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Acoustic surface waves have been detected propagating outdoors under natural conditions. Two
critical experimental conditions were employed to ensure the conclusive detection of these waves.
First, acoustic pulses rather than a continuous wave source allowed an examination of the waveform
shape and avoided the masking of wave arrivals. Second, a snow cover provided favorable ground
impedance conditions for surface waves to exist. The acoustic pulses were generated by blank pistol
shots fired 1 m above the snow. The resultant waveforms were measured using a vertical array of six
microphones located 60 m away from the source at heights between 0.1 and 4.75 m. A strong, low
frequency ‘‘tail’’ following the initial arrival was recorded near the snow surface. This tail, and its
exponential decay with height (z) above the surface (;e2az), are diagnostic features of surface
waves. The measured attenuation coefficienta was 0.28 m21. The identification of the surface wave
is confirmed by comparing the measured waveforms with waveforms predicted by the theoretical
evaluation of the explicit surface wave pole term using residue theory. ©2003 Acoustical Society
of America. @DOI: 10.1121/1.1559191#

PACS numbers: 43.28.En, 43.28.Fp, 43.35.Pt@LCS#
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I. INTRODUCTION

In this paper experimental evidence confirming the
istence of acoustic surface waves in a natural, outdoor se
is presented. Such waves require the proper ground sur
impedance conditions to exist. While acoustic surface wa
have been discussed for a long time in the literature, t
have not been unequivocally observed in outdoor propa
tion experiments. Theory1–4 predicts that these waves prop
gate horizontally near the ground at a phase velocity
than the velocity of sound in the air and decay exponenti
with height above the surface. Laboratory measureme
over hard-backed layers of felt or specially construc
model surfaces have detected these waves using both
tinuous and pulse sources.3,5–16 A few outdoor experiments
have revealed an increase in the received energy at low
quencies~greater than the 6 dB level expected from a rig
boundary!,3,17 but others have not detected such waves,18 nor
have they been observed in outdoor measurements over
using pulses.19–21 Raspet and Baird22 give a convincing the-
oretical argument for their existence and Daigleet al.14

present very clear evidence from indoor pulse experimen
Theoretically, acoustic surface waves will exist when t

imaginary part of the ground impedance exceeds the
part; this condition is expected for porous ground layers w
a rigid backing. For outdoor experiments, one of the m
favorable situations for acoustic surface waves is a thin la
of snow over frozen ground.23,24 In this paper experiment
that were conducted to search for surface waves under t
favorable ground impedance conditions are discussed.
measured waves show the predicted exponential decay
height above the ground surface and the observed wavefo

a!Electronic mail: dalbert@crrel.usace.army.mil
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agree with those predicted by the theoretical evaluation
the surface wave pole using residue theory.

II. THEORY

The interaction of a spherical wave from a point sour
with a plane boundary is a classical problem in electrom
netics, acoustics, and seismology.25–28 For a velocity poten-
tial f, the analysis starts with the Sommerfeld representa
of a monofrequency spherical wave as a sum of cylindri
waves,25

f5
Aeikr

r
5AE

0

` e2guzu

g
J0~kr !kdk, ~1!

with J0 the Bessel function of the first kind and zeroth ord
k the radial wavenumber,z the depth coordinate,r the slant
distance to the observation point, and

ig5~k0
22k2!1/2, Re~g!.0.

A coordinate transformationk5k0 sinu, where u is
complex2,25 andk05v/c0 is the wavenumber in air, convert
the integral in Eq.~1! into a contour integral. By substituting
Hankel functions for the Bessel function and by using a
proximations for largekr, the reflected wave potential ca
be written as2,21,25,29

f rfl5AS k0

2pr D
1/2

eip/4E
2p/21 i`

2p/22 i`

eik0r 2 cos(u2u0)

3Rp~u!Asinudu, ~2!

where Rp(u) is the plane wave reflection coefficient fo
angle of incidenceu and r 2 is the reflected ray path lengt
~see Fig. 1!. The integral can be evaluated by deforming t
2495495/6/$19.00 © 2003 Acoustical Society of America
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contour to the steepest descent path, leading to
expression,30–32

f rfl5A
eik0r 2

r 2
@Rp1~12Rp!F~w!#, ~3!

where F(w) is called the boundary loss factor andw is a
numerical distance. The acoustic surface wave is not der
as a separate term in this approach, but if it exists@see Eq.
~7! below# it is included inF(w). With the addition of the
direct wave termAeik0r 1/k0r 1 wherer 1 is the slant distance
for the direct wave, the ‘‘full waveform’’ expression for th
potential is obtained:

f

A
5

eik0r1

r 1
1

eik0r 2

r 2
@Rp1~12Rp!F~w!#. ~4!

The integrand of Eq.~2! has a pole where the denominator
the plane wave reflection coefficient,

Rp~u!5
Z2 cosu2rc

Z2 cosu1rc
, ~5!

is zero. HereZ25R1 iX5rc(RN1 iXN) is the characteristic
specific impedance of the ground with normalized com
nentsRN and XN and a locally reacting ground surface h
been assumed. The pole will give a contribution to the in
gral equation~2! when the deformation of the original con
tour to the steepest descent path crosses this pole; at gr
incidence this leads to the condition2

UXN

RN
U*S 11

RN
2

~RN
2 1XN

2 !2D 21/2

, ~6!

i.e., the surface wave exists when

Im~Z2!>Re~Z2!. ~7!

Thus highly absorbing grounds will provide favorable co
ditions for acoustic surface waves to be observed. The c
tribution from the surface wave pole to the reflected press
can be evaluated using residue theory to obtain29,33

fsurf52A
k0b

2
e2 ik0hbH0

(1)@k0r 2~12b2!1/2#, ~8!

where H0
(1) is the Hankel function of the first kind,b

5rc/Z2 andh5hs1hr is the sum of the source and receiv

FIG. 1. Sketch of the geometry. The source and receiver are located
homogeneous atmosphere above a plane ground surface with impedancZ2 .
2496 J. Acoust. Soc. Am., Vol. 113, No. 5, May 2003
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heights. Donato2 has shown that the theoretical surface wa
phase velocity is

v5c
XN

~11XN
2 !1/2, ~9!

and the vertical attenuation is

a5k0

XN

XN
2 1RN

2 . ~10!

The horizontal attenuation is the same as the decay inH0
(1)

;r 21/2.
The acoustic pressure is related to the velocity poten

by

P52r0

]f

]t
52 ir0vf5

P0

k0r
ei (k0r 2vt),

with

P052 ir0vk0A

representing the source strength in Pascals, and2 i repre-
senting a phase shift. Then the full waveform expression,
~4!, becomes

P

P0
5

eik0r1

k0r 1
1

eik0r 2

k0r 2
@Rp1~12Rp!F~w!#, ~11!

and the explicit expression for the surface wave pressure

Psurf

P0
52

b

2
e2 ik0hbH0

(1)@k0r 2~12b2!1/2#. ~12!

III. EXPERIMENTAL MEASUREMENTS

A. Method

Experiments were designed to detect and identify s
face waves by their chief property: their amplitude decay
a function of height above the ground surface. A micropho
array was installed at an undisturbed site in Hanover, NH
obtain waveform measurements as a function of distance
height under various ground conditions, including grass, f
zen ground, and various snow layers during the course
winter. An impulsive source was selected so that the wa
form characteristics could be used to identify all of the wa
arrivals, rather than just recording the overall sound levels
for measurements using continuous wave sources.

The acoustic source was a .45 caliber blank pistol hel
a height of 1 m and pointed toward the sensor array. A ve
tical array of Globe Model 100C low frequency microphon
installed on a wooden tower 60 m away from the sou
were used as receivers. These microphones were positi
at heights of 0.5, 1, 1.5, 2, 3, and 4.75 m above the
surface. A surface microphone~0.1 m high! also was placed
at the ground or on the snow surface next to the tower
before the measurements were made~Fig. 2!. The received
waveforms were recorded using a Bison Model 9048 dig
seismograph at a 5-kHz rate. The bandwidth of the ins
ments is 3 Hz to 2 kHz, but the overall bandwidth of th
measurements is limited by the source output and is e
mated as 5–500 Hz.

a
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The snow and frost depths and the snow stratigrap
temperature, density, grain size, and crystal type were de
mined for each snow layer present. Meterological data w
collected using a Campbell Scientific Model 21X data lo
ger. Temperatures were measured within the ground
snow and at various heights up to 5 m in the air. Windspeeds
and directions were also recorded, along with relative hum
ity and barometric pressure.

B. Observations

Figure 3 shows the waveforms recorded by the tow
microphones for one of the eight shots recorded on eac
six separate occasions, in chronological order from left
right. In columns 1 and 2, the waveforms were recorded o
cold, dry, continuous snow covers. The waveforms in c
umns 3 and 4 were recorded over wet, ripe snowpacks,
the snow cover for Experiment 4 nonuniform in depth b
cause the snowmelt had begun. The waveforms in colum
and 6 were recorded over bare frozen ground and unfro
grassland, respectively. The snow cover and ground cha
teristics for these measurements are given in Table I.
waveforms recorded without snow present~columns 5 and 6!
show virtually no change in shape as a function of recei
height above the surface. Those recorded over snow sho
initial pulse followed by a low frequency ‘‘tail’’ that de-
creases in amplitude with microphone height above the
face. This tail is identified as the acoustic surface wave.
acoustic surface wave is especially clear in the wavefo
recorded during Experiment 2, over a 0.21-m-thick sn
cover, so this particular experiment will be examined in t
rest of this paper.

FIG. 2. Sketch of the experimental measurement geometry. The source~tri-
angle! was a pistol firing blanks towards the microphones~circles!, which
were located 60 m away at heights of 0.1 m above the soil or snow sur
and 0.5, 1, 1.5, 2, 3, and 4.75 m above the soil surface. With this geom
the grazing angle for the specularly reflected wave varied from less tha
to 4.8°. ~This sketch is not to scale, and the snow cover thickness is gre
exaggerated.!
J. Acoust. Soc. Am., Vol. 113, No. 5, May 2003
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Figure 4 shows a semilogarithmic plot of the surfa
wave amplitude as a function of height for the eight sh
recorded during Experiment 2. The absolute value of
amplitude of the negative portion of the surface wa
~marked with an arrow in Fig. 3! is plotted, as these ampli
tudes were easy to determine without interference from
initial impulse. These values fall on a nearly straight line,

P~z!5P0~r !e2az, ~13!

as expected for an exponential decay wherea is the decay
coefficient andz the height. The slope obtained by a lea
squares fit~shown as a dashed line in the figure! to the lower
microphones givesa50.2860.1 m21.

Some of the deviation of the amplitudes shown in Fig
from a straight line is likely to be caused by differences
microphone sensitivity. Attempts were made to calibrate
Globe microphones using a pistonphone, but difficulty
coupling the pistonphone consistently to the microphones
ing a special adapter made this procedure questionable
the manufacturer’s sensitivity values have been used.
figure also shows that the amplitude values for a given
crophone were very consistent, indicating that the blank p
tol output was also consistent from shot to shot. The mic
phone sensitivity differences will not affect the analys
based on waveform shape.

IV. COMPARISON WITH THEORY

To compare the measurements with theoretical pre
tions, a waveform inversion procedure34 was used to derive
the acoustic parameters of the snow or soil. In this meth

e,
ry,
1°
ly

FIG. 3. Normalized low frequency microphone waveforms recorded at a
m range and various heights from a .45 caliber pistol shot 1 m high ab
the snow or ground surface. These waveforms were recorded with the
microphone array on six separate days. An arrow points to the ‘‘tail’’ ide
tified as the surface wave; it is present only when snow was on the gro
Experiment numbers at the top of the columns refer to the parameters l
in Table I. Experiments 1 and 2 were conducted over dry snow cover
over a wet, ripe snow cover, 4 over discontinuous wet snow, 5 over b
frozen ground, and 6 over grass. The surface wave is present in Experim
1–4, but is strongest over the dry snow cover in Experiment 2. This c
will be analyzed in the rest of the paper.
2497Donald G. Albert: Acoustic surface waves
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TABLE I. Snow cover and ground parameters for the experimental measurements shown in Fig. 3.

Experiment
number Description

Effective
flow

resistivity
s

(kN s m24)

Snow
depth
~cm!

Porosity
V

Density
(kg m23)

1 Dry snow, flat grains 55 5 0.89 100
2 Dry snow,

spherical grains
11 21 0.81 170

3 Wet ripe snow 59 5 0.68 290
4 Patchy wet snow 140 3 0.74 240
5 Frozen ground 1400 - 0.34 1600
6 Grass 300 - 0.34 1600

Lower half space
~frozen soil!

3000 - 0.27 1750
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Attenborough’s rigid porous, layered model of grou
impedance35,36 is used to calculate theoretical waveforms f
the surface microphone using the full waveform express
Eq. ~11!, above. The model parameters were varied usin
simplex search algorithm until good agreement was obtai
between the theoretical and the observed wavefor
Albert34 has shown that for the low frequencies and sh
propagation ranges used in these experiments, a uniqu
lution is obtained and both the meteorological conditions a
the details of the snow layering are relatively unimporta
Since the acoustic wavelengths range from about 0.75 m
400 Hz to 7.5 m at 40 Hz, sufficient accuracy is obtained
considering the snow to be a single layer on top of a fro
soil halfspace. The acoustic parameters determined by
waveform inversion method are listed in Table I.

Using this method of waveform inversion to determi
the ground impedance was critical to the success in a
rately modeling the acoustic surface waves. Although a

FIG. 4. Amplitude of the negative portion of the surface waveform a
function of height for eight shots recorded during Experiment 2 with
0.21-m-thick snow cover present. A least squares fit of the measureme
shown by a dashed line and gives a decay constant ofa50.2860.1 m21.
oc. Am., Vol. 113, No. 5, May 2003
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ward modeling approach~guessing the snow parameters us
to calculate the waveforms! was able to predict the genera
behavior of the waves,37 the theoetical waveforms did no
match the measured waveforms very well until this invers
method was used to accurately determine the snow par
eters. This sensitivity of the waveforms to the ground impe
ance parameters also has been noted by Daigle
co-workers.14

Once the acoustic snow cover parameters were obta
by matching the observed waveforms at the surface, theo
ical waveforms were calculated at the remaining measu
ment heights. Figure 5 compares the measured and theoe
waveforms for all of the microphone heights for Experime
2. The waveforms agree well not only for the surface mic
phone, where the inversion procedure was used to derive
snow parameters, but also for all of the microphones at
ferent heights, showing that the full waveform solution co
rectly predicts the surface wave decay with height. The t

a

is

FIG. 5. A comparison between normalized measured and theoetical w
forms at a 60 m range for Experiment 2 with a 0.21-m-thick snow co
present on the ground. The parameters used in these calculations are
in Table I. Column~A! The measured waveforms as a function of heig
Column ~B! Overlay of the measured~solid lines! and theoretical~dashed
lines! waveforms calculated using Eq.~11!. Column~C! Theoretical surface
wave term calculated using Eq.~12!, and plotted at the same amplitude a
the theoretical waveforms in Column~B!.
Donald G. Albert: Acoustic surface waves
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oretical surface wave pulses detemined using Eq.~12! are
also shown in the figure. These waveforms match the sh
and decay with height of the observed surface wave ‘‘ta
conclusively confirming the identification of this wavefor
as an acoustic surface wave. The theoretical waveforms
exhibit noncausal behavior; the pressure waveform be
slightly before the direct wave arrival. This noncausal beh
ior is commonly observed in surface wave calculations
seismology, and arises because terms which would ca
out the early arrivals in the full waveform calculation ha
been neglected in the approximate surface wave expres
given by Eq.~12!. Nevetheless, the agreement between
measured data and the theoretical surface wave pulse
Eq. ~12! is strong evidence that the acoustic surface wave
been correctly identified in the measurements.

Figure 6 shows the frequency content of the measu
waveforms for Experiment 2. The calculations used the m
tiple window method of Thomson.38 The peak at 42 Hz is
attributed to the surface wave, and agrees approxima
with the period of the waveform for the microphone at t
surface~about 25 ms!. As shown in Fig. 7, the spectral am
plitude at this frequency decreases as the microphone he
increases, and this decrease agrees with the trend determ
for the surface wave in the time domain shown in Fig. 4.
400 Hz, the largest spectral amplitudes occur for the hig
microphones. These spectra show that high frequencies
attenuated and low frequencies enhanced for micropho
close to the snow cover surface~Fig. 4 of Ref. 39!.

The acoustic surface impedance predicted using At
borough’s model for Experiment 2 is shown in Fig. 8. Th
plot shows that Im(Z2).Re(Z2) for frequencies less than 11
Hz where a surface wave is expected according to Eq.~7!.
This result is consistent with the measured power spe

FIG. 6. Power spectral densities calculated from the measured wavef
for Experiment 2. The solid, dashed, dot–dashed, and dotted lines ar
spectra for microphones at heights of 0.1, 0.5, 1, and 1.5 m, respecti
These spectra are the largest at 40 Hz and the smallest at 400 Hz
remaining solid, dashed, and dotted lines are the spectra for microphon
2, 3, and 4.75 m.
J. Acoust. Soc. Am., Vol. 113, No. 5, May 2003
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shown in Fig. 6 if we identify the low frequency portion o
the spectra~with a peak at about 42 Hz! with the acoustic
surface wave. The surface wave phase velocity and atte
tion calculated from the impedance using Eqs.~9! and ~10!
are also shown in Fig. 8. The surface wave velocity is l

ms
the
ly.
he
at

FIG. 7. The spectral amplitude as a function of height for the measu
waveforms for Experiment 2, at 42 Hz~circles and solid line! and at 400 Hz
~triangles and dashed line!. The dotted line shows the attenuation trend f
a520.28 in Eq.~13! and in Fig. 4.

FIG. 8. Acoustic surface wave properties for Experiment 2. The top pa
shows the surface impedance as predicted using Attenborough’s groun
pedance model and the parameters determined from the waveform inve
analysis. The real part of the impedance is given by the solid line, while
dashed line shows the absolutue value of the imaginary part. The p
velocity (m s21) and attenuation (m21) are shown in the center and bottom
panels, respectively. These values were calculated using Eqs.~9! and ~10!
and the impedance shown in the top panel. Note that the surface wa
only expected to exist for frequencies below 115 Hz, based on Eq.~7!. The
circle plotted in the bottom panel is the attenuation measured in Fig. 4
2499Donald G. Albert: Acoustic surface waves
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than the speed of sound in air, as expected and in agree
with the identification of the low frequency tail that arrive
after the direct and reflected waves as the acoustic sur
wave. The measured attenuation of 0.28 m21 ~from Fig. 4! is
plotted at the peak frequency, 42 Hz, of the surface w
spectrum, and agrees with the theoetical attenuation, g
the accuracy of the attenuation measurement as discu
above.

V. CONCLUSIONS

Acoustic surface waves have been experimentally
served propagating above a snow cover. The similarity
tween the observed and theoetical waveform shapes
were calculated using an explicit surface wave express
@Eq. ~12!# is especially strong evidence that the identificati
of the observed waveforms as acoustic surface waves is
rect. The acoustic surface wave for a 0.21-m-thick sn
cover was observed to decay exponentially with hei
above the surface, with a decay constant of 0.28 m21. The
results also indicate that the details of the layering within
snow are relatively unimportant, at least for these particu
snow covers. Surface waves were not observed over gra
bare frozen ground, also in agreement with theoretical exp
tations.
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