The underwater sounds produced by impacting snowflakes
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In 1985, ScrimgefNature 318 647 (1985] reported measurements of noise levels significantly
above the ambient level for snow falling on a quiet freshwater lake. He examined only the
time-averaged sound levels and did not report measurements of individual snowflake impacts.
Subsequently, the noise produced by individual and multiple snowflake impacts was examined for
a number of different snowfalls. The radiated acoustic signals generated by the impact of individual
snowflakes upon a body of water have a remarkable similarity to each other and differ principally
in the frequency of the emitted sound wave. The acoustic signal of a snowflake impact thus
generates a characteristic signature for snowfall that is clearly distinct from other forms of
precipitation noise. Various aspects of this signature suggest that the radiated acoustic waveform
from a snowflake impacting with water is due to the entrainment of a gas bubble into the liquid, and
the subsequent oscillation of this bubble as it establishes its equilibrium state. Various scenarios are
presented for bubble entrainment and approximations to the amplitude of the radiated signal and the
acoustic waveform are obtained. 999 Acoustical Society of America.
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INTRODUCTION scribed in this report were presented at the 122nd meeting of
the Acoustical Society of Americ4.
In 1985, while instruments were in place for the deter-
mination of the underwater sound produced in a fresh watef ResyLTS

lake by rain, Scrimgérobserved significant noise above the ) o .
After reading the intriguing reports by Scrimgéiof the

background when it chanced to snow. Although he was un- R S
able to determine the source mechanism for the sound prd!9iSe produced by precipitation, a chance snowfall in Mis-
duction, or even the complete frequency spectiiais hy-  SISSIPPi in 1987 enabled us to obtain some measurements of

drophone had a high-frequency cutoff at about 50 kHz the so_und radiated by an individual |mpact|n_g sr_10wf|ake
) when it struck the surface of the water contained in a small
these measurements seem to be the first reports of underwa- ~ . .
. e . container, and to obtain an average power spectrum of a
ter acoustic emissions produced by falling snow.

) L - number of these impacts. The initial traces were so unique
Scrimger’s initial reports of the noise produced by P d

itatiod2 h b foll db tensive | " and contrary to our intuitions and expectations that it has
brecipitatio ave been loflowed Dy ?X ensive investiga- inspired us to accumulate data from a number of storms in a
tions of rain noise by other investigatdrs? and also some

imi o duced by i I number of different locations over the last few years.
preliminary reports of noise produced by hait. McConne We wish to present at this time a brief description of our

et al*also have reported evidence of significant increases iR jected data and offer an explanation for the results that we

the ambient noise level in an Alaskan fjord during snowfall. ,5ve of this curious phenomenon. Because the acoustic sig-

A brief review of precipitation noise has been given by Crump, 4 produced by an impacting snowflake is of relatively high

etal’® frequency and short duration, the apparatus required to ob-
We present in this paper some further, yet still prelimi-tain these measurements can be quite simple. A small con-

nary, studies of the acoustic emissions associated with th@iner of water will suffice—the reverberation is insignifi-

impact of individual snowflakes on a quiescent water surcant, and one can easily detect reflections from the container

face, provide evidence that these emissions are associat@glls. Furthermore, the duration of an acoustic pusethe

with gas bubble oscillations, and also present some estimatesder of a few tens of microseconds substantially shorter

for the shape of the acoustic waveforms, and the amplitudéhan the time between impacta few tenths of a secoid

of the radiated acoustic pressures. Some of the results d&ogether with a sensitive hydrophoriee used a B&K
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somehow entrained by the snowflake impact. Since we have
previously investigated gas bubble entrainment from rainfall,
7\ N a review of that process serves to educate us to the possible
[ scenario for the snowfall case.
v Consider Fig. 4, which shows three pressure-time traces.
The top trace is the pressure-time history of an impacting
raindrop whose radius was 1.5 mm and whose impact veloc-
ity was 2.0 m/s. The first bump on the trace, occurring at a
Al time of about 12 ms, corresponds to the impulse noise radi-
VAR Y4 ated from the water-hammer effect of the impact of the drop
MY a with the water surface. The second feature, commencing at
about 32 ms, is the sound that results from gas bubble en-
trainment. This signal is expanded in time and shown in the
Time (10 psec/div) middle trace of Fig. 4. Note that there is an initial, positive-
FIG. 1. Pressure-time traces of two individual snowflake impacts obtained€SSure peak followed by a steady decay to background.
for a snowfall in Mississippi. The two traces were obtained for fluffy flakes The quality factor measured from this oscillation agrees
falling into a container qf water; _the calibrated hydrophone was positionedc|ose|y with the calculated decay curve shown in Fié.‘lihe
about 10 cm below the impact site. analysis of similar such traces enabled us to determine that a
peak in the light-rainfall spectrum near 15 kHz was due to

8103, a modern storage oscilloscope with internal memoryPubble entrainmerft.
and mathematical function capability, and a chart recorder ~ Also shown in Fig. 4, as the bottom trace, is a pressure-
for hard output, one can obtain the requisite data. With sucime history resulting from the impact of a snowflake. If one
an apparatus, we have acquired data for four different snoompares this bottom trace with the middle one, it is possible
storms in two different States of the U.S. In these measurel® demonstrate that they both have the characteristic decay of
ments, we commonly looked for the pressure-time history offn oscillating gas bubble, and that the quality factors are
the event and then computed an average power spectrufiarly equal. Beyond this favorable comparison, however,
from a number of events. the traces are quite dissimilar. We believe we can offer a
We show in Fig. 1 two pressure-time traces of “light, plausible explanation for the characteristic shape of this
fluffy” snowflakes impacting a water surface during a snowpressure-time history, and thus of the noise produced by
shower in Mississippi. Note the similarity of the traces.snowfall.
Shown in Fig. 2 are ten pressure-time traces of impacting Suppose a slowly falling snowflake strikes the flat sur-
snowflakes, including those from a snow storm in Virginia,face of a large volume of water. Unlike the case for falling
about 2 years later. Also shown is the average power spedaindrops or hailstones, there is little momentum delivered to
trum obtained from 50 such traces. Note again in Fig. 2 théhe surface as a result of the impact. However, a close ex-
similarity of the traces. Although the various snow stormsamination of the water surface indicates a radiating capillary
provided snowflakes of different sizes and shapes, we did ng¥ave subsequent to this impact. It seems likely that, rather
categorize individual pressure-time histories with snowflakghan the snowflake creating a depression in the water surface,
morphology. Furthermore, we did not measure the temperssurface tension and capillary forces cause the water to rise up
ture of the water on which the snowflakes fell, although italong the many surfaces of the snowflake, creating a small
was significantly higher than 0 °C. protuberance or bump. The subsequent relaxation of this
It will be seen from these and other data that an indi-slight elevation results in the radiating capillary wave. We
vidual, impacting snowflake gives rise to a characteristic unsuggest that the encapsulation of a gas bubble within this
derwater signature. We now examine certain features o$mall protuberance is the reason the snowflake trace has its
these traces in an attempt to understand the physical mecheharacteristic shape. If the oscillating bubble produced by the
nism(s) that gives rise to these signatures. snowflake is contained in a projection extending above the
One characteristic feature of these traces is the decay slrface, it becomes an inefficient radiator; however, when
the pressure with time. Because these decays resemble tthe surface tension and gravitation forces pull the bubble
sounds emitted by an oscillating gas bubble, we used thesdown below the surface, it can radiate much more efficiently.
traces to obtain a measurement of the damping constant. is noted from the various pressure traces of snowflake
Specifically, if the natural log of the ratio of successiveimpacts that the first peak in these traces may be either posi-
maxima and minima is plotted versus cycle number, then théve or negative. In the case of a raindrop impact that pro-
slope of this line is equal togd/f ), whereg is the damping duces a bubble, the first peak is always positive. If the
constant and is the frequency.Likewise, this slope is equal snowflake/bubble is “inserted,” rather than “produced,”
to (7/Q), whereQ is the quality factor. Shown in Fig. 3 are underwater, the polarity of the first peak would depend upon
measurements dp as a function of frequency for a number the insertion time, and could be either positive or negative.
of snowflake impacts. Plotted also on this figure are the cal- We can also offer some quantitative arguments for this
culated values 0@ for a gas bubble, taken from the theory hypothesis. Suppose that a bubble of radRus encapsulated
of Prosperettt/ It is seen from this figure that the pressure- within a protuberance generated by snowflake impact. Con-
time traces are probably the result of oscillating gas bubblesider the time required for the protuberance to recede. We
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FIG. 2. A collection of some representative pressure-time traces obtained from different snow storms in different States of the U.S. Notdtthefdimeilar
curves, and that multiple eventisace J are uncommon, although successive ones arétrames A and W The insert in the lower right is an average power
spectrum for 50 traces during a single storm. The falloff in the spectrum above 100 kHz matches that for the hydrophone frequency response.

can estimate this time by examining the characteristic time# reasonable estimate for the wavelength of the capillary
associated with the propagation of a capillary wave. The vewave would be twice the bubble radil&,For frequencies in

locity of a capillary wave is given by the range of 25-100 kHz, the relation between the bubble
radius,R, and its natural frequency of oscillatiof,is given
v=(2malp\)'?, (1) approximately byRf=310 (cgs unit3. Using the values for
) ) ) water of p=1.0 gm/cni and o=72 dyn/cm, we can rewrite
whereo is the surface tensiop,the density, and the wave-  gq (29 as
length, all of the liquid medium, such as water. The time
required for the bump to be withdrawn completely below the  t,=363f3%2 (2b)
liquid surface is one-half the period Thus, the bubble “in-
sertion time,” t;, is given approximately by We thus find that for a frequency of 25 kHz, the insertion
time should be approximately 92s; for a frequency of 100
t,=T12=[ pA38mra]Y2 (28 kHz, it should be about 1Ls. If we examine the pressure-
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FIG. 3. Measurements of the quality factor associated with gas bubble os-
cillations produced by impacting snowflakes. The symbols refer to values of =
the quality factor obtained from pressure-time traces similar to those shown 3;
in Figs. 1 and 2. The solid line is the theoretical dependence of this factor on ) A
the frequency as obtained by Prosper@ef. 17. This figure demonstrates @ SN
that impacting snowflakes generate underwater signals that are probably § VTV U /“\
associated with gas bubble oscillations. E MINEERIAVEAYV A
p VHITRVEN
3
time traces for snowflake impacts shown in Figs. 1, 2, and 4, g

we see that the time required for growth of the signal to a Time (10 psec/div)
maximum amplitude, a measure of the insertion time, is on

the order of 40us Thus. we see that our rough estimate ofF!G- 4. Comparison of underwater acoustic emissions from raindrop and
. . . " ’ . snowflake impacts. The top trace shows the underwater noise produced by
the insertion time is about right.

. B . an impacting raindrop. The first bump on the curve is associated with the
Consider next an examination of the absolute magnitudairect impact of the drop with the surface and is mostly hydrodynamic in
of the signa| produced by the impacting snowflake. Later innhature; the second bump, which is expanded in the second trace, shows a

this paper, we shall address the issue of the origin of thi%ecaying sinusoid that is associated with the entrainment of a gas bubble by

. L . . _fhe impact procesg¢see for example, Refs. 5 and)10rhe bottom trace
entrained gas bubble. Let us assume at this time that it exis ows a pressure-time trace for a snowflake impact. Because the decay

and we wish to estimate the magnitude of the radiated presonstant of these two traces are essentially identical and equal to that for
sure wave, which, of course, can be measured. freely oscillating gas bubbles, it can be presumed that gas bubbles are in-

The bubble is radiating near the surface: we write as thé/olved in both cases. The initial growth in the snowflake trace, which is
! apsent in the raindrop case, indicates the existence of a physical mechanism

eXp_reSSion for _the pressure radiated by a dipole source Qfat is not clearly understood. It is noted that similar geometsize of
radiusR, at a distancel below the water surfac®, container, position of hydrophohevere utilized in both the raindrop and
snowflake impact measurements.
2pck?R3d .
p(r,0,t)= —————Ugye P10 cogpel(wt=kn - (3) _ _
When Eq.(5) is used to express the source strength in Eq.
3), then the magnitude of the peak acoustic pressure ampli-

wherer, 6, t are the respective radial, angular, and temporatude,Pm, is given by

variables,c is the velocity of soundk is the wave number,
and g is the damping constant. The quantiy, is the veloc- 3 ¢3p2
) ) ) i . 4 (2 f°R5d
ity amplitude, given byU=w,AR, where AR is the dis- =) (2m)"pT Rodo
placement amplitude ang, is the natural angular resonance
frequency of the bubble. It is assumed that when the bubblﬁ . .

we use the following typical values of the relevant quan-

is created, it changes its equilibrium radius due to the forc%ties p—1.0gm/cn, f=100KHz, Ry=30m, d=1 mm
) — 1. y - y 00— ] - ]

of surface tension, and the reestablishment of equilibrium " B =
results in radiated acoustic energy. We can find the magm‘—f_72 dyn/cm, Po=1.0<1C°dyn/cn?, and c=15x<10°

tude of the source strength by considering the foIIowingcirg,i:l’n(t:zegftgir%esle(lg\:\?fﬁgrseucr)fgsceer\i/:d i(\)/gr:ht? dég)o:g g)é's ata
equation that describes the work required to create thg 9 y -

©6)

mT3 T Pecr

bubble: about 2.8 Pa. It can be seen from Fig. 2 that some represen-
' tativemeasuredralues were 2.3, 3.0, 2.2, and 2.0 Pa. We see
(477Ri3/3) P0=(4WR?/3)(PO+20/Rf), (4) that this comparison between estimated and measured abso-

lute pressure values is rather good, recognizing the crudeness

whereR; andR; are initial and final bubble radiP, is the  Of the approximations. We also note that the amplitude of
magnitude of the ambient pressure, and/R; is the these acoustic pressures is of the same order of magnitude of

“Laplace pressure” associated with surface tension. This rethose for individual raindrop impacts. However, because the

lation leads to frequency of the noise radiated by individual snowflakes is
rarely lower than 50 kHz, one does not hear the “plunk” of
AR=R;—R;{=20/3P,. (5)  an impacting snowflake.
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FIG. 5. Photograph of an ice crystal containing gas bubbles. If this crystal
were to melt quickly, while immersed, the escaping gas could lead to acous-
tic emissions. The size of these crystals depends upon the local temperature
at formation and may range from/m to 5 mm(from Ref. 19.

II. DISCUSSION

Our analysis of the data presented in this study suggests
that a snowflake striking a body of water produces a sound
most likely by entraining a gas bubble into the liquid, and by
the subsequent oscillation of this bubble. We offer now some
suggestions as to possible mechanisms for bubble entraigs. 6. Photograph of hollow ice crystals. If these crystals were to be

ment: quickly immersed in water, they could act as the source of the gas bubbles
that apparently lead to acoustic emissions from impacting snowflakes from
Ref. 20.

A. Air engulfment

Snowflakes are usually loose agglomerates of individuajhe pupple might be either compressed or rarefied. In this

ice crystals with a significant air content as indicated by the,se 4 different source mechanism for the acoustic energy is
fact tqg‘t their mean density is usually only 10% of that ofg,ggested, and the bubble oscillation amplitude should be
water.” When such a fluffy snowflake strikes a water sur-gjgnificantly larger—the volume change during the freezing
face, it almost immediately stops, having no momentum tQ¢ \water is on the order of 10%, and a bubble volume dis-

depress the surface. It seems likely tha_t water would rapidlyy|scement of this magnitud¢hat would occur unless some
move upward through the flake by capillary action and leagys e entrapped air diffused out of the cayifg relatively
to a rapid melting of the individual ice crystals. The end large.

result would be the formation of a small “foam patch” that,
even though it consists of more than one bubble, would ra- .

. . . . . ._C. Hollow ice crystals
diate as a single entity due to the near-field acoustic coupling
of its constituents. An alternative scenario is that the indi-  Although relatively rare, some snowflakes take the geo-
vidual small bubbles could quickly coalescence into a singlenetrical shape of hollow objects such as cylinders and rect-
one if the thin liqguid membranes separating them burst. langles. Figure 6 shows photographs of some hollow ice
would probably be difficult to distinguish between these twocrystals?® For this scenario, one could expect that only the
possibilities on the basis of their acoustic radiation propertieoccasional snowflake would possess such a configuration.
and it appears that, in both cases, acoustic emissions of tigmilarly, one would expect this mechanism to provide easy
type observed in this study would be likely. This emissionencapsulation of air. Moreover, little energy would be stored
process depends on a series of events whose precise s$e-the air encapsulation and thus our previous arguments
guence and timing may not occur with every flake. Indeedapply that suggest surface tension as the principal oscillation
our casual observation indicates that only a small fractiorforcing mechanism.
(say, 1in 10 of falling snowflakes produces a pressure trace.

1. SUMMARY AND CONCLUSION

B. Frozen bubble release We have observed that snowflakes falling into a body of

Snowflake experts tell us that many individual ice crys-water produce noise levels significantly in excess of back-
tals contain small pockets of air trapped within the iceground. An analysis of individual flake impacts suggests that
itself.*° Figure 5 shows an example of such a flake. If thisthe principal noise source is an oscillating gas bubble that is
crystal were to melt rapidly, the bubble would be releasedsomehow entrained within the water. We have speculated
from its ambient state, and oscillate—indeed, the gas withirabout mechanisms for bubble entrainment and have made
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