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ABSTRACT 

Meaiurementa of the attenuation of Acoustic wavea  In sea Ice at 

frequencies between  10 kHz and 500 kHz were made on the Ice cover at 

Tanquary Fiord,   Ellesmere Island  (latitude 8l025'N,   longitude 

76O50'W)  during April-May In 1967 and again  In  1969-     A horizontal 

transmission path at a depth of 4 ft, mid-way between the top and 

bottom surfaces of the Ice cover, was used at ranges  of 4 ft  to 

25  ft between piezoelectric  transducers  Immersed In oll-fllled bore 

holes-    The attenuation coefficient    a In db m"    was  found to fit 

the equation a ■ cif + c»f  •     The value of  the constants of  this 

equation for the 1967 data on biennial  ice of salinity about  1    loo 

were 4.45 x 10"2 db m"1 kHz"1 and 2-18 x  10"10 db m"1 kHz"4.     For 

the  1969 data on first year  ice of salinity 4    loo,  the value of 

-2 -1 -1 c.     increased  to 6.91 x  10      db m      kHz     .     In both cases,   the 

linear term of  the  equation was  the predominant  one,   far  exceeding 

the Rayleigh scattering term even at  the upper  end of  the  frequency 

band covered  in-these investigations. 

In an auxiliary experiment   in  1969,  measurements of  the specular 

reflection of water-borne sound at  the water-sea ice  interface were 

made  as a function of angle of  incidence.     The geometric  configuration 

was   such that  a constant path  length  *7as maintained between sound 

source and detector,   and the transducers were aligned carefully at 

each  angle of  incidence to match  this  configuration  thus obviating 

the necessity of having to make corrections  for range and  for 

directionality characteristics of the  transducers.     The amplitude 

reflection coefficient was  found  to have a value near O-l  for near- 

normal  angles    of  incidence but  its value was  found  to  increase 

rapidly with  increasing angle of  incidence beyond 30  . 

t 
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PART  I:     ACOUSTIC ATTENUATION IN SEA ICE 

INTRODUCTION 

t 

The propagation In iica  Ice of acoustic waves and pulses has been 

used extensively to   Investigate the elastic  properties of  that material 

(e.g.  Anderson,   1958;  Pounder and Langleben,   1964)-     In these studies 

it has sometimes been noted that   the high frequency components tend 

to suffer greater attenuation than the  low frequency components, 

but no quantitative data on attenuation In sea  Ice are available- 

There have been numerous  Investigations however of acoustic atten- 

uation in other polycrystalllne substances such as metals and rocks 

(e.g.  Mason and McSklmln,   1947;   Knopoff and MacDonald,   1958)   and 

one on  fresh-water Ice (Westphal,   1965).    The  latter has measured 

the attenuation coefficient of glacier Ice over a frequency range 

of 2.5 kHz   to 15 kHz by spectral  analysis of  the pressure pulses 

from small  explosions of seismic blasting caps-     In polycrystalllne 

materials,   it has generally been  found that  the attenuation can 

be related  to scattering at  the grain boundaries and to  internal 

friction between the grains. 

This  report describes a series of detailed  in situ attenuation 

measurements which were made on  the natural cover of sea  ice  in 

Tanquary Fiord,   Ellesmere Island during the spring of  1967  and 

again in  1969 near the Defence Research Board base camp at   latitude 

81  ZS'N,   longitude  76 50*W.     Observations were made over a  frequency 

band  extending  from  10 kHz  to 500  kHz using CW transmission  along a 

horizontal path.    These investigations had been started  in  1965 

and an account  of some results  of  the early field work and  of 
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•••oclwtt'd  laboratory experiments has been given  In Pounder and 

Langleben (1968)   (also published as Report  S-14 of the Ice Research 

Project,  McClll University and presented as an Interim Report 

prepared  for the U-S-   Naval Ordnance Laboratory In June  1968).     The 

discussion of  the work of the  1967  field season In the present 

report has been extracted from a paper by Langleben (1969)   which 

appeared  in the Journal of Claclology. 

BCPERIMENTAL METHODS 

The Ice cover   in Tanquary Fiord is  typically about  8 ft  thick 

in the spring.     Acoustic measurements were made over a horizontal 

transmission path starting at an extreme range of 23 ft  to a minimum 

range of 4 ft.     Vertical cylindrical holes were drilled  in the ice 

cover  to a depth of  5   ft  to house the sound  source and  the detector, 

and were filled with kerosene to provide good acoustic coupling to 

the ice.     After completion of  a set  of measurements,  a new hole was 

bored  for  the detector  at a lesser  range  from the sound source and 

the procedure was  repeated. 

The acoustic   transducers were piezoelectric barium titanate 

crystals   in ceramic  discs of  thickness   1/4  inch with a natural 

frequency of about  450 kHz  in  thickness  expansion.     Discs of  1,  4 

and 6-inch diameter  served in turn as  transmitting transducers and 

a 1/2  inch diameter  disc was used as  receiving  transducer.     Each 

transducer was  encased  to provide water  proofing and adequate 

electric  shielding,   and  in the process  the resonant  frequency was 

reduced by about  a  factor of  two. 
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For use,  each transducer was mounted at  the end of a long 3/4 

inch diameter pole with  its axis perpendicular  to the  length of the 

pole.    The transducers were then immersed to a depth of 4 ft i-e. 

mid-way between the top and bottom of the ice cover,   to minimize 

any possible boundary effects on the measurements*     Optical alignment 

of  receiving and transmitting transducers was achieved by adjustment 

of vertical height and orientation fiducial markers on the poles- 

The measuring system may be described as  follows-     The sound 

source was driven,  In CW excitation, by a Hewlett Packard (HP)   651A 

oscillator through an HP467A power amplifier-    This  oscillator was 

swept  in frequency by an HP29 7A mechanical sweep drive which also 

generated an electrical output  for the X-axis deflection on an 

HP135C X-Y recorder-     The receiving system consisted of an HP400E 

voltmeter, used as a pre-ampllfier, HP466A and 450A amplifiers   in 

cascade and a diode detector  leading to  the Y-axis  input of the 

recorder-     The gain of the system was variable over a wide dynamic 

range with calibrated attenuators- 

In operation,  the oscillator was set to sweep the desired freq- 

uency band and a graph of  received signal as a function of  frequency 

was  automatically traced out on graph paper by the X-Y recorder.     The 

procedure was repeated  for   each reduction in transmitter-receiver 

range-     Care was taken to  ensure that the transmitter was driven 

at  constant voltage.     In  this way,  no absolute power measurements 

were necessary to determine changes in received power  or intensity 

level with changes  in length of transmission path. 



OBSERVATIONS AND RESULTS 

Observations of the Ice cover  in the vicinity of the operating 

site indicated that  it consisted of two.year-old  ice of thickness 

about 8 ft  in the spring of 1967 and of  first year  ice of the same 

thickness  in  1969.    Its salinity at  a depth of 4  ft along the trans- 

mission path was about  1    loo by weight   in 1967 and over 4    loo  in 

1969.    The temperature of the  ice at   that depth was about  -6 C- 

Horizontal  and vertical   thin-sections revealed the typical  structure 

of sea ice;  crystals long in the growth direction perpendicular  to 

the surface and of horizontal dimensions varying  from about   1 cm 

to greater  than 5 cm.    The typical crystal  size in the horizontal 

was about  2  cm. 

The program of acoustic measurements carried out during  each 

of the two  field seasons was similar,  as were the subsequent 

techniques of data analysis.    These are now described.    Measurements 

of relative signal  intensity level were made at receiver-transmitter 

ranges of 25,   20,   18,   16,   15,   14,   12,   10,   8,  6,  5  and 4 ft   in  the 

order given.     At  each range,  the frequency was swept over  the band 

10 kHz   to 500 kHz.    Three such series  of measurements were performed 

using,   in turn as  transmitter,   the  1-inch,  4-inch and 6-inch  trans- 

ducers.     Detectable signal was  obtained over a considerable band of 

frequency at all of the twelve ranges used,   particularly with  the 

two  larger transducers as can be seen  in  figures  1,   2 and 3.     These 

figures show the 1967 data points of  signal  strength as a  function 

of range at  a number of  frequencies-     It   is seen that  fewer  data 

points are available at  the  low and high ends than  in the middle 

region of the frequency band used.     This occurred because at high 
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frequenclet where the attenuation was severe, signal merged with 

background noise at the more distant ranges- At low frequencies, 

far removed fron the resonant frequency of the encased transmitting 

transducers, the acoustic power output was low and once again the 

signal could not be distinguished from noise at the more distant 

ranges used. 

The data analysis for each series of measurements was handled 

In the following manner- Values of recorded signal Intensity level 

were read off the graphs at the grid points of the frequency axis 

(10 points per Inch) and were then put on punch cards•  Computer 

data processing averaged the signal Intensity level within frequency 

Increments (38 Increments for the frequency band covered) and 

prepared In tabular form values of signal Intensity level under 

column headings of transmission range and row headings of frequency- 

It should be pointed out that, as part of the computer program, 

these signal levels had been range corrected to allow for beam 

spread of the transmitter-  The directionality characteristics of 

the transducers when Immersed in the oil-filled cylindrical holes 

in the ice cover had been Investigated and it was found that they 

behaved essentially as point sources in these conditions- 

In the next step of the analysis, signal intensity level was 

plotted as i. function cf range for each of the frequency increments 

in turn, producing 38 graphs-  The straight line of best fit and 

its slope was computer calculated tor each graph using the method 

of least-squares-  These slopes should have established values of 

the attenuation coefficient and its variation with frequency- 
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However,   nome of the data points on  the graphs were obviously 

spurious,  a not uncommon occurrence   in acoustical measurements- 

Points which deviated most   from the  line of best  fit were removed 

one by one,   recalculating a new line of best   fit each  time,   until 

the scatter was  limited to within 3 db. 

The  final   results of  this  procedure are shown in Figure  1,  2 

and  3  for  the three series of measurements  in  1967 with transmitting 

transducers  of  respectively 6,   4 and   1-inch diameter-     In each 

diagram,   the ordinate  is received signal as  intensity  level   in db 

md  the abscissa  is the  length of the transmission path or range 

in ft-    The series of graphs display the measured points and the 

lines of best  fit at the various  frequencies-    The two columns 

beside the graphs  list  the relevant   frequencies  in order of   increas- 

ing magnitude and the corresponding  attenuation coefficients   in 

db m"     (1  db m'    ■ 0-115 nepers m* )   which are equal  to  the negative 

of  the slope of  the lines of best   fit-     An  identical  procedure was 

used  to  analyse the  1969   field  data. 

Attenuation   in  two-year-old  ice   (1967)-     The results  obtained   from 

the sound  transmission measurements  are displayed  in Figures   1,  2 

and  3-     The  trend  indicated  in  these  figures  is  that   the attenuation 

coefficient   increases with  increasing  frequency,   i-e-   that   the 

slope becomes  progressively more negative-     Since attenuation  is a 

property of  the medium and not  of the measuring system,   the data of 

Figures   1   to  3 were combined,  weighing  the slopes  at  each  frequency 

according  to  the number of  points used  to establish the  slopes-     The 

results are  plotted as  points   in Figure 4  for attenuation coefficient 
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(db m' )   against  frequency  (kHz).     It is seen that attenuation is 

an ever  rapidly  increasing function of frequency-     The attenuation 

coefficient  increases  from a value of less  than  1  db m'    at  10 kHz, 

to about 5 db m"    at  100 kHz  and to more than 35 db m"    at 500 kHz. 

As comparison, Westphal   (1965)   obtained a value  for  the attenuation 

coefficient of 0-215 nepers m'     (-^1-9  db m    )   at   15   kHz   in glacier 

ice- 

A considerable body of evidence exists  (e-g-  Mason,   1964,  p-   163) 

to indicate that   in polycrystalline materials  the attenuation may 

vary as   the sum of two  frequency dependent  terms-     One  involves a 

linear  dependency on frequency and is caused by  frictional  loss 

mechanisms between grains-     The other  is a fourtu power  frequency 

term and arises  from scattering at  the grain boundaries  caused by 

discontinuities  in the elastic  constants  in going  from one crystal 

to the adjacent one-     The data of Figure 4 were accordingly fitted, 

using   the  least-squares  method,   by an equation of  the  form 

a = c f + c f 

where     a    is  the  attenuation coefficient   in db m" 

f     is  the  frequency  in  kHz 

c    = 4-45 x 10'2 

and c    = 2.18 x  lO-10. 

It   is seen that  the curve  fits  the data points  reasonably well. 

The points seem to  follow a series of oscillations  above the curve 

which may be caused by  thermal   relaxation processes-     However no 

attempt was made, to  investigate  these, features- 
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Attenuation  in first  year  ice  (1969) .     Two sets  of CW transmission 

measurements,  similar  to those of the 1967 study,  were performed 

in 1969.    Since the method of analysis of the data has already been 

described,  only the final results will be discussed here. 

These results are plotted in Figure 5 as attenuation coefficient 

against frequency.     The data of Figure 5 have been fitted with an 

equation of the same type as used to  fit  the 1967 data.     It will be 

recalled that  for  the  1967 observations  it was   found that c.   = 4.45 

-2 -10 x  10      and c.  = 2-18 x  10       •     Since the dimensions of the ice 

crystals do not  differ markedly in first  and second year  ice,   it  is 

reasonable that  the Rayleigh scattering term  in  the above expression 

should remain unchanged.     A least-squares analysis,   in which the 

coefficient    c«    was given  its  1967 value, was used  to determine the 

.2 
coefficient    c,.     The value  found by this method was c1   = 6-91 x  10     , 

an increase of about  50% over the 1967 value associated with the 

higher salinity of first year  ice. 

In addition,   a set  of pulsed transmission measurements was 

carried out  at a number of  frequencies within  the band used  for  the 

CW measurements-     Some  further values of attenuation have been cal- 

culated from these observations-    These are  listed  in the table below 

and compare  favorably with  those determined   from  CW measurements- 

Frequency   (kHz) Attenuation  (db m"  )        r-m.s-   error 

41-7 4-56 1.27 
47.2 6.98 0-92 
53.3 6.82 1.22 
64.1 5-05 2-42 
88.5 9-66 1-30 
89.3 8.10 1.38 

199 16.0 2.49 
224 20-9 2-52 
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Fig.   5:     Attenuation  coefficient  as  a  function of   frequency 

for  1969  data on  sea  ice of salinity 4    loo- 
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CONCLUSIONS 

These investigations have shown that  acoustic attenuation in 

sea ice  increases  rapidly with increasing  frequency and to some 

extent with increasing salinity-     The variation of the attenuation 

coefficient with  frequency can be represented by an equation as  the 

sum of two terms,   a  linear term proportional  to the first power of 

the frequency and a Rayleigh scattering  term proportional  to  the 

fourth power of the  frequency.     Calculations with this equation 

indicate that  the  linear term is  the predominant one in the frequency 

band studies-     In the  1967 study,   it  accounted for more than 99.9% 

of the attenuation  at  frequencies below 60 kHz,  for 997. at about   120 

kHz,   for Q0% at  somewhat less  than 300 kHz   and for 60% at about  500 

kHz.    This result   is not entirely unexpected when one considers 

that sea  ice has a complicated substructure of platelets with heavy 

concentration of  liquid brine in cells between the platelets  and also 

numerous air bubbles-     The brine cells,  air bubbles,  platelets and 

even grains may act   as sites of strain concentration resulting  from 

passage of the acoustic pressure wave.     Savage  (1965)   points out  that 

localized temperature  fluctuations would be  induced at such sites 

and that   the diffusion of these fluctuations by conduction produces 

the loss mechanism which he calls  thermoelastic  internal  friction. 

As   for the scattering term,   since the velocity of compressional 

waves   in sea  ice of   the properties encountered  is about  3.7 x  10 

cm sec       (Langleben,   1962) ,  the wavelength of the acoustic waves 

approaches  the typical horizontal dimension of the ice crystals, 

about 2 cm,  at  a frequency of approximately  130 kHz.     It would thus 

appeal   that,   in a  lossy medium such as  sea  ice,  Rayleigh-type 
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scattering  is   Insignificant  compared with other   loss mechanisms 

until  frequencies having wavelengths which are  less  than the average 

crystal size are attained. 

For the 1967 data,   it has been pointed out  that  the contribution 

to the attenuation from the  linear frequency term was very much 

greater than from the  fourth power term.     In the more saline  ice 

measured in 1969,   this   effect was more pronounced,   to the extent 

that  an equally good  fit  to  the data could be obtained by neglecting 

the Rayleigh scattering  term and expressing  the attenuation as a 

linear function of  frequency. 

_2 
i.e.    a = c.f        where    c    = 7.64 x 10 
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PART II:   REFLECTION OF SOUND AT THE WATER-SEA ICE INTERFACE 

INTRODUCTION 

Ice growth continues throughout almost  the entire year at  the 

bottom of the cover of sea  Ice  In the Arctic by the normal  process 

of crystallization from the melt,   except  for a period of a month 

or two during the short  summer season.     During this growth process, 

the Ice-water  Interface  is  ill-defined-     A transition or skeleton- 

like layer,  of thickness dependent on growth rate and typically 

about one or two centimetres,  exists at  the  interface and consists 

of a loosely knit  structure of vertically oriented  ice platelets 

or dendrites projecting into the sea. 

The presence of  this skeleton layer and the consequent gradual 

transition from consolidated sea ice through this  layer to  the sea 

acts as an excellent  acoustic coupling between these two media- 

Thus Marsden  (1961)   was able to demonstrate that   echo soundings 

of the ocean bottom could be performed with relative ease from the 

upper surface of  the   ice cover-     Since acoustic  energy is  readily 

transmitted across  the ice-water  interface,   the implication  is  that 

the fraction of  the  incident energy reflected at   this interface 

is small.     For  this  reason and because of severe attenuation in 

sea ice at ultrasonic   frequencies  (Langleben,   1969)   it has not  been 

possible  to develop acoustic  ice thickness measuring devices suitable 

for sea  ice.     However,  acoustic attenuation at  limited range is not 

severe in sea water and successful measurements of under-ice profiles 

have been made  (Lyon,   1961)   with vertically pointing sonar on sub- 

marine traverses  of  the Arctic Ocean,   indicating  that a finite 

IT 
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quantity of acoustic  energy  is being returned by the   Interface- 

No quantitative data were available on acoustic  reflection at  the 

water- ea  Ice Interface and  the present study was undertaken to 

provide such Information   In the frequency range of about 20 kHz 

to 430 kHz-     It  Included an  Investigation of  the variation of 

the reflectivity with angle of  incidence-    The measurements were 

performed  in Tanquary Fiord,   Ellesmere Island,  N-W-T-   in April and 

May  1969- 

SCPERIMENTAL METHODS 

In this experiment,  a sound source beneath the underside of 

the ice cover was arranged to emit  pulse trains at a selected 

angle of   Incidence to the water-ice interface-     A detector was 

located at   the same depth beneath  the  ice cover,  and  some distance 

away,  and oriented  to receive the specularly reflected  pulse 

trains-     This  procedure was  repeated   for various  angles of  incidence 

by adjusting the orientation of  the  transducers-     The  separation 

between Found source and  receiver,  and  the depth of  immersion of 

the  transducers were changed   for each angle of  incidence so as  to 

maintain a constant   total   path   length  for  the  pulses   reflected at 

the water-ice  interface-     The geometrical  configuration  Is  shown 

in Figure 6-     It   Is  seen that   the  locus along which  the transmitting 

and  receiving  transducers  are  required  to move  to maintain a 

constant   path  length  is  a  semi-circle of diameter  equal  to path 

length-     If     D    Is  the path  length and    0    the angle of  incidence 

of  the sound  pulses  at   the   Interface,   then  the horizontal  separation 

between        receiver  and detector  Is    d  ■ D sin 0,   and   their  depth 
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ol Immersion la h • x coa 0-  In ihls manner It was possible to 

avoid the necessity of havlnc. to correct for beam spread or 

directional characteristics of the transducers, and for attenuar ' n 

In the water; for one could compare the Intensity of signal 

received at the various angles of incidence with that received 

over a direct water path of the name length. 

Ceramic discs of barium tltanate, enc.tscd for waterproofing 

and electrostatic shielding, were used as acoustic transducers* 

Several of these, of up to 6.inch diameter and of tMckness of 

1/8 inch and 1/4 inch, were fabricated and were substituted for 

each other to obtain sufficient acoustic output over the frequency 

band of 20 kHz to 430 kHz-  In use, the sound source and detector 

were each mounted in a special Jig with settings preallgned along 

the required angles of incidence (or of reflection) and each Jig 

was fastened to a long piece of aluminum tubing-  Holes of diameter 

8 Inches were then bored through the ice cover with a motorized 

drilling auger and the transducers were inserted into the sea 

through these holes-  Optical sights, bolted to the aluminum tubing 

at eye level, were available for purposes of adjustment of the depths 

of the transducers tu the same immersion and of the orientation of 

each transducer with respect to the other. 

The sound source was driven in a pulsed mode in the following 

manner-  A CW sinusoidally-varying signal at any frequency 

selected within the desired band of 20 kHz to 430 kHz was generated 

within a Hewlett-Packard (H-P-) 631A oscillator, amplified by the 

HP- 430A amplifier and fed through a gate of variable width using 



-24- 

a General Radio  1396  tone-burst generator.        (The gate was  kept open 

to produce a pulse  length of sufficient  duration  for the steady state 

amplitude of vibration of the transducers  to be establiphed.)     The 

gated signal was  amplified  further with a H.P-   467A amplifier and 

then the pulses were   fed to  the sound transmitter.     The signal at 

the detector was  amplified   in a H.P.   400E voltmeter-preamplifier 

and then  in the vertical deflection amplifiers of a Tektronix 422 

cathode-ray oscilloscope.     The horizontal  sweep of the oscilloscope 

was initiated by synchronization with the GR  1396  tone-burst 

generator.    The display on the face of  the   'scope was photographed 

with a Polaroid Land camera and readings  of all  attenuator settings 

were noted. 

OBSERVATIONS AND RESULTS 

In the spring of 1969   the sea ice in Tanquary Fiord was a 

smooth cover of first-year  ice of thickness 93 inches and salinity 

about 4    loo-     Although air temperatures were moderating,   the tem- 

perature gradient  throughout most of the ice cover was still 

indicative of continuing growth at the  ice-water interface.     It  is 

not unusual to  find  the ice sheet  still growing at  its bottom 

even after the upper  surface has  started  its  summer melt- 

A constant  sound transmission path  length of 28-28  ft was 

used in  the measurements-     The first observations were made along a 

direct  path of this   length between transducers  inserted well below 

the base of the ice cover  through drill holes-     The separation 

between drill holes  was then reduced  in steps,  conforming to  the 

geometry of Figure 6  for angles of incidence  (and of reflection) 

% 
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of  75   ,   60  ,  45  ,   30    and  15   ,   and  the sound reflection measurements 

were performed.    At any given  frequency,   the power  input  to the 

sound  source was maintained constant so that  the measurements of 

signal detected over the direct  path then served as  reference signal 

levels  for comparison to  the signals subsequently detected over the 

reflected paths.     The results  are presented   in Table I  as  amplitude 

reflection coefficients,   i-e.   ratios of the amplitude of the 

reflected signal  to  the amplitude of a signal along a direct  path 

of  the same  length,   for the various   frequencies and angles of 

incidence. 

TABLE I:  Amplitude reflection coefficients  at the water-ice  interface 

Angle of  incidence  (deO 

Frequency  (kHz) 15 30 45 60 75 

17. 9 0.24 0.20 0.48 0.36 0.88 

23. 1 0.091 0.034 0-18 0.41 0-51 

24. 8 0.13 0.070 0.29 0.63 0.38 

47. 0 0-056 0-17 0.89 0.89 1-22 

56. 5 0-083 0.25 0.42 0.75 0-75 

89. 9 0.039 0-053 0.41 0.63 0-96 

118 0.13 0-16 0.72 0-88 1-06 

126 0.055 0-036 0-32 0-69 0-81 

184 0-056 o.u 0-56 0-75 0.97 

227 0.021 0-005 0.43 0.44 0.91 

332 0.17 0.22 0.019 0.50 0.45 

387 0.083 0-091 0.36 0.16 1.00 

435 0-066 0.088 0-016 0.11 0-94 
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There does  not  appear to be any smooth variation of amplitude 

reflection coefficient with  either  frequency or angle of  incidence. 

However  two general  trends are apparent   from a closer examination   of 

the data in Table I.     These are that  the amplitude reflection co- 

efficients   (a)   generally tend to  increase with increasing angle of 

incidence and  (b)   show no such tendency with change of frequency. 

The data have therefore been averaged over  frequency and  the mean 

values of the reflection coeffients and  the standard deviation in 

each have been plotted In Figure  7 as a  function of angle of  incidence. 

In spite of the  large scatter  in the coefficients  in Table I,   it 

is  seen that   the mean values are reasonably smooth function of angle 

of  incidence.     The amplitude reflection coefficient   increases very 

slowly for angles of  incidence up to 30    and has a value of about 

O-l-     Beyond 30  ,   the reflection coefficient  increases  rapidly with 

increasing angle of  incidence. 

DISCUSSION 

The results of the previous section,   in combination with the 

theory of specular reflection of sound waves at oblique  incidence, 

may be used to   infer  some properties of the water to  ice interface 

at  the bottom of a growing  ice cover.     According to Lord Rayleigh 

(Vol.   II No.   270)   for the case of a sound wave in medium 1   (sea 

water)   incident on medium 2   (the skeleton  layer),   the ratio of 

reflected  to  incident displacement  amplitudes  is 

p2       cot 02 

R = — —7^ p1     cot e.. 

p2       cot  02 

p.       cot  01 

% 
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15 30 45 60 
ANGLE  OF INCIDENCE        (deg) 

Fig-   7:     Amplitude  reflection coefficient  of water-borne  sound 

waves   reflected  by  the  skeleton   layer  at   the underside 

of  a growing  cover  of sea   ice  as  a  function  of angle 

of  incidence. 
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where    0.     and    0-    are the angles  of  Incidence and of  refraction 

and    p      and    p-    the densities  of   the media- 

But  by the law of refraction 

sin 0, 
"I      Cl 

sin Q2      c2 

where    c.     and    c,    are the velocities of sound  in the two media. 
*   rc . 2 -, 1/2 

1  -(—    sin 0. .        , 
-c 1/     „I 

2 -, 1/2 

i.e.   cos 02  * 

and    R = 
P2/p    cos 0.   -   I — )     -   sin 0 

p2/p1 cos 01 +]/ll)Z     -   sin201  1 
1/2 

for angles  of  incidence  less  than  the critical angle. 

Let a = Pj/p,   and b = ci/co where we expect  to evaluate      a    and 

b     from the experimental data on    R    and    0, •     Then the last  equation 

can,   after  some algebraic manipulation,  be rewritten as 

2 2 
1 
2n sin 0, 

cos 0,   (1  -  R) 

sin 0.   (1 + R). 

+ i. 

which  is  an equation of the straight  line 

y = (E)    x + -^ 
2 b 

where 
fcos g,   (1  - R) ~| 

x  = j_sin oj (1 + R) j and       y  = 
•   2rt sin 0 1 

A least-squares   fit  of this   linear equation was  performed on 

the data plotted in  figure 7 and  the following results were obtained; 

and 

b  = c1/c2 = 0.828 

a = p2/p1 = 0.977 

and  from the law of refraction,   the critical angle of  incidence was 

found to be 0,  = 56 -  (The datum point at the angle of 
Lc 

%. 
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incidence of  75    was  omitted from the analysis as being  far beyond 

the critical angle.     The value at 60    was retained as being within 

experimental  error.) 

.3 
Now    p    = density of sea water = 1.02  g cm      and  these results 

would  indicate that   the density of medium 2  at   the  interface, 

.3 
p?  = 0-996 g cm      which  is much higher than  the density of sea  ice 

_3 
p i = 0.917 g  cm     . 

Also, c1 = speed of sound in water = 1.5 x 10 cm sec  and 

1.5     5 
the velocity in medium 2 at the interface, c„ = **&  x 10 = 1-81 

x 10 cm sec' is very much less than the velocity of sound in sea 

ice c. ^ 3.5 x 10 cm sec" • 

These results are plausible since the reflecting interface in 

this series of measurements did not represent an abrupt change from 

the medium water to the medium solid ice.  The observations were 

made on first-year ice which was still growing on its underside and 

had a skeleton layer attached to it.  The value of the density of 

this skeleton layer, which in situ includes ice and water, would 

tend to lie between that of ice and of water which is consistent 

with our result.  Similarly, the velocity of sound in this layer 

would have a value intermediate between that in water and in ice. 

It is possible to estimate the fractional volume of ice in 

the skeleton layer using its calculated density.  For any volume 

V in the skeleton layer, the conservation of mass dictates that 

P2V = PiVi + Pw (V - V 

where V.  is the volume of ice in volume V, 

p„ is the density of the skeleton layer in situ, 

and   p  and p  the densities of water and ice respectively. 
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Hence the  fractional volume of ice  in the skeleton layer  is 

V 

pw  -  p2 
1.02   - 0-996 

1.02  - 0.91?   = 0•24' Kw      Hi 

which may not be an unreasonable value near the bottom of a growing 

ice cover. 

ACKNOWLEDGEMENTS 

This work has been supported by the U.S-   Naval Ordnance 

Laboratory under ONR Contract Nonr 4915(00),  Task No.   NR307-290 

ind by the Defence Research Board of Canada under D-D.P.   Contract 

GR.813007.     Dr.   G.  Hatters ley-Smith arranged the logistics of the 

field trip and Mr.   P.   Stalinski assisted with the measurements. 

REFERENCES 

Langleben, M-F-     1969.     Attenuation of  sound in sea  ice,   10-500 kHz. 

Journal of Glaciology,   8,   399-406. 

Lyon,  W.     1961.     Ocean and  sea-ice research  in the Arctic Ocean via 

submarine.     Trans.   N.Y«  Acad.   Sei,   (series II),   23,  662-674. 

Marsden,  M-     1961.     Sub-marine topographical  studies   in the Queen 

Elizabeth Islands,   1960-     Polar Record,   10,   388-390. 

Rayleigh,   J.W.   STRUTT,  LORD-     1894.    The Theory of Sound.   2nd ed. 

Vol.   II,   Sect.   270,   78-85.     Dover Publications,  New York 

(1945 reprinting). 

t 



Security Classification 

DOCUMENT CONTROL DATA • R&D 
(Security claaMtttcation ol title   body ot ahuttact and tndextnfi annotation muat be entered when the overall report ta c laamtiedj 

1    O^li", INATINC ACT|\/|Ty (Cnrpnrnte author) 

McGill University 

la    RCPOBT   SECUKITv    CLASSIFICATION 

Unclassified 
26   SROuP 

3    REPORT  TITLE 

PART I:     ACOUSTIC ATTENUATION IN SEA ICE 
PART  II:   REFLECTION OF  SOUND AT THE WATER-ICE  INTERFACE 

*    DESCRIPTIVE NO'ES (Type ol report and mcluuve date») 

Final  Report 

S   AUTHOR'S) fLmi name   IImt name. initial) 

LANGLEBEN,  M. P.   and  POUNDER,   E-R. 

6   REPO RT DATE 

May,   19 70 
7« TOTAL NO or   PASr> 

30 
76 NO OF REFS 

_L 
13 

fl/l      CONTRACT   CO   GRANT   NO 

Nonr-4915(00) 

«.   MROJFCT NO     NR   307-290 

9a    ORIOIN A TOR'S  R EPORT MUMBERCS; 

S-16 

j 

96   OTHER REPORT  nO(S) (Any olhet numbeta thai may be aaelgned 
this report) 

10    AVAILABILITY   LIMIT A TION  NÖTIG ES 

11     5UPPLEMENTARY   NOTES 12   SPONSORING MILITARY ACTIVITY 

Geography Branch 
Office  of Naval Research 
 Washingi-nn     n.r.   7n^ftn  

■ -. a...TRACT   Measurements of  the attenuation of acoustic waves   in sea ice at   frequen- 
cies between  10 kHz  and 500 kHz were made on the   ice cover at Tanquary Fiord, 
Ellesmere Island   (latitude  Sl^S'N.   longitude  76o50'W)   during April-May  in  1967 
and again  in  1969.     A horizontal  transmission  path  at  a depth of 4  ft,  mid-way 
between the top and bottom surfaces of  the  ice cover,  was used at  ranges of 4 fc  to 
25   ft   between piezoelectric   transducers   immersed   in oil-filled bore holes-     The 
attenuation coefficient cc  in db nr1 was  found to  ft  the equation a=cif + r^f^- 
The value of  the constants  of  this equation  for  the  1967 data on biennial   ice of 
salinity about   1  0/oo were  4.45 x 10"2  db m-1  kHz-1  and  2.18 x  lO"10 db nT1  kHz"^. 
For  the 1969  data on  first  year  ice of salinity 4 0/oo,   the value of c,   increased 
to 6.91 x 10'    db m"1  kHz"1.     In both cases,   the  linear,   term, of the equation was 
the predominant one,   far  exceeding the Rayleigh  scattering term even at  the upper 
end of the frequency band covered in  these  investigations- 

In an auxiliary experiment   in  1969,  measurements of  the specular  reflectioi 
of water-borne sound at  the water-sea  ice  interface were made as a function of 
angle of incidence-     The geometric configuration was such that  a constant  path 
length was maintained between sound source and detector,  and  the transducers were 
aligned carefully at  each angle of incidence to match  this configuration thus 
obviating the necessity of having to make corrections  for range and  for direction- 
ality characteristics of  the transducers.     The amplitude reflection coefficient 
was  found to have a value near 0.1  for near-normal  angles of  incidence but   its 
value was  found  to  increase  rapidly with  increasing angle of  incidence beyond 300.1 

DD FORM 1473 
Security Classification 



Set untv CUstuliCrthon 
14 

KE > wonns 

sea  Ice 
acoustic  attenuation 
high  frequency 
Arctic 
reflection coefficient 
ice-sea  interface 

LINN A 

NOLI 

LINK ■ 

NOl I 

LINK C 

MOLk 

INSTRUCTIONS 

I.   ORIGINATING ACTIVITY:   Enter Ih» name and address 
of the contractor,  subcontractor, grantee, Department of De- 
fense activity or other organization (corjiorale author) issuing 
the report. 

2a    REPORT SECUMTY CLASSIFICATION:   Enter the over- 
all security classification of the report.   Indicate whether 
"Restricted Data" is included.   Marking is to be in accord- 
ance with appropriate security regulations. 

ih.   GROUP:   Automatic downgrading is specified in DoD Di- 
rective 52ÜÜ. 10 and Armed Forces Industrial Manual.   K.nter 
the «roup number.    Also, when applicable, show that optional 
markings have been used for Group .! and Group 4 as «ulhor- 
i2ed. 

(.   REPORT TITLE:    Enter the complete report title in all 
capital letters.   Titles in all cases should be unclassified. 
If a meaningful title ennnot be selected without classifica- 
tion,  show title classification in all capitals in parenthesis 
immediately following the title. 

1.   DESCRIPTIVE NOTES:   If appropriate, enter the type of 
report, e.g., interim, progress, summary, annual, or final. 
Ciivc the inrlusp c dates when a specific reporting period is 
covered. 

S.    AUTHOR(S): 
oi in the report. 

Enter the name(s) of authors) as shown on 
Entei last name, first name, middle initial. 

If mlitary, show rank i.nd branch of service.   The name of 
the p in» ipal » 'thor is an absolute minimum requirement. 

().   REPORT DATH:    Enter the date of the report as day, 
month, year; or month, year.   If more than one date appears 
on the report,  use date of publication. 

V/).   TOTAL NUMBER OF PAGES:   The total page cour* 
should follow normal pagination procedures, i.e., enter t   . 
.iiimber of pager containing information. 

7&.    NUMUER OF REFERENCES:    Enter the total number of 
references c ited m the report. 

Hj.   CONTRAC f OR GRANT NUMBER:   If appropriate, enter 
the .ipplicahl" number of the contract or grant under which 
the report was writlcn. 

W. A-, Ik 8rf. PROJECT NUMBER; Enter the appropriate 
t.ilit T' department identification, such us project number, 
p'jbproject number,   system nur..Liers, task number, etc. 

"a    ORIGINATOR'S REPORT NUMBER(S):    Enter the offi- 
cuil report mmiber by which the document will be identified 
Hnd controlled bv the originating activity.   This number must 
he unique to Ihi.^ report. 

'IV OTHER PI-PORT Nl.'MBER(S): It the report has been 
Hssipned iiny other repcrt numbers (cillwr hy the originator 
or h,  the sponsor),  also enter this number(s). 

10.    WAILAPILITY  LIMITATION NOTICES:    Enter any lim- 
iljtions on iuiincr dissemination of the report, other than those 

imposed by security classific ation, using standard statements 
such as: 

(1) 

(2) 

(3) 

(4) 

(5) 

"Qualified requesters may obtain copies of this 
report from DDC" 

"Foreign announcement and dissemmaiion of this 
report by DDC is not authorized." 

"U. S. Government agencies may obtain copies of 
this report directly from DDC.   Other qualified DDC 
users shall request through 

"U. S. military agencies may obtain copies of this 
report directly from DDC   Other qualified users 
shall request through 

"All distribution of this report is controlled.   Qual- 
ified DDC users shall request through 

If the report has been furnished to the Office of Technical 
Services, Department of Commerce, for sale to the public, indi- 
cate this fact and enter the price, if known. 

11. SUPPLEMENTARY NOTES: Use for additional explana- 
tory notes. 

12. SPONSORING MILITARY ACTIVITY: Enter the name of 
the departmental project office or laboratory sponsoring rpa)- 
in(t for) the research and development.   Include address. 

1.1     ABSTRACT.   Enter an abstract giving a brief and factual 
summary of the document indicative of the report, even though 
it may also appear elsewhere in the body of the technical re- 
port.   If additional space is required, a continuation sheet shall 
be attached. 

It is highly desirable that the abstract of classified reports 
be unclassified.   Each paragraph of the abstract shall end with 
an indication of the military security classification of the in- 
formation in the paragraph, represented as rTS'   'Si   (Ci. ur (U) 

There is no limitation on the length of the ubstract    How- 
ever, the suggested length is from ISO to 225 words. 

14.   KEY WORDS:   Key words are technically meaningful terms 
or short phrases that characterize a report and may K used as 
index entries for cataloging the report.    Key words trust be 
selected so that no security classification is n quir-d    Identi- 
fiers, such as equipment model designation   trade name, military 
project code name, geographic location, may be used as key 
words but will be followed by an indication of technical con- 
text.   The assignment of links, rules, and wciRhis is optional. 

Security Classification 


