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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 firel 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 heighz) above the surface~e™ %), are diagnostic features of surface
waves. The measured attenuation coefficientas 0.28 m*. 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 theor0@3 Acoustical Society

of America. [DOI: 10.1121/1.1559191

PACS numbers: 43.28.En, 43.28.Fp, 43.35Ll@S]

I. INTRODUCTION agree with those predicted by the theoretical evaluation of
the surface wave pole using residue theory.
In this paper experimental evidence confirming the ex-
istence of acoustic surface waves in a natural, outdoor setting
is presented. Such waves require the proper ground surfa?e
. o . . - |. THEORY
impedance conditions to exist. While acoustic surface waves

have been discussed for a long time in the literature, they  The interaction of a spherical wave from a point source
have not been unequivocally observed in outdoor propagagith a plane boundary is a classical problem in electromag-
tion experiments. Theoty* predicts that these waves propa- netics, acoustics, and seismoldgy?® For a velocity poten-
gate horizontally near the ground at a phase velocity lesga| ¢, the analysis starts with the Sommerfeld representation
than the velocity of sound in the air and decay exponentiallyof a monofrequency spherical wave as a sum of cylindrical
with height above the surface. Laboratory measurementgayes?®
over hard-backed layers of felt or specially constructed

model surfaces have detected these waves using both con- b=
tinuous and pulse sourc&37'®A few outdoor experiments r

have r_evealed an increase in the received energy at IOV_V _fr%\'/ith Jo the Bessel function of the first kind and zeroth order,
quencies(greater than the 6 dB level expected from a rlgldk the radial wavenumbeg, the depth coordinate, the slant
boundary,®” but others have not detected such walfasor distance to the observation point, and '

have they been observed in outdoor measurements over grass
using pulse$®?* Raspet and Baird give a convincing the- iy=(kj—k?™, Rey)>0.
oretical argument for their existence and Daigeall*

resent very clear evidence from indoor pulse experiments coordinate  transformationk=kosinf, where ¢ is
P y P P compleX?®andk,= w/c, is the wavenumber in air, converts

. Theoret|c;atlly,ff;1t(r:10ust|c su(;fa}ce w;tves will emséwrlﬁn thetFe integral in Eq(1) into a contour integral. By substituting
'ma‘?'”?‘ry part of Ihe ground Impedance exceeds e reqhn e functions for the Bessel function and by using ap-
part; this condition is expected for porous ground layers WItI‘Eroximations for largekr, the reflected wave potential can

Aeikr w a— 72
=Af Jo(kr)kdk, 1)
o 7

a rigid backing. For outdoor experiments, one of the mos e written a&21:25:29
favorable situations for acoustic surface waves is a thin layer P
24 H H 1 — —joo
of snow over frozen groun®?* In this paper experiments HM=A Ko ol 21 aikor 5 Cos(o— d)
that were conducted to search for surface waves under these 27" i

favorable ground impedance conditions are discussed. The .

measured waves show the predicted exponential decay with XRp(0)\sinodo, (2
height above the ground surface and the observed waveforny§, .o Ry(6) is the plane wave reflection coefficient for
angle of incidence andr, is the reflected ray path length
dElectronic mail: dalbert@crrel.usace.army.mil (see Fig. 1 The integral can be evaluated by deforming the
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Receiver heights. Donatbhas shown that the theoretical surface wave
phase velocity is

R
1
Source v=CcC Xn 9)
=C———7,
h (1+ X2
r
h R and the vertical attenuation is
S 0 2
ko (10)
a=Kooo——=5 -
OX2+R3
The horizontal attenuation is the same as the decaynh
Zz= pc (FlN +i XN) ~p~12
Image source ) The acoustic pressure is related to the velocity potential
y
FIG. 1. Sketch of the geometry. The source and receiver are located in a
homogeneous atmosphere above a plane ground surface with imp&dance dp . Po i (Kor — wt)
P==po—r="lpowd= €70,
0

contour to the steepest descent path, leading to an.
expressior° 32

ikoro P(): _|p0wk0A
[Rp+(1-RpF(w)], 3

th

rfl
T=A representing the source strength in Pascals, -andepre-

senting a phase shift. Then the full waveform expression, Eq.
84), becomes

)
where F(w) is called the boundary loss factor amdis a
numerical distance. The acoustic surface wave is not derive
as a separate term in this approach, but if it exXisee Eq. P elkorl glkor
(7) below] it is included inF(w). With the addition of the Po” kors | korp et (2T RF(WI], (11
direct wave termAeko"1/kor, wherer is the slant distance
for the direct wave, the “full waveform” expression for the and the explicit expression for the surface wave pressure is

potential is obtained: psurf B .
¢ kol gikorz Py =— Ee"kohﬁHgl)[korz(l—32)1/2]. (12
—= + +(1- .
A=t [Ret (L R)F(W)] (@)
The integrand of Eq.2) has a pole where the denominator of lll. EXPERIMENTAL MEASUREMENTS
the plane wave reflection coefficient, A. Method
Z,cosf—pcC Experiments were designed to detect and identify sur-
Ro(0)= Z,cos6+pC’ ®)  face waves by their chief property: their amplitude decay as

. . , , ... afunction of height above the ground surface. A microphone
is zero. HereZ,=R+iX=pc(Ry+iXy) is the characteristic 5.5 \was installed at an undisturbed site in Hanover, NH to
specific impedance of the ground with normalized cOMpO4in waveform measurements as a function of distance and
nentsRy and Xy and a locally reacting ground surface hasy,qjgnt ynder various ground conditions, including grass, fro-
been assumed. The pole will give a contribution to the inte-,, ground, and various snow layers during the course of a

gral equation(2) when the deformation of the_ original con- ‘winter. An impulsive source was selected so that the wave-
tour to the steepest descent path crosses this pole; at grazigy characteristics could be used to identify all of the wave
incidence this leads to the conditfon arrivals, rather than just recording the overall sound levels as

Xn R? -2 for measurements using continuous wave sources.
R 1+ ——5> ) (6) The acoustic source was a .45 caliber blank pistol held at
N (RN XN) - :
a height ® 1 m and pointed toward the sensor array. A ver-
i.e., the surface wave exists when tical array of Globe Model 100C low frequency microphones

IM(Z,)=Re(Z,). @) installed on a quden tower 60 m away from the source
were used as receivers. These microphones were positioned
Thus highly absorbing grounds will provide favorable con-at heights of 0.5, 1, 1.5, 2, 3, and 4.75 m above the soil
ditions for acoustic surface waves to be observed. The corsyrface. A surface microphori®.1 m high also was placed
tribution from the surface wave pole to the reflected pressurgt the ground or on the snow surface next to the tower just

can be evaluated using residue theory to oBtaih before the measurements were mdBig. 2). The received
KoB . waveforms were recorded using a Bison Model 9048 digital
$SU= —ATe"kOhBHgl)[korz(l—/32)1’2], (8)  seismograph at a 5-kHz rate. The bandwidth of the instru-

ments is 3 Hz to 2 kHz, but the overall bandwidth of the
where H{") is the Hankel function of the first kind3  measurements is limited by the source output and is esti-
=pcl/Z, andh=hg+h, is the sum of the source and receiver mated as 5-500 Hz.
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6 3'0 6‘0 FIG. 3. Normalized low frequency microphone waveforms recorded at a 60

m range and various heights from a .45 caliber pistol shot 1 m high above
the snow or ground surface. These waveforms were recorded with the same
FIG. 2. Sketch of the experimental measurement geometry. The sgirce Microphone array on six separate days. An arrow points to the “tail” iden-
angle was a pistol firing blanks towards the microphorteiscles, which tified as the surface wave; it is present only when snow was on the ground.
were located 60 m away at heights of 0.1 m above the soil or snow surfacdsxperiment numbers at the top of the columns refer to the parameters listed
and 0.5, 1, 1.5, 2, 3, and 4.75 m above the soil surface. With this geometrji) Table 1. Experiments 1 and 2 were conducted over dry snow covers, 3
the grazing angle for the specularly reflected wave varied from less than 1@ver a wet, ripe snow cover, 4 over discontinuous wet snow, 5 over bare

to 4.8°. (This sketch is not to scale, and the snow cover thickness is greatl§f0zen ground, and 6 over grass. The surface wave is present in Experiments
exaggerated. 1-4, but is strongest over the dry snow cover in Experiment 2. This case

will be analyzed in the rest of the paper.

Distance (m)

The snow and frost depths and the snow stratigraphy, ) ] S
temperature, density, grain size, and crystal type were deter- Figuré 4 shows a semilogarithmic plot of the surface
mined for each snow layer present. Meterological data wer¥/@ve amplitude as a function of height for the eight shots
collected using a Campbell Scientific Model 21X data |Og_recor'ded during Experiment 2. The absolute value of the
ger. Temperatures were measured within the ground angmPlitude of the negative portion of the surface wave

snow and at various heights up% m in the air. Windspeeds ~ (marked with an arrow in Fig.)3s plotted, as these ampli-
and directions were also recorded, along with relative humid{Udes were easy to determine without interference from the
ity and barometric pressure. initial impulse. These values fall on a nearly straight line,

P(z)=Po(r)e”*, (13

as expected for an exponential decay wheris the decay
Figure 3 shows the waveforms recorded by the towercoefficient andz the height. The slope obtained by a least
microphones for one of the eight shots recorded on each afquares fitshown as a dashed line in the figute the lower
six separate occasions, in chronological order from left tamicrophones givesr=0.28+0.1 m 1.
right. In columns 1 and 2, the waveforms were recorded over  Some of the deviation of the amplitudes shown in Fig. 4
cold, dry, continuous snow covers. The waveforms in colfrom a straight line is likely to be caused by differences in
umns 3 and 4 were recorded over wet, ripe snowpacks, witmicrophone sensitivity. Attempts were made to calibrate the
the snow cover for Experiment 4 nonuniform in depth be-Globe microphones using a pistonphone, but difficulty in
cause the snowmelt had begun. The waveforms in columns &oupling the pistonphone consistently to the microphones us-
and 6 were recorded over bare frozen ground and unfrozeing a special adapter made this procedure questionable, so
grassland, respectively. The snow cover and ground charathe manufacturer’s sensitivity values have been used. The
teristics for these measurements are given in Table |. Thégure also shows that the amplitude values for a given mi-
waveforms recorded without snow presérdlumns 5and 6 crophone were very consistent, indicating that the blank pis-
show virtually no change in shape as a function of receivetol output was also consistent from shot to shot. The micro-
height above the surface. Those recorded over snow show gaone sensitivity differences will not affect the analysis
initial pulse followed by a low frequency “tail” that de- based on waveform shape.
creases in amplitude with microphone height above the sur-
face. Th|s tail is |dent|f|gd as the. acoustic s_urface wave. Th?\/. COMPARISON WITH THEORY
acoustic surface wave is especially clear in the waveforms
recorded during Experiment 2, over a 0.21-m-thick snow  To compare the measurements with theoretical predic-
cover, so this particular experiment will be examined in thetions, a waveform inversion proceddtevas used to derive
rest of this paper. the acoustic parameters of the snow or soil. In this method,

B. Observations
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TABLE I. Snow cover and ground parameters for the experimental measurements shown in Fig. 3.

Effective
flow
resistivity Snow
Experiment T depth Porosity Density
number Description (KN s %) (cm) Q (kgm™3)
1 Dry snow, flat grains 55 5 0.89 100
2 Dry snow, 11 21 0.81 170
spherical grains
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 3000 - 0.27 1750

(frozen soi)

Attenborough’s rigid porous, layered model of groundward modeling approadiguessing the snow parameters used
impedanc®fis used to calculate theoretical waveforms forto calculate the waveformsvas able to predict the general
the surface microphone using the full waveform expressionbehavior of the wave¥, the theoetical waveforms did not
Eqg. (11), above. The model parameters were varied using anatch the measured waveforms very well until this inversion
simplex search algorithm until good agreement was obtainethethod was used to accurately determine the snow param-
between the theoretical and the observed waveformseters. This sensitivity of the waveforms to the ground imped-
Albert* has shown that for the low frequencies and shoriance parameters also has been noted by Daigle and
propagation ranges used in these experiments, a unique ste-workers-*
lution is obtained and both the meteorological conditions and  Once the acoustic snow cover parameters were obtained
the details of the snow layering are relatively unimportant.oy matching the observed waveforms at the surface, theoret-
Since the acoustic wavelengths range from about 0.75 m atal waveforms were calculated at the remaining measure-
400 Hz to 7.5 m at 40 Hz, sufficient accuracy is obtained byment heights. Figure 5 compares the measured and theoetical
considering the snow to be a single layer on top of a frozenvaveforms for all of the microphone heights for Experiment
soil halfspace. The acoustic parameters determined by thHa The waveforms agree well not only for the surface micro-
waveform inversion method are listed in Table I. phone, where the inversion procedure was used to derive the
Using this method of waveform inversion to determine snow parameters, but also for all of the microphones at dif-
the ground impedance was critical to the success in accuderent heights, showing that the full waveform solution cor-
rately modeling the acoustic surface waves. Although a forrectly predicts the surface wave decay with height. The the-

10' . . . , A B c

3.0 41”4\»\—/—— M’ﬁ—’—— T N———————
- E M
3 T 20 —%\/——- TN
=~ 3
2 °
'g o
= o /\/\
£ 2 15 .
E 2
< 40" £
% 5 10 - /\/\-
£ 2
@
a

01 ‘,‘/\/\/ J\/\‘, /\/\_

A\
—
20 ms
_q . . ) ) FIG. 5. A comparison between normalized measured and theoetical wave-
10 0 1 2 3 4 5 forms at a 60 m range for Experiment 2 with a 0.21-m-thick snow cover
Height (m) present on the ground. The parameters used in these calculations are given

in Table I. Column(A) The measured waveforms as a function of height.
FIG. 4. Amplitude of the negative portion of the surface waveform as aColumn (B) Overlay of the measuretolid line9 and theoreticaldashed
function of height for eight shots recorded during Experiment 2 with alines) waveforms calculated using E(.1). Column(C) Theoretical surface
0.21-m-thick snow cover present. A least squares fit of the measurements vgave term calculated using E¢L2), and plotted at the same amplitude as
shown by a dashed line and gives a decay constant=08.28+0.1 m .. the theoretical waveforms in ColumB).
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FIG. 6. Power spectral densities calculated from the measured wavefor . . .
for Experiment 2. The solid, dashed, dot—dashed, and dotted lines are gFeIG' 7. The spectral amplitude as a function of height for the measured

spectra for microphones at heights of 0.1, 0.5, 1, and 1.5 m, respectivelwaveforms for Experiment 2, at 42 Heircles and solid lineand at 400 Hz

These spectra are the largest at 40 Hz and the smallest at 400 Hz. Txgl_aigolesza_deda(sllg)ad Il()j\eTh'(:e_dozed line shows the attenuation trend for
remaining solid, dashed, and dotted lines are the spectra for microphones &t~ - in 4. and in g. 4.

2,3,and 4.75 m.
shown in Fig. 6 if we identify the low frequency portion of
the spectrawith a peak at about 42 Hawith the acoustic

oretical surface wave pulses detemined using @8) are ; T ‘ h locit d att
also shown in the figure. These waveforms match the shapseur ace wave. fhe surlace wave phase velocily and attenua-

and decay with height of the observed surface wave “tail,”t'on calculated frlom .the impedance using EG. angi(lp)
conclusively confirming the identification of this waveform are also shown in Fig. 8. The surface wave velocity is less
as an acoustic surface wave. The theoretical waveforms also
exhibit noncausal behavior; the pressure waveform begins 10
slightly before the direct wave arrival. This noncausal behav-
ior is commonly observed in surface wave calculations in
seismology, and arises because terms which would cance
out the early arrivals in the full waveform calculation have
been neglected in the approximate surface wave expressio % 100 200 300 200 500
given by Eq.(12). Nevetheless, the agreement between the 34 : : : :
measured data and the theoretical surface wave pulse frorZ
Eq.(12) is strong evidence that the acoustic surface wave ha:3g 320
been correctly identified in the measurements. 5300
Figure 6 shows the frequency content of the measurec}i“
vyavefo_rms for Experiment 2. The calculations used the mul- 280 o0 200 200 200 200
tiple window method of Thomsott. The peak at 42 Hz is
attributed to the surface wave, and agrees approximatel
with the period of the waveform for the microphone at the
surface(about 25 ms As shown in Fig. 7, the spectral am-
plitude at this frequency decreases as the microphone heiglg
increases, and this decrease agrees with the trend determinc 4 . . . .
for the surface wave in the time domain shown in Fig. 4. At 0 100 zgfequency (:2)0 400 500
400 Hz, the largest spectral amplitudes occur for the higher
microphones. These spectra show that high frequencies aRG. 8. Acoustic surface wave properties for Experiment 2. The top panel

attenuated and low frequencies enhanced for microphonesgows the surface impedance as predicted using Attenborough’s ground im-
pedance model and the parameters determined from the waveform inversion

close to the snow cover sgrfa(:léig. 4 of Re.f- 39. _ analysis. The real part of the impedance is given by the solid line, while the
The acoustic surface impedance predicted using Attendashed line shows the absolutue value of the imaginary part. The phase

borough’s model for Experiment 2 is shown in Fig. 8. This velocity (m s'1) and attenuation (m') are shown in the center and bottom

- ; panels, r_espectively. These _values were calculated using(®gand (10) _
pIOt shows that “T'Zz) ReQZ) for frequenC|es less than 115 and the impedance shown in the top panel. Note that the surface wave is

HZ_ where a Surface_ wave i_S expected according to(Eq. only expected to exist for frequencies below 115 Hz, based orf#qThe
This result is consistent with the measured power spectréircle plotted in the bottom panel is the attenuation measured in Fig. 4.

Impedance
a

nuation
-
(=]
T
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