well as the freezing room temperature enables modulating the LWC of the created artificial
snow. Once the snow is on the substrate, the variation of liquid water movement in snow depends
heavily on the freezing room temperature. This temperature was adjusted slightly while the LWC
values were recorded using the sensor to ensure that the LWC was constant during the adhesion
measurements. Figure 6b shows a complete compression which occurs when substrate temperatures
are above 2 ◦C during snow de-adhesion/shedding. At these temperatures there is minimal ice in
snow and the snow–substrate interface contains considerable liquid water. Therefore, snow begins
de-adhering/shedding by forcing each snow particle into the next, resulting in a rolling motion
of the snow (see Movie S2). When temperature drops to below freezing (i.e., at −2 ◦C) the snow
de-adhering/shedding mechanism turns to bulk sliding (see Movie S3). A quasi-ice layer forms at
the snow and substrate interface, shown in Figure 6a, allowing the snowpack to remain in one piece
during shedding. In the sliding de-adhering/shedding mode, the snow shear adhesion strength is very
high, when compared to the compression mode; this might be due to partial formation of ultrathin ice at
the snow–substrate interface [27]. A combined compression-sliding snow de-adhering/shedding mode
is observed when the substrate temperature is around 0 ◦C and is shown in Figure 6c. In this mode,
snow compression occurs at the beginning of the adhesion test and then changes to a sliding mode,
where the substrate temperature (~0 ◦C) is favorable for the combined presence of liquid water and ice
at the snow–substrate interface [27]. In this mode, the snow may compress, then slide, and repeat, or
vice versa (see Video S4 and Figure S6).
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Figure 6. (a) Depicts the snow–substrate interface in snow sliding de-adhering/shedding mode, in which
the snowpack slides as a whole (one piece) without any deformation of the snowpack or rolling of snow
particles. (b) Depicts the snow–substrate interface in snow compression de-adhering/shedding mode,
in which snow particles roll and the snowpack deforms in shape. (c) A combined sliding-compression
mode in which snow compression occurs at the beginning of the adhesion test and then changes to a
sliding mode, where substrate temperature is 0 ◦C, favorable for the combined presence of liquid water
and ice at the snow–substrate interface.
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To confirm the infiltration of liquid water in snow in relation to surface roughness, and to verify our
hypothesis on the impact of temperature on snow adhesion strength at rough surfaces, we examined
the surface roughness during the adhesion measurement [32]. Figure 7a–d shows the liquid infiltration
progression, in which the free water completely fills all gaps in the roughness. In Figure 7a, water is
just above the substrate roughness. As time progresses, water begins to infiltrate the surface roughness,
shown with the white dashed line in Figure 7b–d. The arrow shows the front of the water progressively
moving into the surface roughness. When temperatures are above freezing, this infiltrated liquid allows
the snow to glide off. However, when temperatures drop below freezing, the infiltrated liquid freezes,
creating a strong anchoring effect and increasing the shear adhesion strength. During experiments,
ice formed faster on higher roughness materials than on lower roughness materials. Therefore, reducing
the roughness will result in a reduced shear adhesion strength of snow at subzero temperatures,
because there will be less contact area for ice to form between the liquid water and the substrate.
Furthermore, as surface roughness increases, due to increased surface area between snow and surface,
the snow layer loses energy in higher rates, leading to a faster formation of ice at the interface.Appl. Sci. 2019, 9, x FOR PEER REVIEW 10 of 13 
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Figure 7. (a–d) The time progression of the liquid layer in snow (LWC ~22%) infiltrating the surface
roughness (RMS = 36.4 µm) of Al 6061 substrate at a substrate temperature of 2 ◦C: (a) Water is above
the surface roughness. (b) As time progresses, the water begins to seep into the roughness, shown with
a dashed white line. (c) Water continues to flow into the surface roughness until (d) the roughness is
completely infiltrated with water. The arrow in each section shows the front of the water progressively
moving into the surface roughness. After liquid water infiltration, when temperatures rise above
the freezing point, this liquid layer results in snow gliding on rough surfaces with reduced shear adhesion
strength; however, post infiltration, when temperatures go below freezing point, the liquid layer forms
a thin ice layer at the snow–substrate interface, leading to enhanced snow shear adhesion strength.

4. Conclusions

A non-destructive apparatus was developed to accurately measure the shear adhesion strength of
snow without changings its properties (i.e., liquid water content) during the measurement. The setup
involved using a surface-mountable sensor to monitor the liquid water content in snow and its
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temperature during experiments. An internal mixing snow gun was also developed that includes
ball valves to control air and water flow to the mixing chamber for snow formation with controlled
liquid water content. To the best of our knowledge, this is closest attempt in forming artificial
snow comparable to natural snow, considering the limited size of our freezing room and the lack of
temperature gradients that real snow experiences falling from the atmosphere.

We report that shear adhesion strength of snow peaks near 20% liquid water content when
the substrate temperature is at 0 ◦C. At lower than ~20% LWC, snow is powdery with little free liquid
water content to form capillary action, leading to low snow adhesion strength. As the LWC increases
to around 20%, a strong adhesive bond is formed by capillary forces at the interface. This strong
bond begins to diminish as the snow becomes slushy and a thin layer of water forms at the interface
and allows sliding action to occur, when the LWC is greater than 20%.

We also found that when surface roughness nears the size of the snow particles, the shear adhesion
strength of snow is maximum due to the enhanced surface area between the snow and the substrate.
As the roughness increases, snow adhesion strength decreases because multiple lubricating snow
particles can fit inside the roughness, resulting in local cohesive failures in snow which are much
weaker than adhesive failures. We also show that reducing the surface polarity leads to lower snow
adhesion strength.

Finally, we report three snow shedding/de-adhering mechanisms depend on the temperature
during the adhesion measurement. At temperatures below−2 ◦C a quasi-ice layer forms at the interface,
allowing for the snow mass to shed in one piece. At temperatures above 2 ◦C a liquid layer forms
at the interface, allowing for lower shear adhesion strength and a compressive failure mechanism.
Between −2 and 2 ◦C, a combination of the two failure mechanisms occurs, such that an ice layer
and liquid layer may form at different locations on the substrate. The different interface layers allow
for the combination of the two failure mechanisms to occur on the same substrate.

In conclusion, adding the liquid water content sensor allowed for tracking the temperature
and wetness of the snow throughout the adhesion experiments. The ability to ensure constant liquid
water content and temperature profiles throughout the experiments allowed for failure mechanisms to
be explored. It also enabled determining the impact of surface properties on snow shear adhesion
strength. Overall, the development of the snow gun that enabled snow formation with controlled
LWC and the non-destructive snow adhesion apparatus along with new findings of snow failure
mechanisms will aid future works in developing new surfaces to mitigate snow accumulation.
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Figure S1: Walk-in Freezing Room, Figure S2:Schematic of the LWC sensor, Figure S3: Photo of the snow adhesion
measurement setup, Figure S4: Representative plots of force values obtained from force probe, Figure S5: Plot
of shear adhesion strength of snow as a function of dispersive surface energy, Figure S6: Time progression of
snow shear adhesion failure mechanisms, Figure S7: Liquid layer formation at snow-substrate interface, Table S1:
Experimental results of snow shear adhesion testing, Table S2: Calculation of average instantaneous shear adhesion
strength values, Video S1: Snow gun operation, Video S2: Complete compression failure mechanism, Video S3:
Complete sliding failure mechanism, Video S4: Combination of sliding and compression failure mechanisms,
Video S5: Failure mechanisms side by side.
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