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THRESHOLD WIND-SPEEDS AND ELASTIC IMPACT IN
SNOW TRANSPORT
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(Rocky Mountain Forest and Range Experiment Station, 240 West Prospect Street,
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ApsTrRACT. Cohesive forces are added to the analysis of forces on sand and soil particles to show that fluid
drag, alone, often cannot initiate movement of a snow surface. The impact force of saltating ice spheres,
however, can easily provide the force to break cohesive bonds, according to these calculations. The argument
suggests a balance between the distribution of bond strengths of exposed surface particles and the distribution
of saltation trajectory heights.

RESUME. Seuil des vitesse de vent et Uimpact élastique pour le transport de la neige. Les forces de cohésion s’ajoutent
a Panalyse des forces s’exergant sur les particules de sable ou de sol pour montrer que Pentrinement par le
fluide, seul, est souvent insugisant pour provoquer la mise en mouvement d’une surface de neige. Cependant,
la force d’impact d’une sphére de glace en saltation peut aisément briser les liens de la cohésion, selon ces
calculs. La conclusion suggére un bilan entre la distribution des résistances des liens entre les particules des
surfaces exposées et la distribution des hauteurs de trajectoire de la saltation,

ZUSAMMENFASSUNG. Schwellemwerte der Windgeschwindigkeil und elastischer Aufprall beim Schneetransport. Als
Beweis dafiir, dass fliessende Verschleppung allein oft keine Bewegung ciner Schneedecke einleiten kann,
werden kohisive Krifte in die Analyse der Kraftwirkung auf Sand- und Bodenpartikel eingefithrt. Die
Aufprallkraft springender Schneekugeln geniigt jedoch zur Uberwindung kohisiver Bindungen, wie aus
diesen Berechnungen hervorgeht. Infolgedessen lésst sich ein Gleichgewicht zwischen der Verteilung der
Bindungskrifte in exponierten Oberflichenteilchen und jener der Héhen der Sprungbahnen annehmen.

INTRODUCTION

The threshold wind-speed, at which particle motion just begins, is a critical parameter of
any accurate formulation that expresses the transport rate of heavy particles such as sand, soil,
or snow as a function of horizontal wind-speed in the Earth’s atmosphere. Until the wind
reaches this threshold speed, no transport occurs. But the characteristics of particles, surface,
and wind that determine the threshold speed, continue to govern the relationship between
wind and particle mass flux as speed increases above the threshold. Therefore, this critical
value represents something of an index for the effectiveness of the wind in particle transport
at all speeds.

Wind, at speeds near the threshold for particle movement, is classified as turbulent flow
over a rough surface, with the possible exception of wind moving scattered particles on very
smooth ice. Threshold wind-speeds are usually reported as values measured at a specified
height, averaged for some specific time period, but the maxima or gusts during the period
actually initiate particle motion. Momentum is transferred to the surface by these horizontal
velocity maxima and the associated vertical component of the turbulent wind. The vertical
wind-speed profile determines friction velocity, defined by U, = (7o/pa)* where 7,is the surface
shear stress and air density is p,.

Blowing-snow particles are usually fragments of the original precipitation crystals, except
for those being transported by wind during snow-fall. Once on the surface, snow crystals
become bonded to other crystals so rapidly that the wind has little chance to move these
relatively large particles. Particles moving very near the surface range from a few to 800 pm
or more with mean sizes about 200 um and the distribution of sizes reasonably well described
by the two-parameter gamma function (Budd, 1966). For a surface of snow that fell during
calm conditions, close-up photographs show snow crystals interlocked to such an extent that
only small portions of the uppermost crystals receive the main impact of horizontal wind
component. These protrusions must be broken from the snow crystal to initiate transport.
When wind restarts movement of an old snow surface, protrusions at the surface are usually
much less fragile. If snow was deposited from wind transport, the particles are typically small
ice grains, and cohesive bonds between these must be broken to start movement again. When
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particle movement starts again, bond strength has increased so that interparticle bonds cannot
be broken by wind forces that initiated previous transport, and higher threshold speeds, or
other forces, are required.

Surface features determine the distribution of wind shear stress, concentrating the force of
horizontal wind gusts on the frontal areas of ripples, ridges, dunes, and sastrugi. Since these
features result from previous transport, and are aligned according to that wind direction, the
threshold for reinitiating transport depends on the new wind direction and may be less than
the threshold along the previous wind direction. Perhaps the most important interaction of
surface features with drifting is their influence on trajectories, as particles rebound from the
windward faces. The effect of surface features needs further study.

In defining the threshold wind-speed for snow movement, it is particularly important to
maintain the differentiation made by Bagnold (1941, p. 265) between the “fluid” and
“impact’ thresholds. For motion of a sand bed with mixed grain sizes, he noted that as the
fluid forces became large enough, small grains were removed from the surface, after which the
bed was stable at that wind-speed. With another small increase in speed, the next larger size
of grains were moved, and so on, until only the largest sizes remained exposed on the surface.
Above this velocity, motion of the bed is continuous. For dry quartz sand, the “fuid”
threshold is the velocity at which aerodynamic forces overcome the force due to weight of the
grain, and thus is a well-defined function of grain size.

The characteristic motion of particles by jumps, referred to as saltation, creates additional
forces when moving particles impact those at rest on the surface. Ifa sand surface is disturbed
artificially so that saltation begins, then the wind-speed at which motion will just be main-
tained down-wind is lower than the fluid threshold. Bagnold found that this “impact”
threshold also depended on the same (square-root) function of grain size, but velocities were
209, lower than the fluid thresholds. :

In the case of snow, cohesive forces are usually much larger than the force associated with
particle mass, and the strength of intergranular bonds is strongly time and temperature
dependent. Instead of a well-defined relation of threshold speed and particle size, the situation
is more complicated because large differences between fluid and impact threshold develop:
The fluid threshold for movement of old snow surfaces appears to increase beyond the range of
natural wind. Erosion of snow surfaces with high fluid thresholds by much lower wind speeds
and precipitating ice crystals demonstrates the difference between the forces of fluid drag on a
surface particle, and elastic impact of a saltating particle.

As with most problems that concern the structure of natural snow, simplifying assumptions
are necessary to start an analysis. Therefore most of the mathematical arguments that follow
deal with spherical particles of ice instead of the irregular fragments that are real particles of
blowing snow.

FLUID FORCES ON A SURFACE PARTICLE

To determine the relevant features of particle and wind interaction that combine to
dictate the wind speed at which particle motion begins, it will help to examine the forces on a
particle exposed to the wind on a horizontal bed of particles. The analysis for sand presented
by Bagnold (1941, p. 265) provides a beginning. Chepil’s (1959) work with soil expands the
analysis, to which must be added those factors peculiar to snow, to arrive at a mathematical
formulation of the forces. This should help perception of the factors represented by wind-
speed values at the fluid threshold.

The analysis for sand

Bagnold (1941, p. 265) equated the moment of the particle’s immersed weight acting
through its center of gravity, with the force exerted by the wind against the projected area of
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the particle to arrive at the forces on an exposed sand grain at the fluid threshold. He assumed
the wind force was proportional to the square of friction velocity U, to derive the equation

Uxt = A[(pp—pa) gd/pal®, (1)
where ¢ is the gravitational acceleration, p, and py are air and particle density, and 4 is a
coefficient of proportionality. Since by definition, Uy = (#/pa)}, the critical average shear

stress, 7o 18
fe = A2(pp—pa) gd,
and for sand or snow particles in air pp is at least a thousand times larger than p,, so
Te & A?ppgd.

According to Bagnold, the coefficient 4 depends on the ratio of the maximum momentary
velocities of turbulence to the mean velocity, also on the proportion of the drag per unit area
which is taken by a particle, by virtue of its relative position in the piling, and partly on the
height at which the drag force acts. For sand grains larger than 250 pm in diameter, his
experiments in the wind tunnel gave 4 = o.1 for the “fluid” threshold. For smaller grains
(less than 100 pm diameter) the coefficient increased.

Chepil’s (1945[a], [b]) wind-tunnel experiment confirmed the analysis and the value of
the coefficient 4 for soil grains, where the particle densities varied from 1.6 to 2.0 Mg m~3,
Zingg (1953) determined the value for the “saltation” threshold of sand to be 4 = 0.116,
where the critical shear stress was estimated by a graphical technique rather than visual
observation. Chepil continued experiments directed toward evaluating those factors (noted by
Bagnold) upon which coefficient A4 depends. His ingenuity and willingness to undertake
difficult measurements can be seen from the experimental determination he made of lift and
drag on a single surface soil particle. These efforts culminated in the analysis outlined below
(Chepil, 1959), which refers to an exposed soil grain at rest on a bed of soil particles and the
fluid forces acting on the grain.

Moments due to forces acting on the grain (Fig. 1) are computed for motion around the
down-wind contact point, p. Thus, grain weight acts through the center of gravity, and the
moment arm X is estimated from the angle of repose determined by tilting the bed until grain
motion occurs. For dune sand of various sizes, the angle is almost constant at 33°. This
force is directly opposed by the lift L. created by the Bernoulli effect. Measurements showed
L¢ was consistently about 0.85 times the total drag force F,. (Chepil, 1958). The moment arm
X/tan @' through which F¢ acts, is determined by the distribution of velocity pressure on the
exposed grain. Integration of drag due to fluid velocity determined the level at which one-half
the drag acted above and one-half below. This average drag level determined the angle @’
(24° from the average of Chepil’s calculations), and the balance of moments gives an expres-
sion for the critical drag force:

Fo = (0.520d3p"— L) tan @', (2)

Fig. 1. Diagram for the analysis of fluid forces on a surface particle without cohesion (after Chepil, 1959).
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Substituting Le = 0.85F; and factoring gives

F. = o.52gd%p’ tan ®'/(1+0.85 tan @), (3)
the critical drag force required to move a particle of diameter d, assuming it has the mass of a
sphere of density p!, equal to the difference between the particle and fluid densities
p’ = (pp—pa). The horizontal area over which this drag can be distributed is the projected
area of the grain (assumed spherical) or 0.785 44* so that drag per unit area on the most
exposed grains is estimated by

F,' = 0.66gdp’ tan ®'/(1}0.85 tan @'). (4)
The critical drag per unit area of the horizontal bed 7, is expected to be in some ratio 7
to the drag that moves the top grains so that =¢/F,' = n and
7¢ = 0.66gdp’(tan @) 5/(1+40.85 tan @'). (5)
Chepil evaluated this packing ratio  from experiments with hemispheres of three sizes spaced
in a hexagonal pattern, three diameters apart. The values show only a slight effect of size
and no trend with wind-speed, so that the average s = 0.21 is used in his computations.
The final factor in Chepil’s analysis is the ratio 7 of maximum to mean turbulent impulse.
He assumes this ratio to be the same for both lift and drag forces, so that the mean critical
drag 7. per unit area of the whole bed is 7¢/7c = T and
7o = 0.66gdp’ (tan @') y/(1+0.85 tan @) T. (6)
In terms of a threshold friction velocity, Uyt = (7c/pa)?,
0.66(tan @) y 1%
= ; 4
o [(1-|—o.85 @n @) 7| (PElP @

or

0.66(tan @) o 1} 8
o [(1-|—0.85 tan @) T] ’ (®)

Pressure fluctuations that produce both lift and drag, measured at the level of the most
exposed grains by Chepil and Siddoway (1959), showed a “‘somewhat skewed normal error
law”. This is noteworthy in view of the skewness shown in recent wind-tunnel measurements
of turbulent shear stress (Pyle, unpublished). Values for T were approximated from the ratio
(P+36p) /P where P is the mean and oy represents the standard deviation of the measured
pressure fluctuations.

Chepil’s analysis tends to overestimate threshold drag 7. by a consistent percentage
(Fig. 2) for both sand and soil particles, but it appears that effects of turbulent gusts, grain
exposure, and packing have been taken into account in a reasonable way. Out of curiosity,
assume a bed of ice grains similar in shape to quartz sand with a uniform size d = 0.2 mm.
If these particles have density p, = 0.9 Mg/m?3, and are only held on the surface by their
weight, at what value of friction velocity would movement begin according to Chepil’s
analysis? Evaluating Equation (7), using his values n = o.21, ®" = 24°, T = 2.5, and
pa = 0.001 Mg/m3, gives U*; = 24 cm/s. The critical force due to drag, calculated for the
above situation by Equation (3), is F; = 0.001 2 dyn (1.2 X 1078 N), roughly one-thousandth
the weight of a cubic centimeter of air.

The analysis for snow

Although snow particles are more irregular than sand, especially new snow on the surface
before drift begins, the largest difference between the forces on snow particles at fluid
threshold, and those on sand is the greater prevalence of cohesive forces. Rain will immobilize
a sand surface by producing cohesion between grains, but the natural tendency in desert
regions is away from this condition, toward lower threshold values. Metamorphism of snow,
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Computed for wand (Chepil, 1959)

L ® Zingg (1853), mecsured on sand
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Fig. 2. Threshold drag as a function of particle size comparing Chepil’s analysis with wind-tunnel data of Bagnold (1941),
Zingg (1953), and Chepil (1945(5]).

in contrast, usually tends to increase threshold wind-speed values as grain size and cohesion
become larger. An attempt is made, in this section, to add to Chepil’s analysis the cohesive
forces on a particle. These may be considered as the combined force required to overcome both
intergranular bonds and electrostatic forces, but in evaluating the result, only mechanical
bond strength will be considered.

While the situation depicted in Figure 3 would be quite unrealistic for sand or other
particles without significant cohesion, it is probably a reasonable idealization for the most
exposed grains on a snow surface, and is a simpler point of departure than the multiple-bond
configuration. Overturning moments will be calculated around the point p, at the down-wind
edge of the bond, where the bond radius x is smallest. The moments due to vertical forces
acting through the particles center of gravity operate over moment arm x, the bond radius.
Drag force F; again operates on a moment arm determined by the mean drag level so that

Fe(xftan @) = (WHFp—L,) . (9)
The weight of the particle W, and the cohesive bond Fy, are opposed by lift Le.

slavation

Fig. 3. Diagram for analysis of forces on an exposed surface particle with a single cohesive bond.
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Assuming Chepils’ relation L. = 0.85F; applies in this situation,
F, = (W+Fp—0.85F;) tan @', (10)
or
(W+Fp) tan @'
“= (ol m @)’ H

where the immersed weight of the particle is W = (47R3p'g/3). The bond strength is mx%c,
where o is the tensile strength at failure, so F, = mx?c at the initiation of particle motion.
If AR denotes the distance above the center of the particle to the mean drag level, then
tan &' = x/(R+AR). Chepil’s integration of drag and velocity profile over the surface of a
sphere at the level of the most exposed grains gives AR = 0.42R, so that tan ®" = 0.7x/R.
(Using the logarithmic velocity profile at this level is questionable, but necessary because
experimental measurements in the region are lacking.)
When expressions for W, Fy, and tan @' are substituted in Equation (11)

(47 R3pg|3) +7x*c
Fo= S Bt1joqaB) ° (12)

Consider F,' as the drag per unit horizontal area occupied by the particle (F.' = F¢[nR?),
and that this is larger than the drag per unit area of the surface by a factor that depends on the
number of exposed grains in each unit area. Following Chepil’s notation, 7 is the ratio of drag
per unit area of surface to drag per unit area of top grains (n = 7¢/F¢’), so that 7¢, the surface
shear stress at threshold, is

F

(1.33Rp"g+ (x/R)?s) m (13)
0.85+1/(0.7x/R) ~ 3

If this value obtains during a peak gust, then the ratio 7 = 7./#. provides the turbulence

factor so that

Te =

__ [1.33Rp'g+(x/R)?] (14)
Tt = To.85+1/(0.7%/R) T ° 4

This expression is for the very simple case of a single ice sphere bonded to a similar sphere on
the surface by a neck of radius x with tensile strength 5. Iversen and others (1976), provide
an analysis that includes interparticle forces for the situation depicted in Figure 1.

The point here is that for each size class of particles exposed on the surface there is an
average critical force required for movement, and a corresponding distribution of critical
forces around that mean value. The forces estimated by Equation (12) should not be con-
sidered as the mean value, because it seems likely that the analysis for the very exposed
particle with a single bond would estimate forces below the mean value required for particles
of that size. However, factors that effect cohesion and sintering (the change in x/R) should
change the mean critical force in a way that is predictable from Equation (12). Evaluation of
Equation (14) for ice spheres with several bond-to-radius ratios is shown (Fig. 4) for n = o.21,
T = 2.5, p’ = 0.9 Mg/m3, and ¢ = 10 bar. Threshold drag, calculated by Equation (14)
shows negligible variation with particle diameter, even though the critical force of Equation
(12) is strongly size dependent. This results from dividing the force by the projected particle
area to obtain surface drag. The drag required to break even the smallest cohesive bonds is at
least an order of magnitude larger than that required to overcome particle weight.

Hobbs (1974) summarized cohesion measurements for ice spheres. Experiments on the
force required to separate an ice sphere from a plane ice surface (Yamada and Oura, 1969)
were noted by Kuroiwa ([1975]). The nature of the bond that produces cohesion between ice
has been a scientific controversy, and remains in question. For a natural snow surface,
impurities are quite likely within the precipitation crystals. It seems probable that rotations
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T T T T

Equation (14)

T T T
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RATIO OF BOND/SPHERE RADIUS (x/R)

Fig. 4. Mean drag required to remove ice spheres bonded to the surface by a single bond, computed from Equation (14) for several
bond|radius ratios.

12

at the bond, as reported by Nakaya and Matsumoto (1954), would occur for the idealized
surface particle of Figure 3, at least for temperatures above —10°C. Equating the cohesive
force to that required to exceed the tensile strength of an ice bond with radius x may over-
simplify the problem.

Measured cohesion definitely increases as a function of the size of ice sphere (Table I).
Experiments (Hosler and others, 1957) determined the effect of temperature on cohesion
quite well (Fig. 5), and data from Nakaya and Matsumoto can be compared by normalizing
the forces by the force estimated from an exponential function fit to measurements for each
sphere, for example at —15°C. The curve Fy = 8Fp(_,5) exp (0.1417), gives an empirical
relation that describes the effect of temperature 7 in Celsius degrees on the cohesion of

TasLe I. MEASURED COHESION OF ICE AT — 5°C

Foree
Sphere Two Sphere
radius spheres  on plane* Reference
mm dyn dyn
0.125 12— 54 Yamada and Oura (1g6g)
0.25 33— 82 Yamada and Oura (196g)
0.435 65-454. Yamada and Oura (196g)
0.85 1.5 Nakaya and Matsumoto (1954)
1.15 3.8 estimated from their figure 3
1.25 195-300 Yamada and Oura (1969)
.97 158 Hosler and others (1957)

* Range of values depends on duration of contact, which was less
than 30 s.
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14.6 mm diameter spheres in an environment saturated with respect to ice. Considering the
procedure in these cohesion experiments, Figure 5 should be interpreted as the effect of
temperature on cohesion measured within about one minute after contact between ice surfaces.

Nakaya and Matsumoto were impressed by the large increase in cohesion with small
increases in initial contact pressure. According to Hosler and others (1957), cohesion on
contact between ice spheres is also a strong function of humidity. The initial contact area is
apparently smaller at low humidities, and, for a completely dry atmosphere, the strength of the
bond decreases to a negligible value above —5°C.

NAKAYA AND MATSUMOTO (<1854>

7 81,7 mm MEAN DIAMETER
0 2.3 mm MEAN DIAMETER
6 HOLSER and others (1957

— 14.6 mm MEAN DIAMETER

RATIO COHESION/COHESIDN at-1SdegC

4F F/F (-15C) =Bexp (. 141T)

3

2F

1b
allll_lsllll.-llgllll_isxlIl_ﬂ

TEMPERATURE (deg CJ

Fig. 5. Cohesion of ice spheres, measured soon after contact, decreases exponentially with decreasing temperature. Data are
normalized by the cohesion at — 15°C to allow comparison of several sphere diameters.

Kuroiwa ([1975]) presents fluidization measurements by Matsumaru, who estimated
cohesion for powder snow at —7°C to be F, = 0.085 dyn (8.5 x 1077 N). It appears that the
normal force required to break the cohesive bond can vary over several orders of magnitude,
from a low of the order 10~? dyn (10~# N), soon after contact between small particles at low
temperatures, to a high of the order 103 dyn (102 N), for large particles sintered to x/R = 0.25.
In sum, experiments on cohesion of ice show (1) cohesion increases rapidly with particle size,
(2) strength of cohesion on contact decreases exponentially with decreasing temperature,
(3) the initial cohesive force is less at a given temperature the lower the humidity with respect
to saturation over ice, and (4) initial contact pressure increases the initial cohesion, even when
the pressure is immediately removed.

Excellent laboratory work (again summarized by Hobbs (1974)) related the bond growth
of sintering ice spheres to time ¢ and temperature T according to the relation

(3) ==& (15)

where B(T) is a function of temperature (see Appendix). The conclusion of these experiments
(Hobbs and Mason, 1964) is that bond growth occurs by condensation of water vapor trans-
ferred through the environment by diffusion. This transfer is apparently much more rapid
in the natural snow-pack, presumably due to convection. Keeler (1969) presents data from
thin sections of natural dry snow showing that x/R increases from 0.02 for snow two days old
to 0.25 by day 47 after precipitation. Beyond that, x/R changed little during the remainder
of the snow-pack season.
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For wind-speeds at the 10 m height ranging from 8 to 40 m/s, corresponding values of
friction velocity are between 25 and 160 cm/s. Assuming air density is 1.0 kg/m3, the range of
surface shear stress would be 0.625 to 11.2 dyn/em? (6.25 to 112 N/m?). According to Equation
(14), in Figure 4 the aerodynamic drag at the 40 m/s wind-speed would not move surface
particles bonded with x/R greater than 0.03, which is toward the low end of the expected
bond-to-grain-size range. In other words, for snow surface particles where bonding has
developed even slightly, the calculated critical force for particle motion is greater than drag
on the particle produced in the normal range of the Earth’s atmospheric winds.

IMPACT FORCES ON A SURFACE PARTICLE

Once particles begin to move on a surface, or are injected into the airstream by some other
means, an additional force is available to cause movement of surface particles. This section
calculates the forces created by elastic impact of saltating particles.

Elastic properties of ice depend on the rate at which stress is applied. For particle collisions
the stress rate is rapid and duration is short. In the range —3 to —40°C, Hooke’s law holds
(Gold, 1958) so that these collisions are expected to exhibit almost perfect elasticity. Although
the elastic properties of ice crystals depend on crystal orientation, the blowing snow particles
are assumed isotropic for these calculations. From the summary of values presented by
Hobbs (1974), Young’s modulus £ = 9.3 x 10# bar and Poisson’s ratio, v = 0.33 were chosen,
and assumed independent of temperature.

P

/\

Fig. 6. Diagram for analysis of the force due to elastic collision on a surface particle with bond.

Using the classic analysis for collision of spheres first set forth by Hertz (see, for example,
Nadeau, 1964), we will assume a sphere of radius R, at rest on the surface, being struck by a
sphere of radius R,, moving with velocity V, along a path declining by angle 6 from the
horizontal (Fig. 6). The collision is central, and « is the diminuation of distance between
centers during impact. The sphere on the surface has mass m; = 4nR3pp/g and for the
moving particle, m, = 4mR,3py/3.

During collision, deformation of both spheres occurs so that a circular area of contact
forms, and the force F generated by the impact is equal to the integral of pressure over this
contact area. The analysis gives the radius of this contact circle as

_ [BWF (ki +k2) Rsz]‘

4(R+-R,) ’

where k; = (1—»,2) E; and k, = (1—v;2)|E,, E,, E,, v, and v, being Young’s modulus and

Poisson’s ratio respectively for the sphere denoted by the subscript. For the diminution « of
distance between centers, the result is

_ 9m2F2(k,+k,)*(R, 4+ R,) ]}
o 16R,R, '

(16)

(17)
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The total energy of the impact is conserved, so that the sum of kinetic and potential energy
must equal the total energy m,V2/2 where V' is the velocity just before impact. The impact
force is equal to the change in potential energy with a differential change in diminution.
Maximum diminution am occurs when all kinetic energy is converted to potential energy,
and the analysis gives

y]als
e [515] ’ (18)
where
my+m, 4 RR, ‘li
B | = [ _
[ mym, ] 311'(k,+k2) R1+Rz (]9)
Total time of contact, or the duration of the collision, is
_2.94%m
=g (20)

To evaluate the maximum force that will be exerted on the surface particle by the collision,
Equation (18) is evaluated to get am, and Equation (17) provides the relation between am
and the maximum force, which occurs at & = am. The elastic constants are assumed equal so
k, = k, = k, where k is 9.6 x 1076 bar~1. Impact forces (Fig. 7) were computed for the
central collision of a sphere with one of similar size at rest on the surface.

The impact force Fe, in a central elastic collision, develops a clockwise moment
(Fe cos 8) (Rsin ) and a counter-clockwise moment (Fe sin 8) (xR cos ) around point P.
If we assume that net moment Fe(R cos —ax sin 8), is equal to the moment required to
initiate particle motion (Fig. 1), then

Fe[R(cos 80— (x/R)sin 0)] = (W+Fy—Le) %, (21)
r V=8 CM/S V=4 CM/S V=2 CM/S
28t
L
-
0
L} r
L 1
>
)
A
g
L
% L
W gt+ V=1 CM/S
- -
O
<
ool
=
%5 .1 ' oz : o3 B e

DIAMETER C(mm?

Fig. 7. Force created by central collision of an ice sphere with a similar sphere at rest.
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or

% (W+Fp—Lg)
= [ﬁ] (cos 8—(x/R)sin 6) ° (22)
Evaluation of Equation (14) showed the force required to overcome the bond strength was
much larger than W. Assuming lift L is also small compared to F, = #R?(x/R)?s, the impact
force of a saltating particle on a surface particle at the threshold of particle motion is approxi-
mated by
wR*(x/R)3c
L 8— (x/R)sin 6 (23)
According to this, the impact force that will move a particle of radius R bonded to the surface
by a single ice bond of radius x and tensile strength ¢ can be estimated. Such a force will

/

IMPACT VELDCITY (cm/s>

= - . I . e 1 B S iy e
RATIO OF BOND/SPHERE RADIUS (x/R)

Fig. 8. Threshold impact velocity of ice sphere required to move a sphere of similar size, bonded to the surface with a single ice
bond of radius x. Impact angle is 10° below horizontal, and collision is central.

produce some maximum compression apy that can be computed from Equation (17). Then,
the velocity at impact can be calculated by Equation (18). Such a procedure was used to
calculate impact velocities of uniform ice spheres, at the impact threshold (Fig. 8). The
increase in impact force with particle size compensates for the increase in bond area at
constant x/R, so that threshold impact velocity is independent of particle size for the approxi-
mation (23). The impact angle § makes slight difference in estimated impact threshold
velocity within the range 5° < 6 < 15°.

Discussion

To interpret the information on ice cohesion and elastic impact in terms of the wind-speed
threshold for movement of a snow surface, it is necessary to recognize that a distribution of
grain-sizes and bond strengths exists among the exposed surface particles, and that there is also

https://doi.org/10.3189/50022143000010972 Published online by Cambridge University Press


https://doi.org/10.3189/S0022143000010972

464 JOURNAL OF GLACIOLOGY

a distribution of shear stress associated with the turbulent wind. Gessler (1970) has applied
the concept that there is a certain probability that the shear stress of a given flow will exceed
the critical stress required for movement of a given particle size, to predict the stabilization of
alluvial channels by armoring with coarser grains of the sediment distribution. His argument
can also be applied to the movement of snow particles by fluid forces, ifit is recognized that the
critical shear is determined by bond strength rather than by the particle Reynolds number.
Snow exhibits amazing strength almost immediately after wind deposition, and this must
certainly be a factor in the stability of drifts behind obstacles. Even a slight decrease in the
frequency with which maximum gusts occur, results in a longer average rest between particle
moves and thus a greater threshold for movement.

A probabilistic description of the phenomenon becomes even more interesting when we
consider the impact threshold. White and Schulz (1977), from high-speed motion pictures of
the saltation trajectories of glass beads in a wind tunnel, showed that, in addition to the fluid
drag, a lift force was required in the equations of particle motion to explain the observed
trajectories. This lift was assumed to result from particle spin in the range from 100-300 rev/s
for which their photographs offer some evidence (as do those of Chepil (1945[b]) for soil and
Kobayashi (1972) for snow). Particle impact velocities are determined primarily by the
longitudinal wind speed at the maximum height of saltation trajectory. These trajectory
heights in turn, depend on particle size, the wind velocity profile in the saltation layer, and the
lift-off velocity due to rebound from elastic collision.

Upon impact of a saltating snow particle with an exposed surface particle, a force develops
in opposition to the bond or bonds holding the surface particle. If these bonds do not fracture,
the potential energy of the elastic compression must overcome the cohesion at the contact
between the surface and impacting particle, or the particle will stick and become part of the
surface. Kobayashi (1972) experimented with an ice sphere dropped on a thick ice plane to
determine the coeflicient of restitution. His results showed the strong effect of cohesion in
reducing the height of rebound at warmer temperatures. These results seemed to explain the
observations of Oura and others (1967) that the threshold wind-speed for snow transport at
Syowa Station, Antarctica, increased with increasing temperature above —7°C. More recent
measurements of the restitution coefficient by Aracka and Maeno (1978) suggest, however,
that plastic deformation, rather than cohesion, is the primary factor that reduces particle
energy upon rebound. Assuming that the particle strikes with momentum such that it will
rebound without breaking a bond, then its lift-off velocity will be some function of the impact
velocity. From this, it is logical to expect that the height of saltation depends, in part, on the
strength of surface bonds.

Average particle trajectories, calculated by White and Schulz, show an increase in
expected height with particle size. Measured size distributions of blowing snow, although
mostly for heights above the saltation layer (Budd and others, 1966) show a general decrease
in size with height. It seems reasonable that the momentum of the larger particles is more
likely to be sufficient to break surface bonds, and even if this does not occur, the larger size of
the particles creates a greater cohesion on impact, which reduces the momentum of rebound,
with the net result that large particles have average trajectories with lower heights than small
particles.

CONCLUSIONS

The threshold wind-speed for transport of snow is determined primarily by the degree of
cohesive bonding rather than particle size, in contrast to the single function found by Bagnold
for sand and verified by others for materials with insignificant cohesion. From experiments on
the cohesion of ice, the threshold wind speed for snow transport is expected to vary in the
following ways.

https://doi.org/10.3189/50022143000010972 Published online by Cambridge University Press


https://doi.org/10.3189/S0022143000010972

THRESHOLD WIND-SPEEDS IN SNOW TRANSPORT 465

1. The initial threshold at the time of deposition will be higher at warmer temperatures,
with higher humidity, and if deposition occurs with wind. Initial cohesion increases
with temperature, humidity, and contact force.

2. Threshold wind speed will increase with time since deposition. The increase slows with
time and is slower at colder temperatures. This assumes that the mechanism is similar
to sintering of ice spheres, although more rapid, due probably to convection.

From calculations and experiments on the elastic impact of ice:

3. The threshold for wind transport of a snow surface will be much lower if there is a
source of particles, such as precipitating snow, snow on trees, or surface hoar, that will
create initial saltation, since the particle-impact forces are much higher than wind drag
on surface grains or projections.

4. The distribution of saltation trajectory heights depends on the distribution of cohesive
bonds for exposed particles. The greater the impact-threshold wind speed, the higher
will be the particle trajectories, not only at the threshold butalso at greater wind-speeds.
The impact threshold will be influenced by cohesion between impacting particles and
surface grains so that a given wind-speed will be less effective in eroding a surface at
warmer temperatures and higher humidities.

If the calculated forces presented in this analysis are of the same order-of-magnitude as
those actually occurring in natural snow transport, then cohesion is often stronger than forces
on the surface particle due to wind drag. Computed particle velocities for impact threshold,
on the other hand, are low compared to longitudinal wind velocities expected at maximum
saltation trajectory heights. This suggests that saltation impacts in many cases produce forces
sufficient to break more than one particle from the surface.

After reviewing the knowledge of how threshold wind-speed depends on the various
factors that determine the cohesion of a snow surface, it should be apparent that (a) the
threshold wind-speed of a snow surface determines the distribution of saltation trajectories of
the transport and (b) those factors that determine the threshold wind-speed continue to
govern the transport mechanism at winds in excess of the threshold. These facts make the
threshold wind-speed a critical parameter of any general equation for mass transport of snow
as a function of wind speed, and certainly one which must be properly scaled for realistic
modeling.
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APPENDIX

EVALUATION OF THE TEMPERATURE FUNCTION FOR SINTERING RATE OF ICE SPHERES

Tue function B(T) derived by Hobbs and Mason (1964) expresses the effect of temperature on the growth of
bonds between ice spheres according to Equation (15). The mechanism is described as diffusion of water molecules
in the vapor phase through the environment to the bond, where condensation occurs. A balance is required
between the rate of condensation and the rate at which latent heat can be dissipated. This leads them to the

equation
20983 [ kTR + LymB]—"
kT |pomDg KkT2] °
The variables are listed below, first those with a constant value, then those that are temperature dependent:
y surface tension of ice 109 m] m~2 (109 erg/cm?) (Hobbs, 1974, p. 346).
intermolecular spacing 2.76 A (2.76 X 10~ cm) (Hobbs, 1974).
Boltzmann constant 1.38 x 107 erg/K (1.38 < 10723 J K-1).
ice density 0.92 Mg/m3.
mass of water molecule 2.922 X 10723 g (2.922 X 1072 kg) (Hobbs, 1974).

B(T) =

I maon
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Temperature-dependent variables are expressed in terms of absolute temperature T

1.7
D¢ diffusion coefficient of water vapor in air (Da = 0.206 (27:;’1{) 5(%) cm?(s where P, is standard

atmospheric pressure and P is the pressure of the environment (Thorpe and Mason, 1966)).

K thermal conductivity of air (K = [5.748-+0.018 46(T—273 K)]1075 cal/em s K =
= [2.407+0.007 73(T—273)]107% J/ms K (for the range 243 K < T < 273 K)
(Lee, 1975, p- 134)).
L. latent heat of sublimation (Ls = 677—0.056 75(T—273 K) —o0.000 751 6(T—273 K)? cal/g
] = 2.834 X 106—237.6(T—273 K) —3.147(T—273 K)? J kg
(Lee, 1975, from data in List, 1949)).
po  equilibrium vapor pressure (log po = —9.097 18(To/T—1)—3.566 54 logio( To/ T)+
+0.876 793(1— T|T,) +logse 6.107 13
To=273.16 K
(List, 1949, p- 350)).
The solution of B(T) is plotted (Fig. A1), for two atmospheric pressures, to show the decrease of the parameter
with temperature and the relative effect of elevation.
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Fig. A1. Evaluation of the ice sintering temperature function derived by Hobbs and Mason (1969) for two atmaspheric pressures.
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