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ABSTRACT

A new method is presented to explain how noise i1s generated under pack ice
by ridging of the pack ice. The energy dissipated during the ridging process
is assumed to be the proper measure of the noise source level. Noise source
levels generated by ridging are simulated. Noise intensity at a specific site
is calculated by summing signals from all these sources after accounting for
propagation losses, Calculations are made to compare this simulated noise
with observations for an experiment conducted during the winter of 1975-76 in
the Beaufort Sea. During a 120-day period, 46X of the intensity of the noise
signal is explained using this process, and over several 20-day periods, in
excess of 64X 1s explained. In addition to explaining a significant amount of
energ. and ambient noise, the model is attractive on physical grounds and
proporiv explains lack of noise when winds are high but ice {s strong enoug'

toocowfat ridging.,

INTERODLCTION

As : sea ice cover moves, fractures and deforms it generate- noise which,
in <o nation with other background nofse, interferes with sonar, communica-
t! 1 4 weapons control signals Background nofse under sea fce has be
weiw. + ' undet a wide varlety of conditfons, Although vari-ue Investi -
have s.ndied the characteristics ot this noise (se. Ret 1 fou roieay, |

'

work h:, been done to relate the observed nolse to spe-{fic processes
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noise.z’a'4 Better correlations have been achieved by relating thermal

cracking due to daily temperature dropss’6 and stress-induced microcracking. &

These initial attempts to relate z single noise-making process to ambient é

noise signals can result in a better understanding of and the potential for %
5

modeling noise under sea ice.
The single largest source of noise in the Arctic in the winter is thought
to be ridging. 1In this paper, we examine the relationship between observed j

low-frequency background noise and the occurrence of ridging, as simulated by

an ice model. Thus, while concentrating on a single noise-producing process,
we can attempt to explain a significant amount of the background noise.

The critical assumption made in this work is that, in ridging, the inten-
3ity of a noise signal at its source (the ridge) is related to the amount of
energy Jissipated in the ridging process. A phenomenological comparison is
made in which a theoretical estimate of noise due to ridging {s compared with
observed noise at a site in the central Beaufort Sea during the winter of
1975-76. The individual, small~scale noise-making processes that occur in
ridging have not yet been studied. The present phenomenological study is felt
t 5 1 necessary preliminary effort in determining if a more detailed study

wou)* be fruitful,

I this study, a model {s developed to estimate the noluc Intensity re

ceived at any site from ridging at all points on the fice cover, This relation-

ship depends on the amount of energy dissipated due to noise production and

1
accounts for transmission losses during propagatior. The model {s applicd to 3
the Beaufort Sea during the AIDIEX7 main experiment (wvinter 1975--76) when é
4
background nofse observations are avaflabie A specfal method for simulaiiag i
10! t . developed to wse the {ov motfon dat: obt vtoe? frew the mimed campy —1
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and buoys deployed during that time. Data limitations restrict our study to
one~third octave bands centered around 10 Kz and 32 Hz, However, the theory
can be extended to include a wider range of frequencies. Comparisons are made
to estimate the fraction of total variance of observed noise that can be
explained by this model. Error estimates are provided to show that the
unexplained variance can be attributed to data limitations and that the basic
hypothesis of the theory remains plausible. As a result, it is suggested that

further work is justified.

I. NOISE SIMULATION MODEL

The processes that create noise can occur everywhere in the sea ice cover,
o describe the total observed noise at a specific site, the sound waves
ccaching that specific site from all of the locations at which noise {s
generstod must be taken into account. The magnitude or intensity of the noise
at {t. sources must, of course, be known, and it must be specified everywhere,
Pract{cally, then, a model must relate the noise source level to some measur-
able variable that can be determined from knowledge of ice conditions, wind,
current . temperature and other environmental parameters. Finally, as the
arnus*! waves propagatc toward the observation site, they are dispersed an:
stie +red geometrically by reflection of f the ses floor and the undersid:. o

the 1.2 cover and by sound speed gradients. The approach presented heru

attempis to account for all of these factors, thereby providing a mathematical

N

wodel f.rmulated on basic physical principles of acoustics. -]
<

Many different processes occur that generat: noise. The types of processvs i

»

an¢ th: relative fmportance of thefr contributions to the total observed aoiw j
-1

by brth geassn and locating, Tht weer' soacentrates Yy wintero e v
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the central Beaufort Sea. In these heavy ice conditions, ridging is generally
believed to be the single largest noise source. But even though ridging is
often thought of as one large-scale geophysical process, it 18 in fact a com-
bination of many small-scale processes, During ridge building, sea ice is
fractured in bending, fce floes slide against one another to be crushed and
sheared, and the resultant blocks are piled up and down against gravitational

attraction.

A. Geophysical-scale model

Sea ice dynamics understanding has increased immeasurably in recent years,
and, fortunately, the capability to simulate sea ice behavior has kept pace.
Extenstons to the AIDJEX model,8 on which the present work is based, have
been reported in Ref. 9. Of these extensions, the relatfonship developed to
estimite the mechanical energy budget of the ice coverlo is the most critical
for this work. Here it is hypothesized that energy dissipated by large-scale
failure processes such as ridging 1s the proper measure of energy available
for cunversinn into acoustic signals. Thus, the capability to estimate thesec
dissipation terms {s necessary to the success of the present work, Mor:
Jetailed results on these modeling capabilities have been preseated eis: -

whe(e,ll and estimites have been made of the Bewfort Sea erergy budee:

12
during AIDJEX,
The small-scale mechanisms in ridging dissipate eneryv that provide.
energy sources for acoustic signals., 1If these small-scale mechanism encrg.

sinks are to be useful for explaining ambient noise, there must be a way !

measur: ther at different times and locations Forrunately, the AIDJVY oo
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does provide a way to calculate these energy sinks in terms of the geophysical-
scale behavior. Specifically, in a constitutive law, it is assumed that the
energy dissipated by the geophysical-scale stress during deformations is equal
to the energy dissipated by these small-scale mechanisms. In the model,
expressions are available to estimate these energy dissipation levels as a
function of ice conditions at different times and locations.

The large-scale constitutive behavior is represented by an elastic-plastic
mathematical model. As in other plasticity models, the stress is limited to
lie within a yield surface. However, a stress resultant g is used. This
stress resultant 1s the Cauchy stress integrated through the ice thickness.
The theory 1is two-dimensional.

Ar isotropic, diamond-shaped yileld surface is used in our computations.

th yte'd eriterion is given by

¢(0;,07p) <O (1)
where 0, = 1 trog ando,__ = 1 tr 0'0'1/2 withg' =g -0, 1. The invariants
I 2 < II 2 - = ’ = = 1=
oy and 0,y are half the sum and difference of the principal stress value,

respectively, and p* is the ice strength in {sotropic compression. The shear

8irsss favariant 011 f{s nonnegative when defined {n this way. Plastic

deformations are assumed to satisfy an associated flow rule Thus, the

pla-tiv stretching gp i{s orthogonal to the yfeld surface and may be expressed as
p =2 (2)
~P ac

#here A {5 a nonnegative scalar.

A llnear elastic law is assumecd when stiess s withfo the yield surface

Q’(M] M 'T("L?_‘{ﬁ(: “\\

21
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where ¢ is elastic strain, and Hl and M, are the bulk and shear moduii, respec-

tively. The elastic strain is related to stretching, D, spin, W, and

plastic stretching by the relationsh1p13

~¥e+eW=D-p . (4

Ice strength is determined as a function of the ice thickness distribu-

tion. Changes in the strength occur as deformations change the thickness

distribution, which 1s governed by the relationship

2 6 _ . _ ro.
E+f % =¥- Gy (5)

where G(h,t) 1s the fraction of area covered by ice thinner than h at time t,
and § is the rate of ice production of ice thinner than h due to mechanical

4
redfcrribution.l Assuming Y is linear in the rate of plastic stretching, then

v = np[uo(e) ta (ew ] . (6)

Here, DP -[}DJ 12 +(Dp)112]1/2 where(Dp)I and(Dp)ll are the sum and difference of
principal stretching values. The angle 6 = arctan[}Dp)II/(Dp)I] is the ratio of
shearing to dilating. The coefficient a, is the fraction of open water created
by 2 nnft of deformatfon. Conservation of mass requires ao and a_ to be related
2y o a, = cos A. The variable wr describes the conversioun of thin ice int«
thirx . tre by ridging and is 3 complicated functiovnal of the thickness distri-
buct-

Th. rate at which energy Is dissipated by large-scale stresses during
deformation 1s determined as the product of stress and permanent stretching

-~

This is the dissipative stress power, P " tr g D . This large-scale meas r. of
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nergy dissipation is equated to the sum of identifiable small-scale energy

DI )

a

inks. Thus,

there % is the set of small-scale energy sinks that are known to dissipate
sechanical energy. This relationship provides an estimate of the large-~scale
[ce strength and helps relate the redistribution function to the constitutive

law. For this study of noise sources, the relationship also provides a means

of estimating the magnitude of the noise source level. We assume that each

small-scale energy sink is a source of noise and that the energy dissipatecd by
each sink can be determined from the large-scale energy dissipated.
Gravitational potential energy changes and dissipation by friction as {ice
blor ks slide through the keel and sail are considered to determine the force
neede ! to build a ridge.15 This concept has been generalized by allowing

both compression and shear.16 The change in gravitational potential energy,

qp, 3s lce is piled up and down into the ridge sail and keel is given by
o
2 3y
= = dl
q, cp[hahd (8)
0

e (9)

.h» gravitational acceleration, and

(o
W

5=%-(c,~r\
W

S R S 0 T P I TR .




g St Shes - vm—
- . RS Pt T T Y oo gr—yr

Robert S, Pritchard 22

Submitted to J. Acoust. Soc. Am.
102/03-83

In concept, more buoys would allow better resolution and, thus, would reduce
this potential error. However, the sea ice constitutive law assumes that many
ridges are forming within a triangle to ensure isotropy and homogeneity, so

10 km {s roughly the lower limit for achieving better resolution with a more
dense buoy array. In addition, as buoys approach one another, the uncertainty
in stretching from the velocity inhomogeneity variation becomes so large that
{t dominates errors. Therefore, triangles roughly on the order of 50 km
provide data that are as accurate and consistent as is reasonable for using
this simulation technique.

Another potential source of error is due to the assumed thickness distri-
bution used in the simulations. The initial thickness distribution is
reasonably accurate for Julian day 465, 1t {s used, however, to begin the
3imulations for each 20-day block. This choice affects the strength level,
which, 1f constant, would not affect the comparison, and it affects varjations
in strength due to redistribution. The effects of this assumption are not
known. Our inability to measure the thickness distribution of sea ice is a

problem with all simulations of sea fce behavior.

! CONCLUSIONS

In this paper we have introduced a new concept to explain background noise
ander Arctic sea ice. The concept is based on the hypothesis that energy
dissipated by the ice in ridge building {s related to the intensity of the
source level of background noise. A mathematical model of sea ice behavior is
capable of simulating the energyv dissipated by stress during deformation
everywhere {n the {c# cover The spatial distribution of noilse sources ma.

etae s ke simalaied 3t any tiwe Ii transmfasioe Yogaes aco tal oo int.
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;
as a typical value for the time period used in our analysis. This uncertainty b

in the variation in velocity gives rise to uncertainties in stretching that are

0.7 x 10-7 a-l at the 902 confidence level during spring. These errors assume

g
1
4
-

a gauge length of 100 km. Smaller scale averages generate proportionately
larger uncertainties in stretching. Since triangles are typically 50 km in size,
uncertainties in stretching are on the order of 1.5 x 10-7 s-l.

It 1s difficult, if not impossible, to estimate uncertainty in the power
dissipated because the extremely large uncertainty in stretching makes uncer-—
tainty in stress unrealistically large. For a strength of 5 x 104 N/m, the
stretching uncertainty gives rise to an uncertainty of 7 x 10—3 w/mz. If this
i{s input as a constant error over a circular domain with a radius of 500 km and
the transmission loss function, Eq. (22), is assumed, then integration gives an
error Ir simulated noise of abont ! x 109 W. This thenretical maximum error
{s ss large as maximum simulated noise values (Figures 3 and 4). Another
estimate of velocity inhomogeneity errors i{s obtained by looking at quiet times
wher all simulated noise may be assumed to be due to velocity inhomogeneities.
These values were discussed earlifer. Fortunately, the actual values are about
252 ¢t the s{imulated maxima, far lower than the theoretical marima.

ncertainties in the transmission loss law also limit the acenracy of this

s{im ait .n technique. First, the transmission louss law f= a0 empi:i-al fir vo

data, and some uncxplained varfance must by expected. Second, the transmissi~ao

loss law decays exponentially from the source. Thus, any sources very near the

ol gy

observir jon location will be very sensitive to the location of the soura: But

i

a sourr: can be located to only be within a specific triangle, rather than a

R

an >xa.  gite within the triangle. This {s 1 limitation of the bas{c appr » r
v oAt oo betwen s huey (e e ontrolie Y N o danae’ -
1

R

1

- . A T R G Y
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Scatter plots of observed signals and simulated noise signals from q, are
given in Figures 5 and 6 for 10 and 32 Hz, respectively. These plots show that
the observed and simulated signals tend to rise and fall together, Many signals
occur at low noise levels, which causes a problem in the plots because the data
points tend to black out the area. It would have been simple to plot data at
logarithmic scales to spread out the points at low noise levels, but this would
have emphasized data that are subject to relatively large errors. Several
individual events appear in the scatter plots. These have been shown by con-
necting the dots to make a "spaghetti”™ plot. The path taken by the larger
events clearly shows the correlation. Some difference appears, though, as
individual events are related by different regression equations or slopes.

This i{s probably caused by our lack of resolution (triangle size), by inaccura-
cies {n the transmission loss law, or by our uncertainty in {ce conditions and
therefore ice strength during the experiment.

The data are obviously shifted to the right and do not pass through the
origin This is caused by excessive energy being dissipated as individual
buoys respond to small-scale velocity inhomogeneities that are not modeled by
ihe se) ice constitutive law. If the ridging process were modeled perfectly,
one wr.ald expect the regression line to intersect the ordivate and nov th
sbscisse, because other notse-making processcs woald generato aolee thar ha
n»t been modeled here.

Although errors can occur becausc spatial variations in the velocity field
are no. smooth, the large-scale average Is a reasonable estimate of the deforma-

tion. occurring within the triangle. The i{nhomogeneity varfat{fon has beer

22 We use th! .

@<if{mat..! to be on the order of 0.4 em/s during spring 1975.
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the comparison varies throughout the 4-month period. In addition, three energy
dissipation varfables are compared with observed noise to determine which one
explains the most variance in observed noise. For the entire period, the energy
dissipated by ridging, 9 has correlation coefficients, r, of 0.67 and 0.68 at
10 and 32 Hz, respectively. The energy dissipated by shearing, 9 explains
much less of the variance, with correlation coefficients of 0.36 and 0.37 at 10
and 32 Hz, respectively. Both coefficients vary greatly from one 20-day block
to another. For completeness, Py is also used as a measure of energy dissi-
pation to simulate noise. It does not do as well as qUs except at times when qs
is better, because Py = 4, + q, and both q, and q  are correlated somewhat.
During Julian days 361 through 380, ridging explains very little of the noise,
whereas shearing explains a larger amount. This i{s a rather quiet time, but

nne during which energy is dissipated Iin numerous high-frequency spikes, For
Julian 3Jays 381 through 460, the correlation coefficient is consistently higher
for no'se simulated from q,- However, during the period between Julian days
461 and 480, q is again greater than 9 but for both the correlation
coefficrients are high. The threshold in simulated noise reduces the correlation
wvhen noise levels are low. Lag correlations were also determined. Maximum
correlatfons appear at zero lag. Correlatfons are about as high at lag times

cf 3 h but not substantially higher. This {s likely causned by the original
filtecing of motion and noise data to remove high-frequency fnput. To learn
further how well simulated noise can explain observed nolse, a regressicn
analysis was performed. Multiple regressions of observed noise onto enery-
dissipated by ridging and shearing do not explain a more appreciable amount of

the varfance.
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locations because they are caused by atmospheric pressure systems moving across
the Beaufort Sea. One can expect, then, that many variables will rise and fall
at roughly the same time.

The simulated noise is nearly always nonzero, while the observed noise drops
to nearly zero at times. This threshold for the simulated noise is attributed
to velocity inhomogeneities. These uncorrelated, random motions of individual
ice floes dissipate energy in the model because of the dissipative nature of
plasticity. An estimate of the size of this contribution may be made during
tvo quiet periods, Julian days 411 through 421 and 451 through 461. The
10~ and 32-Hz simulated noise levels from q have values on the order of
0.2 x 108 and 1.0 x 107 mW/mz, respectively., The threshold levels for
noise from q, are about half these values.

On a few occasions, either the simulated or the observed noise curve
indicates energy input but the other does not. Noise observed in the absence
of a sfmulated noise signal can occur if {t is generated by a process other
than ridging. On the other hand, simulated noise can occur in the absence of
observed noise 1f the model dissipates energy at a location too close to the
sensur. The simulated noise is very sensitive to the locatfon of energv
dissipation when near the sensor, {.e., within about 100 k. Since the
location of the dissipated energy can only be resolved to within abou* 50 k=,

this limits the accuracy to which the nearby noise can be simulated.

8. Coirelation
A quantitative meacure of comparison {s obtained by determining the cor

relatfon between observed and simulated noise. Correlation coefficifents ar.

woaae: 4 tn Takhle 11 The tim servic. fs broren furts 20 dr wlo- vt 1 - it
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data for the 10- and 32-Hz noise appear. The observed noise and the ice
velocity data have been filtered to remove variations with a period shorter
than one day, All data are sampled at synoptic time intervals. Simulated
noise has been presented using both the energy dissipated in ridging, 9, and
the energy dissipated in shearing, q, as energy dissipation sinks.

These time histories show, in a qualitative way, the ability of the model
to simulate background noise. Intensities of the acoustic signals are pre-
sented on a linear scale., Observed noise is measured in units of square micro-
pascals per hertz, (uPa)Z/Hz. This is the power of the acoustic wave per unit
area. The values for the simulated noise are given in milliwatts per square
meter, mH/mz. This scale is arbitrary because the signature function S(f) is
not Inrluded in the calculation. Since it is a constant for each frequency band,
A corparison may be made in the form shown. A linear regression is used to
provide an estimate of the value of the sfgnature function at each of the two
frey -encles.

A visual comparison of the observed and simulated noise from q, is good.
However, the comparison between observed and simulated noise from q is not
as good, Both observed and simulated time histories are similar for the 10 and
37 1, signals. The variations generally occur at the same times and have
s1at !+ durations., Furthermore, the sizes of the larger events are comparaltle.
Thi -ompartison is especially good during the most intense events (for examcple,
betwe::» days 392 and 411 and days 438 and 443). Activity appears to rise a:
roughly 5-day intervals as storms pass through the Beaufort Sea. This relates

12

to the energy {nput by the wind field Previous estimates =~ of the energ:

fap by winds and currents during the period under consilceration herr provid.

cie o eesylen . Thero 1o 4 strong roreslation betwoer wiest gt dif7en
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of simulated noise require that the integrand in (25) be evaluated. We have
assumed that the power dissipated is homogeneous within each triangle so that it
may be removed from under the integral. The transmission loss remains to be
integrated. A numerical integration scheme is chosen using values of the inte-

grand at the midpoints of the sides (denoted by subscripts a,b and c) so that
f T(lx-yl,s,f) da = % [T(lBal.s.f) + T(IR },8,£) + T(l,_l}cl.S.f)] . (26)
A

This is a simple formula that is accurate to the second order.21

A higher order integration formula could have been used to integrate the
transmission loss contribution within each triangle. Such accuracy, however,
would ignore the fact that all variations of q have been neglected and, there-
fore, would not provide increased accuracy in the simulated noise. Also, the
simplest formula expressed in terms of values at the corners is troublesome
when considering those triangles at whose corners the noise is being simulated
because the transmission loss is not appropriate for propagation ranges less

than 37 km (20 nautical miles).

| RESULTS

Rackground noise simulated using the model i{s compared with observe’ noise
for one site in the Beaufort Sea during a 4-month period in the winter o

1975-76. A time history of data is presented. Statistical correlations ind

: R

Iinea: regressions are used to quantify the comparison .

A Fvo» history .:

4

=

AMrect comjparison botween observe ! and sfmulare ! v i historie o0 Ny
aphone sic aumbe o 1Y (Fipure 2) is preconts ! oo Fipoeo 3 00 \




.........

Robert S. Pritchard 15
Submitted to J. Acoust. Soc. Am.
102/03-83

When the array was deployed, the Beaufort Sea region was subdivided into
38 triangles as shown in Figure 2 (solid lines). After Julian day 421, buoy
aumber 16 moved rapidly into the Chukchi Sea, and these triangles became too
distorted for meaningful simulations; the five triangles surrounding the buoy
collapsed into three triangles (dashed lines).

The integral in Eq. (24) sums noise signals from surrounding locations. It
may by evaluated as a sum of integrals over the set of triangles. The advantage
of introducing the triangles is that the energy sink q may be estimated simply
in each smaller triangular region. Since q is calculated as the product of
stress and stretching, both variables must be calculated in each triangle.
Average stretching is estimated directly from velocities of buoys located at
each corner. Stress is estimated by solving the constitutive law by inte-
grating the stretching history., The product then gives the desired energy
dissipation.

The motions of three buoys are used to determine the velocity gradient,

L = Vv. The average may be found by using the Green-Gauss theorem to express
the integral as a line integral and then assuming linear variation of velocity

alor: the boundary. The relationship becomes

AL = fx@gdi (25)

S
wheic i {5 the gradient of the average ice velocity, v, over the region R
bounded by the curve S.
The stress history {s obtained from the elastic -plastic constitutive law
while assuming homogeneous stretching within each triangle. Equations (1)
thirough (5) are integrated numerically using a difference schenezo as par!

a7t aumcrical scheme to solve the sen {ce dvnamics mod. ! Actnal estimatos

T T e T Y Y Y Y
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Therefore, if we are able to estimate the signature function, S(f), for a selec-
ted noise-making process, then the noise that will be observed at a site x

from the process will be given by (24) in terms of the energy dissipated at all
locations and times. We have included the time variable t to show explicitly

how temporal energy variations in energy dissipation cause time variations in

noise generation,

11. SIMULATION TECHNIQUE

During the AIDJEX main experiment (the winter of 1975-76), an array of buoys

18,19 .

and omnidirectional hydrophones was deployed in the Beaufort Sea.
hydrophones were suspended at a depth of 100 ft below the top of the ice. The
pressnre measurements were converted to acoustic intensities using a power

mets: They were band-pass filtered into one-third octave bands centered on

3.2, 1V, 32 and 1000 Hz (in one case, 100 Hz replaced 32 Hz). Signals wer=

averaged over 45 s and sampled at 3-hr synoptic time intervals. The 3.2-Hz
data were contaminated by noise from cable strum. The other data are felt to

be adequate, although sampling frequencies are too low.

Figure 2 shows the spatial distribution of the AIDJEX sensors on Julia day
38, :Jaruary 16, 1976) . The data are adequate to estimate dissipatio. b:
ridgi» 1ind to compare simulated noise with the levels observed at onc
hydrnpiione site, site number 11. To account for all noise received at a site,
sound waves propagating to it from all directions must be included in the
mode; This requires that fce motion data be available all around the sit.
whic' Iimited study to site number 11, the only hydrophone site in the cen!':

A L Loy array

X
.
‘o
Rt
R
‘d
‘l
s
‘o
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As the acoustic signal propagates from the source, it undergoes geometrical
dispersion and dispersion due to reflections off the sea floor and the underside
of the ice cover and to gradients in the water column. An empirical model has
been presented for long-range, low-frequency (i.e,, below 100 Hz), deep-water

(greater than 1000 m) transmission loss, TL, in the Arctic.17 The equation is

TL = a + 10 log R + bf + csR + dfsR (22)
where
R is the range in kilometers,
s is the standard deviation of ice depth in meters, and
f 1s the frequency in hertz.
The constants a, b, ¢, and d are given in Table I as a function of path length.

The loss function T i{s related to transmission loss TL by

T = 107TL/10 (23)

Fignre 1 presents the loss function for waves with frequencies of 3.2, 10, 32,
and 100 Hz. The transmission loss law given in Eq. (22) is evaluated for
frequencies from 3.2 to 100 Hz. Each curve has been normalized to unity at a
rang.: of 50 km. Within this range the relative intensity is assumed constant.
Thi-. assumption is compatible with the restriction that the law is valid onl.
fo: propagation paths in excess ot 37 km (20 nautical miles). It will be seen
that this assumption {s also comparahle with the resnlution of ice motion data
used in this study to simulate noise.

Lf the assumed relationship betweern the source level notse and dissipate!

energy (s substituted, we find that

»

N(x,f,t) = S(1) j qly,t) T(lx-y),5,€) da . (24)
A

.....

.................
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It is worth noting that q and therefore Ns depend explicitly on the horizontal
position x. We do not, however, attempt to describe the dependence on depth,
being content at this time with a two-dimensional theory, because data are
available at only one depth in our data set. Other variables such as ice
conditions affect only q and do not appear in any other ways in the noise

source definition.

C. Simulated noise

At each location at which noise is generated it is necessary to sum source
level noise contributions from all noise generation mechanisms, If it is
assumed that there are enough sources that the acoustic signals are uncor-
related, then waves must cause interference, but intensities may still be
added together linearly. This 1s a consequence of the fact that intensity is
the square of the pressure in an acoustic signal and that uncorrelated
acoustic waves are included in a mean square sense.

The intensity of noise st any site is obtained by adding together the con-
tributions from all surrounding sources. This {s accomplished by integrating
over the region of interest, A, with the integrand being the propagated noise

fnren:{ty per unit area. Thus, we write

N (x,1) = [Ns(x,f) T(lx-yl,s,f) d (21)

where x is the site at which the noise fs to be predicted or observed, y is the
integrand in the generic location of each point in the region, Ig‘gl ts the
range of the propagation path and T {s a loss function (the relative {ntensity

of tho acoustic wave after propagating from y to x).
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LQ B. Noise source intensity

Consider the key assumption that small-scale energy sinks associated with

large-scale ridging deformations are related to the source level intensity of

acoustic signals generated by these mechanisms, This assumption is attractive
for two reasons. First, both quantities are measures of energy and thus this
relationship is more physically meaningful than a relationship between energy
and another variable such as strain, stress, ice velocity, wind speed or air
stress. Second, several limiting cases are identified where the energy
relationship is sensible and other relationships are not. These include
situations in which

(a) Internal ice stresses are large, but not large enough to cause
plastic deformation; in this case, no energy is dissipated by ridging
and no noise is expected.

{b) Strains are large but stresses are small because of a large fraction
of open water; in this case, only a little energy Is dissipated and
little noise 1s expected.

The simplest assumption that can be made is that the intensity of each
aoise source {s linear in the rate of dissipation of energy by that mechaniarm.
Es. - mwechanism {s expected to produce noise in a different range of freque--
cle Therefore, a scalar signature function relating the power dissipa'ed,
q, o the noise source level is introduced. This signature function, S(f),
mus+ depend on frequency. Each mechanism will have {ts own signature or

dependence on frequency. 1f the amplitude of the noise source intensit.

gensrated by the mechanism is Ns(f), ther the noise source level {s given

for a typlcal process as

Ns(-)f,ff 3{f) q(?j'\ (26
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@ In addition to defining strength, relating dissipative stress power to energy
dissipated by small-scale sinks also introduces a constraint between the yield
surface shape and the coefficient that controls the amount of open water

® formed ir. compression and shearing.

The energy dissipated in shearing, W is assumed to depend linearly on
the rate of permanent stretching and on ice strengthg:

] q = DP a, p* (19)
where the coefficient 08(6) is determined from the coefficient a. and the yield

< surface.

This sink has not been analyzed by considering a small-scale mechanism but
has been introduced as a residual in the large-scale model energy budget. The

G shear energy sink describes energy dissipated without redistribution of ice.

It 1s possible to think of this term as representative of energy dissipated in
building shear ridges. Since shear ridges are narrow features, they do not

° affect the thickness distribution significantly. However, the size of the
shear esnergy term is determined without consideration of any specific
mectanisa. When the shear sink i{s included, large-scale strength still

. sarfsfies (19), but there 1s no longer a constraint between the yield surface
shap> and the formation of open water. Instead, both variables are specified
fndependently using observations and results of simulations of {ce behaviur.

'Y Integration of the thickness distribution equation requires that an initial
conditfon be described. This quantity can have a strong {mpact on the nois
simulation because it affects stress. We have chosen an inftial thicknes.

3 dfiiribution observed by investigaturs on the USS Gurnard during a cruis:
weele o the Beanfort Sea 1ce durfng Apifl 197¢.

. :
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where p is the density of the ice and Py that of the water. If the redis-

tribution function (6) is substituted, then

qp = D, o, P (11)
wvhere
r 2 awr
p;-‘cpf h'é-h_dh . (12)
0

The power dissipated by friction, 9> has the same functional form as gravita-

tional potential energy changes and may be written as

9 = Dp a P} (13)
where
;o2
- h® a(h)
PE = / 1-(1/x) 9" (14)
0
u'lp, ~ple 1yl
P [9“‘ ”J . (15)
f 2 tan ¢ pw

Hece . a(h) is the fraction of ice present in a category that participates in
ridging, k is a constant that determines the ratio of final to original thick-
ness during the ridging process and it defines the fall angle of the ridge
8311 and keel, y' is the coefficifent of sliding friction of ice, and ¢' is

tn. angle of friction of the blocks of 1ce in the ridge. When realfist::

constani are used, friction accounts for over 807 of the encrgy dissipat. .l.

W .n chese two energy sinks are combined, the large-scale strength becoumes
o «
p* = c* / h2 a(h) dh (17
¢

C"%ﬁqk'!# H,t "w-1) (18

—




_—
n:v', &

.
-

R

. e
e TR

Robert S. Pritchard
Submitted to J. Acoust. Soc. Am,
102/03~83

account, the nolse propagating from all sources to any site may then be simu-
lated. This wodel of background noise is based on the fundamentsl principles
of acoustic propagation,

Observed background noise in the Beaufort Sea during the AIDJEX field
experiment in 1975-76 i1s used to test the model. Low~frequency noise gignals
(10 and 32 Hz) are compared with the simulated noise. Time histories of
observed and simulated nolse compare well in frequency, duration and magnitude.
The model simulates 46X of the variance of observed noise during a 120-day test
period (the correlation coefficient is 0.67). The comparison is broken into
20~day intervals to determine variations in time. During several of these
20-day intervals, the model has a correlation of over 0.80, explaining over 64X
of the variance. When potential error sources are considered, it is found that
much more of the variance could be explained by the model if several error
sources could be reduced.

This couparison is good enough to warrant further study and testing of this
new concept. First, however, data sets must be obtained in other regions and
at other times, since various noise-making processes will contribute different
amounts of noise in different areas, such as at an lce edge. Also, ice motion,
wind and current data must be used {n a complete {ce dynamics simulation model
tu avoid contamination by velocity f{nhomogeneities. A limited amount of Jira
exists for areas other than the Beaufort Sea, and recent field experiments,

such as FRAM?® and MIZEX,2"

will provide more data. Further testing with
these additional data will help determine the range of applicability of th.
concept that energy dissfpated by the 1ice cover {5 a useful measare of the

siov. ook of amhient nofse
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The statistical approach presented here ignores the physical causes of noise
generation. To this end, this paper has focused on showing that one of these,
namely the power dissipated by ridging, is highly correlated with background
noise. Since there are many sources of uoise,vwe cannot expect a perfect
correlation with only one source. Instead, the simulation model can be used to
verify qualitatively the contribution of each noise-making process and then to

determine how much of the observed noise is accounted for by each process.
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) FIGURE 1. Relative intensity of acoustic waves. The transmission loss

function 1is given for long-range, low-frequency propagation over

deep water,

o
FIGURE 2, Spatial distribution of AIDJEX sensors in the Beaufort Sea on
Julian day 381 (January 16, 1976).
@
FIGURE 3. Comparison between observed background and simulated noise by
ridging for 120 days in winter 1975~76. Data are presented for the
€ one-third octave band centered around 10 Hz. Sound intensity is
presented. Simulated sound intensity 1s nondimensional with an
arbitrary scale because the signature function S(f) is unknown.
®
FIGURE 4. Comparison between observed background and simulated noise by
ridging for 120 days in winter 1975-76. Data are presented for
® one-third octave bands centered around 32 Hz. Sound intensity is
| presented. Simulated sound intensity is nondimensional with an
|
| arbitrary scale because the signature function S(f) i{s unknown.
¢
FILURE 5, Observed noise and simulated nolse from energy dissipated by
ridging, q,, at 10 Hz,
¢
F1LURr 6. Observed noise and simulated noise from energy dissipated by X
ridging, q_, at 32 Hz. 1
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) TABLE I. Transmission loss law constants.
Path Length Less than 185 km Greater than 185 km
) (100 nautical miles) (100 nautical miles)
Constant
] & 69.3 63.2
b 0.07 0.03
c ~0.00081 0.035
N d 0.00026 0.00059
»
b
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:

TABLE 11, Correlation between observed background noise intensity and noise
intensity simulated by power dissipated by gsea ice cover in the central
Beaufort Sea during the AIDJEX main experiment (winter 1975-76). All data
were filtered to remove frequency content higher than 1 cycle per day and then

sanpled at 3-hr intervals.

Date Correlation coefficient, r

(Julian day)

10 Hz 32 2
Py 9% % Py 9% 9
361180 0.36 0.28 0.48 0.21 0.09 0.50
381 -4t 0.62 0.68 0.44 0.33 0.46 0.12
401-~42 0.75 0.80 0.47 0.88 0.89 0.55
421-44¢ 0.66 0.74 0.25 0.27 0.78 0.30
441-405t 0.85 0.86 0.25 0.89 0.90 0.76
461--481 0.87 0.76 0.83 0.78 0.61 0.8:2
36t - - 0.63 0.6/ 0.36 0.66 0.68 0.37
T e e N T o
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