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Abstract

The specific acoustic impedance of snow layers backed with rigid walls was
measured by an acoustic tube method. The normal absorption coefficient of the snow
layers was calculated, using the resistance and reactance values of the acoustic
impedance. The frequency dependence of the normal absorption coefficients showed
maxima in the frequency range in which the acoustic impedance was real. The
sound velocity in the snow layers was calculated using this data. The sound trans-
mission loss of white noise in snow layers was measured, and the attenuation con-
stant in snow was calculated from the observed values of the transmission loss for
samples of various thicknesses. Propagation of white noise on the surface of a
snow cover and in a snow tunnel and trench was investigated. Parallel correlations
between attenuation and absorption constants were observed in frequency-response
curves obtained in the laboratory and in the field.

I. Introduction

Up to this time, there have been several studies of the acoustic properties
of snow by Japanese investigators. ANDO and Hosokai (1952) studied the
attenuation of sound in snow covers. FURUKAwWA (1953) and Oura (1953 b)
reported the absorption of sound in snow covers. IsHipA and ONODERA
(1954) examined the absorption coefficients of snow samples in the laboratory.
TAKEDA, ef al. (1954) measured the absorption coefficient of snow covers and
studied the propagation of sound on their surfaces. The velocity of sound in
snow was measured by OUrA (1953 a). However, none of these studies have
very well clarified the relation between the acoustic properties of snow and its
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24 T. IsHIDA

internal structure.

Many studies of sound absorbing meterials have revealed that the acoustic
properties of these materials are highly dependent upon their internal structure.
Snow is considered to be a kind of sound absorbing material which consists of
fine, irregular ice-particles joined together. Since sound waves in snow may
propagate by oscillation of air molecules in cavities or spaces in the snow, the
acoustic properties may depend upon porosity, grain size and shape, and the
three dimensional distribution of air spaces. The primary purpose of the present
investigation was to provide knowledge of the fundamental acoustic properties
of snow: acoustic impedance, attenuation and absorption coefficients, and trans-
mission loss. The experiments were conducted in the laboratory and open
snow flelds using recently developed acoustic techniques. The observed sound
propagation on the snow field was well explained by the acoustic properties
of snow determined in the laboratory. One of the primary results of this study
is the clarification of the relation between acoustic properties and the internal
structure of snow by the thin section method and measurement of the flow
resistance or air permeability of snow. Air permeability is also strongly de-
pendent upon the structure of snow and is closely correlated to the acoustic
properties. Measurement of the air permeability in snow was made by a flow
meter developed by the author.

iI. Method for Measuring Acoustic Impedance

Various methods and devices for measuring the acoustic impedance of
porous materials have been developed by many investigators. The primary part
of these devices consists of a cylindrical tube made of precision seamless steel
tubing, with which to create plane travelling sound waves. A piece of the test
sample and a sound source are placed at either end of this tube. When
a sound wave is emitted from the source at one end of the tube, a steady
sound field is produced within the tube by the interference of the travelling
and reflective waves. This steady sound field may be sensitively modified by
the acoustic impedance of the sample placed at the other end of the tube.
Therefore, the acoustic impedance of a given sample is obtained by measuring
the sound pressure distribution in the tube. In this experiment, two different
methods were used to obtain the acoustic impedance of the samples. Several
maxima or minima of the sound pressure were measured along the axis of a
tube of constant length (constant length method), and the sound pressure of the
acoustic resonance produced by varying the length of the tube was also measured
at the source end of the tube (variable length method). In these experiments,
the first method was used for small tubes (inside diameter: 3.15 cm, length:
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90 cm) and high frequencies (up to 6,000 ¢/s), and the latter for large tubes
(inside diameter: 8.9 cm, length: 99.9 cm) and low frequencies (up to 2,100 ¢/s).

The constant length method developed by WENTE and BEDELL (1928)
and later modified by ScoTTt (1946) has been the most common method of
measuring acoustic impedance. A diagram of this technique is shown in Fig.
1. A specimen of snow is mounted in a detachable specimen holder, A, which

snow sample S

- :‘:. J

Fig. 1. Scott type impedance-measuring tube

Fig. 2. Pistons and specimen holders

Upper ones are used for 89 cm diameter tubes (BERANEK’s type].
Specimen holders are removable thin, cylindrical bronze shells,
1 mm thick, and 2cm wide. Snow samples are placed in the shells
which are attached to a movable bronze piston, and then fitted into
the main tute. Lower ones are used for 3.15c¢m diameter tubes
(ScoTT’s type). The specimen holder and the main tube are the
same. One end of the holder has a thin cutting edge and the
holder is combined with a snow sampler. The other end has three
projections which allow it to be attached to a flange on one end of
the main tube

is closed at one end by a massive, closefitting brass piston, D, (hatching).
This is combined with a snow sampler as is shown in Fig. 2. The sound
waves produced by the moving-coil loud-speaker unit, S, are emitted into the
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main tube, B, through the conical end-piece, J. The steady sound field in the
tube is explored with a moving probe-microphone, M, which consists essentially
of the small diameter tube, P, which is moved along the length of the main
tube. The position of the microphone can be accurately measured by a verni-
er-cursor sliding over a steel metre scale graduated in millimetres.

If o is the attenuation constant for a sound wave resulting from energy
dissipation on the walls of the tube and in the inner air, and k=w/c, where
o is the angular frequency and c is the velocity of sound; (a/k) <1 is generally
satisfied. Then, the acoustic impedance®, Z, at the surface of the sample under
test is given by

Z

Py,

= coth (¢, + jeb) - (1)

If a sound field of appropriate frequency is set up in the tube, and the
probe microphone is moved along the length of the tube, successive maxima
and minima of sound pressure may be observed at varying distances from the
surface of the sample, as is shown i Fig. 3. Then, the ratio of the Mth
maximum, pun,., to the Nth minimum p.;, Is given by
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Fig. 3. Typical pressuredistance graph
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* This should be precisely described as the specific acoustic impedance of a sound medium
on a given surface lying in a wave front, which is defined as the complex quotient of the
sound pressure (force per unit area) on that surface, divided by the linear velocity (centi-
metres per second). The unit is dyne-s/cm3. The specific acoustic impedance is usually
expressed by a dimensionless quantity (specific impedance ratio) which is the ratio of that
impedance to the characteristic impedance of free space, 0qco (0o: density of air, ¢o: velacity
of sound propagation in free space).
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where D, is the distance from the place at which the sound pressure is
a maximum, to the surface of the sample, and d is the distance from the
place at which the sound pressure is a minimum, to the surface of the sample.
If we draw two tangential lines (dashsed lines) for the maxima and minima, as
is shown in Fig. 3, the maximum and minimum values of the sound pressure
1, p. on the surface of the sample may be obtained by extrapolation of these
two lines. The maximum and minimum values p:, p., are the quantities that
would have been obtained if there were no dissipation in the tube, that is, if
@ had equaled zero. Puting a=0 in Eq. (2), we can replace |puax/Pmm| With
|p/p:]- Then, the real part ¢, of Eq. (1) is given by

& = coth“‘)& (3)

2

If d, is the distance from the surface of the sample where the first
minimum occurs, the imaginary part ¢, of Eq. (1) is expressed by

b=k

(24
. s 4
4 7 om ) (4)

where 4 is the wave length measured from the interval between two minima.
The variable length method given by BERANEK (1940) is illustrated in
Fig. 4. The test sample is mounted on a movable piston at one end of the

piston
snow sample @

. B

Fig. 4. Impedance-measuring tube (BERANEK's type)

tube as is shown in Fig. 4. The probe microphone, M, and a small tube, are
attached to the edge of the same end of the tube where the sound source, S,
is. The sound source is considered to be a point source of very high im-
pedance, because the sound energy is emitted through a narrow barss tube
filled with many straight copper wires.

The specific impedance ratio, Z/0.c,, at the surface of the test sample is
given by

Z 1 -coth[(km—jwm)i] , (5)
Py, 14 jFm c
Wy,
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where [ is the length of the tube measured from the surface of the sample to
the plane of the sound source and the microphone; %,, is the damping constant
associated with absorption at the test sample ; ,, is the normal angular frequency
of longitudinal vibration. When the length of the tube or the driving frequency
is adjusted to give a maximum of sound pressure, the value of w,, becomes

[E

Wy, = (wz_ki) . ( 6 )

If the driving frequency is held constant and the piston is moved along
the axis of the tube, the probe microphone may detect an acoustic resonance
at a certain length of tube. A typical resonance curve for sound pressure, p,
versus distance, /, is shown in Fig. 5. If we obtain // and " at the both

/pmux

n=2 Pyf | ‘/p"

1
t
'
'
§
1

l',

Fig. 5. Typical resonance
curve

sides of the resonance curve where the square of the sound pressure, p, at the
microphone is decreased to 1/n of its resonant value, the total daming con-
stant, %, determined by the combined absorptions at the sample, the walls of
the tube, the source, and the microphone is given by

B D) (Pmax)2 ~ (Pmax>2 —n. 7
C o lyn—1 P P’ g (7
Then, when %,/w,, is small in comparison with 1, Eq. (5) becomes
4 [ . k 1} '
= coth| (k,—ky)— —7 — {1 — -1, 8
Oco “ [( ! c 7 ( 2“’2) J )

where %, and /, are the damping constant and the resonant length of the tube
with no sample; w is the driving angular frequency ; ¢ is the velocity of sound
in the tube. In Eq. (8) the following three approximations should be satisfied :
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1) £n<01 @y,
2) N Y
3),  A>1707D

where 2 is the wave length of the driving sound in the tube, and D is the
inside diameter of the tube. ,

The first approximation is satisfied by choosing the length of the tube so
that %, may be sufficiently small, because %, is inversely proportional to the
length of the tube. In the present experiments the first approximation was
always satisfied, since the resonant length of the tube was more than the wave
length used.

The second approximation is almost satisfied, unless too broad a width,
(I”—1), is chosen for the resonant curve. In this experiment, the width of
the curve of the sound pressure was measured at locations where the sound
pressure was reduced to one hall of that of the maximum; or n=4. The
maximum deviation of %, from the average value was only +2 percent, even
when k£, was measured at any pressure ratio between n=1.44 and #=6.76.

The third approximation is the condition under which plane progressive
waves may be set up in a tube. If the highest frequency at which measure-
ments are to be made does not exceed the value given by 19,000/ the inside
diameter of the tube in cm) at temperatures above —10°C, the third approxi-
mation is always satisfied.

When the specific impedance ratio is written by Eq. (1), the real and
imaginary components of the acoustic impedance are calculated from

R sinh 2¢,
2.c, cosh 2¢,—cos 2,

9
X —sin 2¢, )

0.c, cosh 2¢, —cos 24,

R and X are, respectively, the acoustic resistance and the acoustic reactance.
In this paper, all of the specific acoustic impedances of snow are expressed by
acoustic resistance and reactance in POy, units.

When a plane sound wave is emitted on the surface of a sample with
a normal incident angle, the absorption coefficient, a, of the sample is given by

2

Z—pe,

10
Z+ 0., (10)

=
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If we use values for R and X which are obtained by measuring the acoustic
impedance of the sample, the absorption coefficient, @, can be expressed by

a—_ AR (11)
RE1f+X°

lll. Method for Measuring the Flow Resistance

Propagation of a sound wave through a porous medium is strongly influ-
enced by its porosity, shape and the distribution of pores or cavities, because
sound waves are propagated through porous media primarily by oscillation of
air molecules in the pore. In order to determine the acoustic property of
a porous material, it is first necessary to know its air permeability or its air
flow resistance.

The resistance of porous material to stational air flow is given by DARCY’s
law :

—4P—=a-v. (12)
L

where ¢ is the flow resistance per unit thickness of material measured (specific
flow resistance), in gfs-cm®; dp is the pressure difference between the two faces

""Free space.

Air
reservoir

C,

Fig. 6. Apparatus for measuring
flow resistance
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of a sample of thickness, L cm, in dynes/cm®; v is the linear velocity of flow
of air through the sample. Specific flow resistance may be used as a basic
property of an acoustical material, because it corresponds to the real component
of the specific acoustic impedance per unit thickness of the material when the
sound frequency is zero. ’ STIRR ,
In general, flow resistance has been measured according to DARCY’s: law,
but a simple and compact apparatus for measuring the flow resistance of snow
has been developed by Isumipa and SHiMIzU (1956), the principle of which is
analogous to a Wheatstone-bridge ; that is, the flow resistance of snow is
measured by comparison with an accurately calibrated variable standard of flow
resistance. A diagram of the apparatus is shown in Fig. 6. The primary
. components of the Wheatstone-bridge, the constant resistance, variable resist-
ance, galvanometer, and battery, were replaced by two narrow tubes, R,, R;,
a variable leak-cock, R,, an inclined-tube alcohol manometer, M,, and a pres-
sure source produced by a hand operating rubber-bellows, C,. A cross-sec-
tion of the variable leak-cook R,, is shown in Fig. 7. A narrow cylindrical

INLET
<—10¢
5
5
OUTLET 209 8.8 &
— 650 5.0¢ ol
b nran —
' 45 i |51 35 S
: 5 :
40 <5 50

Fig. 7. Cross-section of leak-cock {dimensions in mm)

gap between a circular tube with an inside diameter of 6.5 mm, and a cylin-
drical rod 5.0 mm in diameter, is effective as a standard of flow resistance.
The flow resistance of the leak-cock is varied by changing the length of the
cylindrical rod inserted in the centre of the circular tube by turning screw,
and the amount of flow resistance against the graduations on a dial in the
screw is accurately calibrated. The snow sample is placed in the brass cylinder,
R;, (5em in diameter). The thickness of the sample should be previously
adjusted so that its flow resistance may be brought within the limits of the
measuring capacity of this bridge.

Typical operation of the apparatus is as follows: The rubber bellows, C,,
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is squeezed by hand and appropriate pressure is applied to the sample. The
variable leak-cock, R,, is adjusted so that the air flow through it is precisely
equal to the flow through the snow sample. When these two air flows are
equal, the alcohol manometer, M,, indicates the same level. The flow resistance
of the snow is obtained by reading a dial on the leak-cock.

In Fig. 8 the flow resistance measured by this method in various kinds of

Compact snow
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Fig. 8. Flow resistance of snow

snow are plotted against density. As is shown in this figure, in natural snow,
the values for flow resistance are roughly grouped in three broad domains.
This implies that the numerical value for the flow resistance of snow is not
only determined by the density, but is also strongly dependent upon the internal
structure. This is quite natural, because the shape or texture of the pores
differs with every sample, even if the density is the same. Therefore, the
acoustic impedance or air flow resistance of snow may be useful as an expres-
sion of its structure.
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V. Specific Acoustic Impedance of Snow Samples

The specific acoustic impedance of many kinds of snow samples with rigid
wall backings were measured by both BERANEK’s and ScoTT’s method. All
of the experiments were made at temperatures between 0 and —15°C. There
are two modes of propagation of sound waves through a narrow tube. When
a low frequency sound wave propagates through a fairly large tube, no tempera-
ture change is observed throughout the air in the tube, because the propagation
may conducted under isothermal conditions. Therefore, the resistance of air
flow in the tube may be given by PoIseUILLE’s law. However, when a high
frequency sound wave propagates through a comparatively small tube, the air
in the tube may vibrate adiabatically and cause appreciable temperature change.
In this case, the resistance of the air flow may obey HermuoLTz’s law.
ZwikkeR and KosTEN {1949) introduced a dimensionless number, g, in order
to establish a criterion for determining which type of sound propagation, iso-
thermal or adiabatic, is taking place in porous materials. The dimensionless
number g is given by

1=+ 8wk kv , (13)

where  is the angular frequency of sound; 0, is the density of air; & is the
porosity of a porous material; ¢ is its flow resistance, and % is the structure
factor given by the square of the ratio of the sound velocity in free space
to the sound velocity in the material. This value, ¢, may be compared to
REYNORDS’ numbers in hydrodynamics. In acoustical engineering, propagation
of sound is considered to be an isothermal PoISEUILLE type when p<1, and
an adiabatic HELMHOLTZ type when p>10.

If we use the following numerical values to calculate ;,z. of snow:
® = Zx - 400—2x - 4,000
h=0.6—0.9 (density: 0.37—0.09 g/cm’)
6 =2—25g/s-cm®
k=2—3
2,=1.3x10"°g/em’,

we have

2<p<16.
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Therefore, the sound propagation mechanism in snow is an intermediate case
which is just between the two limits of isothermal and adiabatic. In this inter-
mediate region, some fraction of the sound energy is dissipated in the air
spaces which are surrounded by ice-particles, because of the phase difference
between pressure and density changes in the air. Therefore, it is very difficult
to express the acoustic impedance of snow in terms of material constants such
as density, porosity, flow resistance, structure factor, and so forth. However,
it is possible to express the acoustic impedance of new snow by analogy with
an electric circuit, since its frequency dependence seems to be relatively simple.

impedance

£=0.09 -04°C

Acoustic
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Fig. 9. Specific impedance of new snow
(density : 0.09 g/cm?®, thickness: 2 and 4 cm)
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1. Impedance of new snow

In Fig. 9, the frequency dependence of the real and imaginary components
of the specific acoustic impedance of now snow (density: 0.09 g/cm®, thickness:
2 and 4 cm) is plotted In P,, units; that is, as a ratio of the characteristic
impedance of free space. The two lower graphs in this figure show the
frequency dependence of the absorption coefficient of the same sample calculated
from Eq. (11). The value for the real component of the impedance (acoustic
resistance) is small and varies little against the frequency of sound, whereas
the imaginary component of the impedance (acoustic reactance) has large nega-
tive values at low frequencies and its absolute values decrease parabolically
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Fig 10. Acoustic reactance of new snow
(density : 0.09, 0.10, and 0.13 g/cm?, thickness; 2 and 4 cm)
and granular snow (density: 0.35 g/cm?, thickness: 4 cm)
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with the frequency. This frequency de-
pendence of the acoustic reactance is more
clearly illustrated in Fig. 10. In this fig-
ure, the acoustic reactance of three samples
of new snow (density : 0.09, 0.10, and 0.13
g/cm?®, thickness: 2 and 4 cm) and granular
snow (density: 0.35 g/em?®, thickness: 4 cm)
is plotted against the frequency on log-
log paper. The measured values for the
acoustic reactance of new snow are distrib-
uted around two straight lines which slope
at an angle of 45° to the abscissa, but the
observed values for the acoustic reactance
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of granular snow deviate from a straight
line. This means that the acoustic re-
actance of new snow must be only the
acoustic capacitance. In addition, the
acoustic resistance of new snow is
nearly constant against frequency as
is shown in Fig. 9. Therefore, the
acoustic property of new snow may
be explained by an acoustic model con-
siting of narrow tubes and large cavities,
or by an electric circuit composed of
electric series resistance, r, and shunt
capacitance, C, as is shown in Fig. 11
a and b. The narrow tube and the
large cavity in the acoustic model cor-
respond to the resistance and capacitance
in the electric circuit.

If we accept the validity of these
two models for new snow, the following
inference may be drawn: when a thin
sample of new snow is represented a-
coustically by the above model, a thicker
sample must be represented by a series
of these models in proportion to its
thickness. In order to prove this, the
specific acoustic impedance of new snow
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samples was measured as a function of the thickness of the samples. Figure
12 shows a comparison of observed and calculated values. The calculation was
made by means of an electrical model in which T-sections (series resistance, 7,
and shunt capacitance, C) were increased one by one in proportion to thickness
of the sample. The specific acoustic impedance corresponds to the input imped-
ance of the electric circuit terminated at its far end by an infinite impedance.
If n is the number of T-sections, resistance, R, and reactance, X, of the input
impedance of the C-r recurrent network composed of n T-sections are given

712+N—i—<N'wrC->2 n+<N-a)r_C_)2
- n—1 Y X = — n—1 o1
n2+(N-w_r(_7_)2 712_|'(N-(1)7*(3)2 wC (14)
n—1 n—1
N=T (n—if.

For new snow, the acoustic resistance is very small compared with the absolute
values for the acoustic reactance, unless the frequency is too high. Therefore,
an approximation 7€ 1/wC can be made in Eq. (14). Then, Eq. (14) becomes
approximately

1

-=[ n—1 —1—2] ;;_
R.l1+§1(1 n)Jr, Xz, (15)

The calculated values in Fig. 12 were obtained from Eq. (15) for reactanc at
frequencies of 400, 600, and 800 c/s, and for the resistance for two appropriate
values of . The observed values of acoustic impedance wvs. thickness for
new snow samples (density: 0.1—0.2 g/cm’) agree fairly well with the calculated
curves. However, the observed values for reactance deviate from the calculated
curves at high frequencies and larger thicknesses. These deviations may be
produced in part by the approximation, < 1/wC, but more by the fluid motion
of the air mass in the narrow tube. That is, for a more complete model, series
inductance should be added to the equivalent circuit.

2. Impedance of compact snow

The acoustic impedance of compact snow generally has smaller reactance
and higher resistance than that of new snow, since its grain size and air spaces
are fine and small because of natural compaction or densification. The ice grains
in compact snow are usually rounded by metamorphism over long periods of
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time. Figure 13 shows thin sections with two grain structures typical of
naturally compacted snow. The thin section was made by the anilin method
developed by KinosiTa and Wakanama (1959). Though these two samples
have almost the same density (0.31 and 0.32 g/cm®), the size and shape of the

D
=031

Fig. 13. Thin sections of two samples of compact snow of almost
the same density and different texture

grains are quite different. Sample D is relatively young snow and its grains
are small and a little angulated, whereas sample E is old snow with large round
grains. The frequency dependence of the reactance and resistance of these
samples is shown in Fig. 14. The values for reactance are nearly the same
in these two samples, but some difference may be seen in the values for
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3
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Fig. 14. Acoustic impedance of compact snow
shown in Fig. 13

resistance. In all frequency ranges between 0.4 and 0.5 kc, the values for
resistance were higher in sample D (young snow). The acoustic reactance of
snow is primarily dependent upon the average volume of air spaces in it,
therefore, the values for reactance are nearly equal for these samples which
have nearly the same density. The acoustic resistance of snow is primarily
dependent upon the size and tortuosity of the narrow tubes between ice particles.
It is possible that the tubes surrounding the angular particles in sample D are
narrower and more tortuous than those surrounding the round particles in
sample E, and that the acoustic resistance of sample D may therefore be higher
than that of sample E.

Figure 15 shows micro-photographs of thin sections from three samples
of compact snow. In these figures, A is naturally compacted snow, density
£=0.20 g/cm® and B and C show the changes in internal structure in the same
snow produced by artificial compression. - Two blocks of snow 4 and 5cm
thick were gradually compressed to a thickness of 3cm. The densities of the
compressed snow samples were therefore increased from the original value
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0=0.20

B
(A4 cm-—+3cm)
0=0.26

(O
(A5 cm—>3 cm)
0=0.32

Fig. 15. Thin sections of compact snow
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(©=0.20) to ©=0.26 (B) and #=0.32 g/em® (C). Though there was no appre-
ciable change in grain size or shape following compression, densification and
compaction may be clearly seen in B and C in this figure. The change in the
frequency dependence of the acoustic impedance in this compressed snow is
shown in Fig. 16. As is shown in this figure, the values for resistance obviously
increased with density in all frequency ranges between 0.5 and 4 ke, because

G -

5 - —— A ¢=020 3cm
R ——-B. 026
e c. 032 - fod

Fig. 16. Acoustic impedance of compact snow
shown in Fig. 15

the more the snow is compressed, the more the tubes surrounding the ice

particles are restricted. While, the increase of reactance resulting from com-

paction is insignificant, the maximum values for reactance, which appear around

4 ke, decrease with densification.
air mass which opposes a change in the volume current in the tube, is reduced

This may be a result of the fact that the
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with densification. The reason why the values for reactance fall rapidly at
5 ke, may be that standing waves are formed by resonance within the samples
as will be discussed later. These two experiments indicate that reactance in
compact snow is not significantly influenced by the internal structure of the
snow, in the density range between 0.2 and 0.3 g/cm?®, but resistance increases
with density, and if the grain size or shape is different, the resistance varies,
although the density remains the same.

3 .#) Suond velocity in snow

When acoustic impedance is plotted in a complex plane, the contours along
which the value of the absorption coefficient remains constant are circles in

Fig. 17. Left, acoustic impedance vs. frequency for compact
snow (density: 0.32 g/cm?, thickness: 4 cm), and
right, impedance contour

this plane. For 100% absorption the circle reduces to the point where the
characteristic impedance of free space, f.c,, is given. In Figs. 17 and 18, the
acoustic impedance compact snow is plotted in the complex plane. As may be
seen in these figures, impedance contours describe loops as the frequency or
thickness of the sample increases. The absorption coefficient is maximum at
the point where the impedance contour crosses the real axis in the neighbour-
hood of the characteristic impedance of free space. The absorption coefficients
for the compact snow, obtained from Fig. 18, are plotted against thickness in
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Fig. 19. When the absorption peak appears at a certain frequency in a sample
of definite thickness, the standing wave may be maintained within the sample.
In this case, a sample with a rigid wall backing may be acoustically regarded
as a pipe, closed at one end and opened at the other. The fundamental
resonant frequency of this equivalent pipe is given by

c
where [ is the thickness of a sample and ¢ is velocity of sound through the
sample. Inserting the values for frequency and thickness at which maximum
absorption is observed, into Eq. (16), we can calulate the velocity of sound
through a sample as is shown in Fig. 20. It appears that the velocity of sound
in compact snow of a definite density is proportional to the frequency, in the
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snow layers

range between 400—1,400 c¢/s. In Fig. 21, the porosity dependence of sound
velocity measured at 1 kc is shown for three kinds of snow. A linear correla-
tion between velocity and porosity is observed in compact and new snows in
regions of quite different porosity. This implies that porosity is not the only de-
termining factor in sound velocity in snow. However, in any kind of snow, the
sound velocity can be expected to approach a definite value when the frequency
approaches 0, and to the value for free space when the frequency approaches co.

We shall analyze the frequency dependence of sound velocity in snow
using uniform transmission line in electrical engineering. When the distributed
line-constants, resistance, inductance, conductance, and capacitance, are expressed
by R, L, GG, and C, respectively, the specific impedance, Z, and the admittance,
Y, are given by

Z=R+jwl, ]
Y =G+juC. J

Then, the input impedance, Z,, for length / of this line terminated in infinite
impedace is

(17)

ZS=\/£Y cothyZ-Y 1, (18)

where Y Z-Y =a+jB, a is the attenuation constant, 8(=w/c) is the phase
constant, w is the angular frequency, and ¢ is the phase velocity. Multiplying
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the first equation of (17) by the second equation of (17) and separating the
real part from the imaginary part, we have

M=~%JmﬁwﬂﬁK?+dO)+;(RG—JLQ,
1 (19)
y=7?¢mumﬂﬂ«?+d0>—é4RG-wacy
Since f=w]/c, the phase velocity is
_ ~1
e=vZafimtt itz Lo L1 (20)
| o x z |

where

( éC GL)

1
X = w > Co —

RG JIC®

and ¢, is the velocity of light for the line in a vacuum, and is the velocity of
sound in free space for the propagation of sound.
Equation (20) becomes

c=cylm for @=0,
and c=c, for w=o0.

A curve of the velocity ratio ¢/c, in the case of m=43 1s shown as a function
of x in Fig. 22. This curve indicates that the velocity of sound in snow
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Fig. 22. Frequency characteristic of the phase velocity
through a transmission line

increases with the angular frequency, @, and asymptotically approaches the
velocity of sound in free space for w=co.
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V. Transmission Loss in Snow Samples

The general aspects of the absorption coefficients of snow layers have been
described in the previous section. Attenuation of the energy of sound by the
snow layers will be discussed in this section.

The transmission loss, TL, is defined by the decibel unit as follows:

TL = 10 log,, Inteflsrcy of 1n01d.ent sound _ (21)
Intensity of transmitted sound

In general, the 7L of a material is measured by inserting a panel of the material
in an opening between two reverberant rooms, the source and receiving rooms.
In the present experiment, however, the
following method was used: A trench,
(1x11x1.25m) was dug in an open
snow field. The bottom of trench was _ sound
almost at ground level. A tetragonal . -.- source
hole (60 x 40 x 85 cm) was made in the o

middle of the trench wall. A moving- <> ©* Horizontal
coil loud-speaker mounted in an enclosed. - section
spherical cabient 40 cm in diameter, was
placed in this hole as a sound source,
and the mouth of the hole was sealed
tightly with a snow-block 23 cm thick.
As is shown in Fig. 23, the dimensions

L

of the source room were therefore -
62x60 x40 cm. After the snow-lid Y e |
was exammed. and proved to be leak Sl R 1‘3///4, S iew
proof, an opening 15 x 15 cm was made S TR el SR I

in the centre of the lid to arrow emis- Y S — .
sion of sound waves. A shallow step R
(5cm wide and 5cm deep) was con- Fig. 23. Source room for measuring
structed on the periphery of this opening the transmission loss in snow
to hold the snow samples. The snow

cover in which this sound source room was made, was composed of uniform
compact snow (density: 0.3-0.4 g/cm®) lying more than 20 cm below the surface.
A snow sample (25 x 25 cm) was placed in the opening. The thickness of the
sample varied from 2 to 10 cm. The snow sample was always cut horizontally
from deposited snow so that texture of the sample was as uniform as possible.
Therefore, all of the values for transmission loss given in this paper are those

—_

Front

layers (dimensions in cm)
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obtained in cases where the sound was transmitted vertically through the snow
cover. ‘

White noise was produced by a generator and amplified and emitted from
the lound-speaker. The frequency characteristics of the white noise are shown
in Fig. 24. The intensity of the sound was measured in every 20 frequency
band in the range from 100 to 8,000 ¢/s using a sound level meter and 1/3
octave band-pass filters. The frequency characteristics of the band-pass filters
are shown in Fig. 25. The air temperature was —7°C during the time the
experiments were made.

If the method described above is used to rﬁeasure the TL of snow, Eq.
(21) can be substituted for

30r
o
T 261~
£
@
o
o 221
=
o
>
R O0db: 0.01V at voice coil
& .
5 terminals
o
14 | L i [ 1 { [ 1 1 {

102 2 3 5 7 (0% 2 3 5 7 104
Frequency in c¢/s

Input Odb: IV (R.MS)

Attenuation level indb.

Fig. 24. Frequency characteristic of a white noise
-40|
1 1 Il 1

1
A

Frequency in c/s

Fig. 25. 1/3 octave band-pass filter characteristics
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TL=L.,—L,, (22)

where L, is the sound level at the face of the sample in the source room, and
L, is the sound level at the other face of the sample in the receiving room.
The trench-wall was located about 1 m beyond the receiving room, but L, was
little influenced by reverberations from this wall.

Figure 26 shows the frequency dependence of the transmission loss in
compact snow (density: 0.35 gfcm®, flow resistance: 14.0 g/s-cm?®). The values
of transmission loss for the overall band of white noise were 10.5db for a
thickness of 2cm, 12.5db for a thickness of 4 cm, and 15.5 db for a thickness

18

in db
>

14

loss

Transmission

] i 1 1 ] 1 1 .
10 2 3 5 7 10% 2 3 5 710°
Frequency in c/s

Fig. 26. Frequency characteristics of transmistion loss in compact
snow (density : 0.35 g/cm?, flow resistance: 14.0 g/s-cm?3).
Broken line shows transmission loss through a hollow
block of pumice-stone (surface density : 75.7 kg/m?, thick-
ness : 10.2 cm)

of 6cm. In order to compare the frequency dependence of the TL in snow
with that in other porous material, the transmission loss of a hollow block of
pumice-stone, a kind of building-material, was plotted and is shown by the
dotted line in Fig. 26. This sample had a surface density of 75.7 kg/m?, and
a thickness of 10.2cm. It is generally known that the transmission loss of
porous materials increases with frequency. The present experiment, however,
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indicates that the frequency dependence of the T'L in compact snow is quite
irregular and has no tendency to increase with frequency.

In Fig. 27, the relation between the transmission loss and the thickness of
the compact snow (density: 0.35 g/cm’, flow resistance: 19.8 g/s-cm®) is shown
as a function of frequency. If the intensity of sound is decreased logarithmically
against the distance of propagation through the snow layer, the sound pressure,
p, at a distance of x cm from the surface of the snow layer, is given by

P EPOeﬂn > (23)

where p, is the sound pressure at the
surface of snow on the source side,
and a is the attenuation constant in
1/em. Moreover, if it is assumed that

301

25+

S 2o the sound levels L, and L, in Eq. (22)
® are expressed by p, and p as follows:
;: 5 Ll =20 1 10 Po
E AT "
i L,=201log,p, f
% oL then, combining Egs. (22), (23), and
E (24), we have
E sl TL=20 logm%z(ZOalogme)x.
(25)
, L . ! . Equation (25) means that the trans-

o 2 4 6 8 10

mission loss is linearly proportional to
Thickness in cm. Y Prop

Fig. 27. Transmission loss vs. thickness the thickness.  This equation, however,

of compact snow (density : 0.35 may not be applied to explain the

g/em?, flow resistance: 198  experimental results shown in Fig. 27.

g/scem?).  Numbers indicate  As shown in this figure, the 7L

frequency of sound in ¢/s vs. thickness curves measured at low
frequencies exhibit maxima at certain thicknesses. It may be assumed that,
when a low frequency sound wave penetrates a comparatively thick sample,
a standing wave may be formed by resonance within the sample causing an
apparent decrease in the transmission loss. The reason why the transmission
loss does not dip at high frequencies in a thick sample, may be that the
attenuation of sound is very high at high frequencies in thick samples and it
is impossible to form a standing wave such samples. As is shown in Fig.
27, curves for TL wvs. thickness are almost straight lines at thicknesses between
2 and 6 cm.  Therefore, the attenuation, constant, «, in this snow may be



50 T. IsHIDA

: 4.0(
§ ~04
3
. 3.0 €
= 1032
= !
3 2.0 3
c 0.2 |
g !
- -
21.0 rock-wool o1
) " ( Stillite, s0.08) ’
c ISR
] p-—
po - 1 1 L 1 1 1 1 1 1

10? 2 3 5 7 10° 2 3 5 7 104

Frequency in c/s

Fig. 28. Frequency characteristics of the attenuation constant of
compact snow (density: 0.35 g/cm® flow resistance:
19.8 g/s-cm?®. The dotted curve shows the attenuation
constant of Stillite (After SCOTT)

calculated from the gradient of each straight line. Figure 28 shows the
ferquency dependence of the attenuation constant of compact snow (density:
0.35 gfem®, flow resistance: 19.8 g/s cm®) obtained in this manner. In this
figure, the frequency dependence of the attenuation constant of Stillite (bulk
density : 0.080 g/cm®) obtained by ScoTT (1946} is shown by the broken curve.
He measured the a of Stillite directly by inserting a small probe-tube micro-
phone into it. It is difficult, how-

ever, to apply his method to the snow, 24r
since the texture of the snow may .
be destroyed by the insertion of a  ® 20-
probe-tube microphone. As is shown 5
in Fig. 28, the frequency dependence 2 16}
of the attenuation constant of com- s
pact snow has tendencies which are o 12l
similar to that of the porous material, E
Stillite. E ol
In order to show how the 7L . ' . N .
changes in various kinds of snow, 2 4 6 8 10
TL curves for overall white noise Thickness in cm.
were drawn for three samples of Fig. 29. Transmission loss wvs. thickness of

varying thickness (Fig. 29). As is snow layer for overall white noise



Acoustic Properties of Snow 51

shown in this figure, in the samples more than 4 cm thick, the smallest 7L
was obtained in new snow with a density of 0.16 g/em’® and a flow resistance
of 9.6 g/s-cm’, and the 7L was larger in compact snow with a flow resistance
of 19.8 gfs-cm’® than in compact snow with a flow resistance of 14.0 gfs-cm’,
although the density of these samples was the same, 0.35 g/cm®. This may be
explained by the difference in their flow resistance, since transmission loss or
attenuation of sound pressure in snow layers results primarily from viscous
resistance of air in small snow pores. According to Morsg (1952), the relation
between the attenuation constant and flow resistance in porous materials is
given by

a=AJo-o, (26)

where a is the attenuation constant, o the angular frequency, ¢ the flow resis-
tance, and A is a constant independent of the frequency. Figure 30 shows
the relation between the attenuation constant and flow resistance, obtained for
overall white noise through various kinds of snow samples, all less than 5cm
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Fig. 30. Relation between attenuation constant and
square root of flow resistance for overall
white noise through various snow samples
less than 5cm thick
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thick. It is interesting that MORSE’s equation can be applied to consolidated
materials such as snow.

VI. Attenution on Sonw Surfaces

The acoustic characteristics of small samples of natural snow covers have
been investigated in the laboratory. In this section, the problems of sound
propagation in open snow fields are treated. Experiments were made in Feb.
1958 on a snow field approximately 100x 300 m at the forest experimental
station of Hokkaido University in Moshiri,
Hokkaido. The snow field was surrounded
by few trees, and was quiet enough to conduct
acoustical experiments. A density profile of 150-
the snow cover is shown in Fig. 31. S

A moving-coil loud-speaker mounted on an - {
enclosed spherical cabinet was used as the - !
source of white noise. The intensity of the L I
sound was measured in every 20 frequency
band between 100 and 8,000 c/s with a sound
level meter and 1/3 octave band-pass filters.

Figure 32 shows the intensity distribution
of the sound field on the surface of the snow
cover at every frequency band. The relative [
location of the sound source and the sound
level meter is shown in the lower right hand t
corner of this figure. The length of each side i !
of a square block is 2m. The numbers on - {
the top of the tetragonal frames indicate the -
centre frequency of 1/3 octave bands. The ol
number adjacent to each contour indicates the  Fig. 31. Vertical density distri-
sound level, measured in db. The sound source bution in the snow cover,
had no directivity in the plane perpendicular us‘:irfoéx;z;r::e:;(’paga'
to the axis of the loud-speaker, but had appre-
ciable directivity in the plane of the axis. The loudspeaker was set at a height
of 35cm above the surface of snow cover so that its axis was paralle] to the
surface of snow cover. Since the directional patterns of the sound field were
symmetrical on both sides of the axis of the loud-speaker, only the second
quadrant of the pattern is shown in Fig. 32. As is shown in this figure, the
directional patterns of the sound field appear to be concentric circles around
the source in the low frequency range below 1,000 c/s, but the weak directional

Density
0.1 0.2 03 0.4 0.5

o
@

Height in ¢m
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Fig. 32. Sound field on the surface of a snow cover. Numbers
at the top of each square indicate the centre frequency
of 1/3 octave bands, in c/s

characteristics of the pattern can be seen in the middle frequency range between
1,250 and 2,500 c/s, and the patterns are fairly confused in the high frequency
range above 3,150 cfs. These variations in the sound field are more related
to the characteristics of the sound source than to those of the smow cover
surface. Therefore, further measurements of sound field were only made along
the axis of the loud-speaker where the sound field was not confused.

The vertical distribution of sound intensity above the surface of the snow
cover was measured at a distance of 6 m beyond the source. As is shown in
Fig. 33, the intensity of the overall white noise decreased rapidly near the
surface of snow cover. This implies that the sound field was intensly affected
close to the surface of the snow cover. Figure 34 shows the intensity of
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sound in the vicinity of the mouth of a HELMHOLTZ’s resonator placed facing the
sound source (SATO and KuBo 1938). When the resonator does not resonate

with the source, the intensity of sound de-
creases rapidly with its approach to the
mouth of the resonator, as is shown by
curve (b). The vertical distribution of
sound intensity shown in Fig. 33 is quite
similar to curve (b) in Fig. 34. Therefore,
the snow surface can be considered as a
HeELMHOLTZ’s resonator with a different
resonance than the source. In a previous
section, the characteristics of the acoustic
impedance of new snow were explained by
an acoustic model composed of a narrow
tube and a large cavity. This model may
be regarded as a HELMHOLTZ’s resonator.

As is shown in Fig. 33, a sound field
higher than 30 cm is not disturbed by the
surface of the snow cover. This may be
proven by the following experiment: The
along the axis of a loud-speaker mounted at

1T
R,
J

/

52 56 60 64 68

Height in cm.

Intensity level in db.

Fig. 33. Vertical distribution of
sound intensity above the
surface of a snow cover

attenuation of sound was measured
a height of 35 cm above the surface

of the snow cover. The attenuation curves obtained in this experiment in
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Fig. 34. Sound intensity near the mouth of a resonator
placed facing the sound source

(a) resonator is resonant with
(b} resonator is not resonant

the source at 250 ¢/s
(After SATO et al.)

every frequency band may be expressed by “the law of inverse squares” as may

be seen in Fig. 35, where each curve has

been shifted along the ordinate so

that the curves are not superimposed. This means that, at a height of 35 cm,
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sound propagation is not disturbed by the surface of the snow cover and is
similar to propagation in free space or in an anechoic chamber, where the
decrease in the intensity of sound is inversely proportional to the square of
the distance from the point source. On the other hand, there was great devi-
ation from this “law of inverse squares” when the attenuation of sound was
measured at the surface of snow cover on a line parallel to the axis of the
loud-speaker. Steep attenuation curves were obtained in all frequency bands
as is shown in Fig. 36.

Sound waves are propagated nearly spherically, from the source to the
surface of the snow cover as may be seen in Fig. 32. Therefore, if the sound
pressure on the surface of the snow cover at a distance of 1 m beyond the
source is p,, the sound pressure on the surface, p,, at the any distance, m
beyond the source, is given by

Po=pxle ™, (27)

where « is the attenuation constant on the surface of the snow cover. If the
intensity levels measured for p, and p, are given by

L1 =20 logm Pz >
I es
and L,=20 1ng 20

the attenuation constant « is

_ L,—L,—20 log,, =
20 log,, e ’

(29)

The frequency characteristics of the attenuation constants calculated from the
data given in Fig. 36 using Eq. (29), are shown in Fig. 37. At first sight,
this appears similar to the attenuation characteristic curve in compact snow
shown in Fig. 28, but the actual value of the attenuation constant on the surface
of snow cover is about 1/100 of that in compact snow. For example, the
distance at which the intensity of a sound of 1kc is reduced to 1/100, is
12.5 cm in compact snow, and 13.5m on the surface of a new snow cover.
In order to observe sound propagation in a snow trench and in a tunnel,
a trench, 1x11x 1.4 m, was dug in snow cover, and a tunnel 80 % 310 x 80 cm
was bored at a depth of 45cm from the surface of snow cover through the
snow-wall at one end of the trench. Since the original depth of snow cover
was 1.5m, the bottorn of the trench and the tunnel was 10 cm thick. A sketch
of the trench and tunnel is shown in Fig. 38. A spherical loud-speaker was
placed in the innermost part of the tunnel as a source of white noise. The
walls of the trench and the tunnel were primarily composed of compact snow
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Fig. 38. Snow tunnel and trench (dimensions in cm).

with a density of 0.30—0.45 g/cm®, but the snow on the bottom of the trench
was packed hard by walking on it.

The sound intensity levels in the trench and the tunnel, measured along
the axis of the loud-speaker, are shown in Fig. 39, where the measured values
are plotted and shifted along the ordinate for every frequency so that the plotted
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points are not superimposed. In this figure, the arrow indicates the location
of the mouth of the tunnel, and the curves to the right of this arrow indicate
the sound level distribution in the trench, and those to the left of the arrow
the distribution in the tunnel. In.these curves, thick solid lines indicate
that the attenuation obeys the inverse square law. The attenuation curve
for overall white noise is well expressed by the law of inverse squares, except
in the vicinity of the sound source and at the end of the trench. This
deviation or edge effect at both ends of the trench and tunnel may be caused
by sound reverberation from the snow-wall beyond. According to these experi-
ments, the absorption coefficients of compact snow (density: 0.33-0.37 g/cm’,
thickness : 10 cm) range from 0.8 to 0.6. Therefore, the walls of the trench
and tunnel may reflect approximately 20-40% of incident sound energy. As
may be seen in Fig. 39, the majority of the attenuation curves consist of three
parts with different slopes against abscissa. In the first part, within 1m of
the source, the curves slope gently. In the second part from 1 m beyond the
source to the mouth of the tunnel, the majority of the curves express the law
of inverse squares. In the third part, inside the trench, there are fairly steep
slopes.

The attenuation characteristic for frequency in the first part of the curves
is not systematic, because of sound reverberation from the snow-wall beyond
the sound source and because it is too close to the source. In the second part
of the curves, the sound attenuates in accordance with the law of inverse
squares, in all frequency bands. In this region, the conditions are the same
as those in an anechoic chamber, because there is no reverberation from the
inside snow-wall or the mouth of the snow-tunnel. In the third part, the
attenuation curves show steep gradients from the mouth of tunnel, through the
trench. This means that the mechanisms of attenuation are quite different in
the tunnel and the trench. Since it can be assumed that the sound is apparently
emitted from the mouth of the tunnel into the trench, the mouth of the tunnel
may be regarded as an imaginary sound source, the dimension of which is
80x 80 cm. When the sound source is not a point source, the true location
of the source may be graphically determined as follows: Inverse values of
sound pressure are plotted against the distance from the position of the source.
A curve which connects these points is extrapolated until it intersects with the
abscissa. The intersection gives the true location of the source where the
sound pressure becomes infinite. In general, the locaiton of the source may
differ as a function of the frequency.

Applying this procedure for sound radiation from the mouth of the tunnel,
we determined the true location of the source at intervals approximately 1, 2,
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and 2.7m beyond the mouth of the tunnel for frequencies less than 630 c/s,
between 800 and 1,570 c/s, and above 2,000 c/s, respectively. The last distance,
2.7 m, agrees with the original location of the loud-speaker. Using these values,
we can calculate the attenuation levels based on the law of inverse squares,
in which the sound source would exist at each of the locations stated above.
If we subtract these attenuation levels from the observed attenuation levels shown
in Fig. 39, we obtain the attenuation constant based upon the assumption that
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Fig. 40. Frequency characteristics of the attenuation
constant in a snow trench
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Fig. 41. Frequency characteristics of the absorption coefficient
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plane waves of sound are propagated in the trench, as is shown in Fig. 40.
The frequency characteristic of the attenuation constant is maximum around
a frequency of 500 ¢/s. This is similar to the frequency characteristic of the
absorption coefficient of compact snow shown in Fig. 41. The attenuation
constants in the trench are negative in the high frequency range above 2 kc.
This indicates that attenuation is apparently smaller at high frequencies than
it is in free space because of the generation of reverberation by the slight
absorption in the walls of compact snow.

Vil. Concluding Remarks

The observed acoustic impedance characteristics for snow layers of various
thicknesses are well explained, both by an acoustical model consisting of a
narrow tube und a large cavity, and by an electrical model composed of a C-R
recurrent network. The acoustic impedance of compact snow had smaller re-
actance and higher resistance than that of new snow. Although the change
in the reactance of compact snow was insignificant, the resistance of the snow
increased with density. Moreover, the resistance of the compact snow was
very sensitive to its internal structure: grain size, shape, and ice-bonding, even
when the density was the same.

The sound velocity in compact snow, as estimated from measured values
for acoustic impedance, increased with the sound frequency used and with the
porosity of the snow sample. This conclusion may be qualitatively explained
by analogy with transmission lines consisting of continuously distributed im-
pedance and admittance.

The attenuation constants of sound waves in snow layers were obtained
by measuring transmission loss through the layers. It was found that the
attenuation constants were proportional to the square root of the air flow resis-
tance through the snow layers. Investigations of the propagation of white noise
on the surface of a snow cover and in a snow trench, showed that the
frequency-response curves of their attenuation constants were parallel to those
of their absorption constants, and that the attenuation constant through a snow
sample was 100 times larger than that on the surface.

The acoustic properties of snow obtained by these investigations may be
useful, not only in understanding the compex structure of snow, but also in
providing information for acoustical projects in snowy regions.
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